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Development of a Particle Concentration Fluorescence Immunoassay for
the Quantitative Determination of IgG in Bovine Milk

Jack N. Losso,” Angela Kummer, Eunice Li-Chan, and Shuryo Nakai

Department of Food Science, University of British Columbia, 6650 Northwest Marine Drive,
Vancouver, British Columbia V6T 1Z4, Canada

A rapid solid-phase particle concentration fluorescence immunoassay (PCFIA) was developed to
quantitate the total IgG concentration in bovine milk. The assay is based on agglutination of antibody
covalently bound to carboxyl-polystyrene particles with the antigen, which is in turn detected by a
fluorescent labeled antibody by epifluorometry. Optimum assay performance was obtained using 0.25%
w/v dilution of 0.8 um carboxyl-polystyrene particles coated with 250 ug/mL of rabbit anti-bovine IgG
at pH 4.5, two-step incubation of 30 and 20 min, respectively, and a 1:1000 dilution of the fluorescein
isothiocyanate (FITC)-labeled rabbit anti-bovine IgG as the fluorescence signal. PCFIA is simple to
perform, sensitive (5 ng of IgG/mL), accurate, repeatable, and faster than most immunoassays.

INTRODUCTION

Immunoglobulins G (IgG,, IgG.) are the major immune
components of bovine milk that protect the gut mucosa
against invading microorganisms (Yolken et al., 1985;
Ebina et al., 1985; Ma et al., 1987; Michalek et al., 1987;
Kobayashi et al., 1991). The quantitative determination
of IgG concentration in bovine milk is a prerequisite for
any potential application of bovine milk IgG. Available
methods for the determination of IgG concentration in
serum are either of low sensitivity, e.g., radial immun-
odiffusion (RID) and nephelometry, or time-consuming
with a low turnaround e.g., ELISA, chemiluminescence
immunoassay, and immunonephelometry (Montagne et
al., 1991).

Experience in our laboratory has shown that the
quantitative determination of total IgG in bovine milk by
ELISA, using commercial IgG as standard, is subject to
sample matrix interference and plate source variations
resulting in lower values compared to RID (Kummer et
al., 1992). Toovercome this problem, a milk sample whose
concentration had been determined by RID was used to
construct the ELISA standard curve. Under many prac-
tical situations, in research or industry, this approach is
time-consuming.

Jolley et al. (1984) introduced a rapid immunofluores-
cence technique, the particle concentration fluorescence
immunoassay (PCFIA) performed in a specially designed
96-well plate with a total assay time shorter than that of
ELISA. PCFIA utilizes capture antibody (or antigen)
bound to submicron particles which act as a specific
adsorbent for the antigen (or antibody). Due to the
Brownian motion of the particles and their large surface
area, if the sample contains the analyte of interest, the
analyte (antigen or antibody) rapidly binds to the antibody
(or antigen) on the surface of the particles. After a
predetermined incubation time, an antibody, specific for
the analyte and labeled with a fluorescent molecule, is
added, and then the plate is incubated in the dark. When
the reaction is complete, the well is vacuum filtered and
washed, the reaction particles are concentrated onto the
filter membrane, and the complex fluorescence (the
fluorescence of labeled antibody captured by the solid
phase), which is proportional to the antigen concentration,
is measured by epifluorometry (top surface excitation and
fluorescence measurement) (Figure 1).
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Figure 1. Principle of PCFIA. Carboxyl-polystyrene particles
were covalently bound to rabbit anti-bovine IgG, which acted as
capture for bovine milk IgG. The antigen (IgG) in turn reacted
with fluorescent labeled rabbit anti-bovine IgG. After vacuum
filtration and washing, the fluorescence of the agglutinated
complex was read by epifluorometry. Reprinted with permission
from Jervisand Kilburn (1991; copyright 1991 American Chemical
Society) and Jolley et al. (1984; copyright 1984 Elsevier).

The objective of this work was to develop a fast and
simple method with sensitivity equal or superior to that
of ELISA to quantitate total IgG in bovine milk using the
PCFIA technology.

MATERIALS AND METHODS

Materials and Reagents. Raw milk samples were obtained
from the University of British Columbia Dairy Unit or from
different dairy farms across the province of British Columbia.
Standard bovine IgG, rat IgG, rabbit anti-bovine IgG antiserum
or IgG fraction (catalog no. B 8395 or B 1395), 2-(N-morpholino)-
ethanesulfonic acid (MES), 1-ethyl-3-[3-(dimethylamino)propyll-
carbodiimide) (EDC), agarose (high electroendosmosis), oval-
bumin (grade V), rabbit anti-bovine IgG (whole molecule) alkaline
phosphatase conjugate, and alkaline p-nitrophenyl phosphate
substrate were purchased from Sigma Chemical Co., St. Louis,
MO. Radial immunodiffusion plates were purchased from ICN
Biomedicals Canada Ltd., Mississauga, ON. ELISA microtiter
plates (Immulon II) were purchased from Fisher Scientific,
Ottawa, ON. Chicken egg yolk immunoglobulin (IgY) was
purified in our laboratory (Akita and Nakai, 1992). Bovine y-G,
and rabbit anti-bovine IgG-labeled fluorescein isothiocyanate
(FITC) were purchased from Jackson Immunochemical Research,
West Grove, PA. Carboxyl-polystyrene particles (0.8-um diam-
eter, 5% w/v), Fluoricon reference particles (0.8-um diameter,
1% w/v, 590/620 nm), PCFIA plates, and the fluorescence
concentration analyzer were purchased from IDEXX, Portland,
ME.
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Preparation of Milk Samples and Standard IgG. Milk
samples were diluted to 1:1000 in isotonic potassium phosphate
buffered saline (PBS), pH 7.4, containing 0.05% Tween 20 (PBS-
Tween) and 0.25% ovalbumin. When necessary, raw milk
samples were defatted by centrifugation at 14000g for 10 min.
Standard bovine IgG concentration was determined at 280 nm
in a Shimadzu 160 UV-visible spectrophotometer using absorp-
tivity equal to 13.8 for IgG (Sober et al., 1970).

Skim milk powder, reconstituted to9 % solids in distilled water,
was boiled for 30 min (in an Erlenmeyer flask with a lid to
minimize volume loss) in a water bath to destroy active IgG and
used as diluent for standard IgG.

Radial Immunodiffusion. To prepare radial immunodif-
fusion gels, 200 uL of 2.4 mg/mL rabbit anti-bovine IgG antiserum
mixed with 1.8 mL of PBS buffer at 55 °C in a water bath was
added to 5 mL of 1% agarose containing 0.02% sodium azide in
PBS, mixed, and poured on immunodiffusion plates. The plates
were allowed to solidify at room temperature for 15 min and then
transferred to a moisture chamber for storage at 4 °C for at least
24 h before use. Wells of 3-mm diameter were perforated on the
agarose using a template. Three microliters of milk samples or
standards with concentration in the range 0.0575-0.92 mg/mL
were applied to each well and the plates incubated in a moist
chamber at room temperature. The diameter of the halo after
24 h read with a caliper (Mitutoyo) was related to the antigen
concentration-using a standard curve run with each plate.

ELISA. Flat-bottom polystyrene microtiter ELISA plates
were coated with 100 xL of 1 ug/mL rabbit anti-bovine IgG in
carbonate buffer, pH 9.6, and incubated for 60 min at 37 °C.
After the wells were washed twice with PBS-Tween, 250 uL of
blocking solution (0.25 % ovalbumin in PBS-Tween) was applied
to the wells for 30 min at 37 °C. The blocking solution was
removed, and 100 uL of sample or IgG standard was added to the
wellsin triplicate. Bovine IgG standards were prepared between
1 and 100 ng/mL in PBS-Tween. The plates were incubated for
60 min at 37 °C. After three washes with PBS-Tween, 100 uL
of rabbit anti-bovine alkaline phosphatase conjugate diluted to
0.43 ug/mL in PBS-Tween was added to each well and the plates
were incubated for 60 min at 37 °C. The wells were washed three
times with PBS-Tween and once with deionized distilled water
before addition of 100 uL of substrate (0.5 mg/mL of p-nitrophenyl
phosphate in diethanolamine buffer, pH 9.8). After 60 min of
incubation at 37 °C, the color developed was measured at 405 nm
using a reference filter at 655 nm with a Bio-Rad plate reader
(Model 450, Bio-Rad, Richmond, CA). Absorbance values from
ELISA plates were transformed, using the equation y = (ax/b +
x) + ¢, where y is the absorbance and x is the concentration, to
IgG concentration using the computer program ELIZA (ELIZA
release 2.79, Leading Edge Research, Vancouver, BC).

Particle Concentration Fluorescence Immunoassay.
Coating of Carboxyl-Polystyrene Particles with Anti-Bouvine IgG.
Carbozxyl-polystyrene particles (0.8-um diameter) were coated
with 250 ug/mL of rabbit anti-bovine IgG antiserum in MES
buffer at pH 4.5 according to the manufacturer’s instructjons as
follows. To prepare 20 mL of coated particles at 250 ug/mL IgG,
add the following to a 30-mL siliconated glass centrifuge tube:
7 mL of 0.1 M MES buffer, pH 4.5; 2 mL of 2.5 mg/mL rabbit
anti-bovine IgG (antiserum is added to provide a final concen-
tration of 250 ug/mL IgG in a total volume of 20 mL; therefore,
the MES buffer is added accordingly); 1.0 mL of carboxyl-
polystyrene particles (5% w/v); and 5 mg of EDC. Mix by
pipetting with narrow pipet tip several times and incubate at
room temperature for 2 h; vortex periodically. Centrifuge at
4340g for 20 min. Remove the supernatant carefully. Add 20
mL of PBS buffer containing 0.2% sodium azide and 1%
ovalbumin; mix well by pipeting and vortexing. Centrifuge at
4340g for 20 min. Remove supernatant carefully and resuspend
the particles in 20 mL of PBS containing 0.2% sodium azide and
0.25% ovalbumin to give a final concentration of 250 ug/mL IgG
and 0.256% w/v particles. Add 100 uL of Fluoricon reference
particles (1% w/v, 530/620 nm), and store the particles at 4 °C
until use.

PCFIA Procedure for Bovine Milk IgG. PCFIA microtiter
plates were first washed with PBS buffer followed by a 30-s
vacuum filtration. The wells were filled with 20 uL of the standard
or the diluted milk samples. Standards containing from 4.8 to
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920 ng/mL IgG were prepared in PBS-Tween containing 0.25%
ovalbumin or in PBS-Tween containing 0.25% ovalbumin and
boiled milk. All buffers were filtered through a 0.22-um filter.
All samples and standards were run in triplicate. Twenty
microliters of rabbit anti-bovine IgG coated carboxyl-polystyrene
particles containing the reference particles was added to each
well containing a sample. The plate was gently tapped along the
side and incubated for 30 min at room temperature (21 °C). Then
20 uL of fluorescein isothiocyanate (FITC)-labeled rabbit anti-
bovine IgG at 1:1000 dilution in PBS-Tween containing 0.25%
ovalbumin was added to each well and gently mixed, and the
plate was incubated for 20 min in the dark at room temperature.
The plate was inserted into the fluorescence concentration
analyzer, vacuum filtered, washed with PBS buffer and vacuumed
three times. The epifluorescence of each well was read using the
instrument sample channel 485/535 nm and reference channel
590/620 nm (gain 10). The data were collected on a PC computer
interfaced with the fluorescence concentration analyzer and
expressed as the ratio of fluorescence intensity measured at 535
and 620 nm. Milk IgG concentrations were calculated from a
standard curve run with each plate. In case Fluoricon reference
particles were not added during coating of carboxyl-polystyrene
particles, results are reported as relative fluorescence units. The
computer program ELIZA (release 2.79) was used to draw
standard curves, and Sigma Plot (version 4.1) was used for
statistical analysis.

Determination of Optimal Concentration of Rabbit Anti-
Bouvine IgG Bound to the Carboxyl-Polystyrene Particles.
Carbozyl-polystyrene particles were coated with different con-
centrations of affinity-purified rabbit anti-bovine IgG (50, 100,
250, 500, and 1000 pg/mL) in MES buffer at pH 4.5. IgG
concentrations from five different milk samples were determined.

Determination of Optimal Incubation Times. IgG standards
were incubated with the antibody coated on carboxyl-polystyrene
particles for varying lengths of time from 0 to 60 min and
incubated with FITC-conjugated antibody from 0 to 45 min
followed by vacuum filtration, washings, and reading.

Specificity, Sensitivity, and Reliability of PCFIA. The
specificity of the assay was evaluated by using rabbit anti-bovine
IgG to determine the concentrations of bovine ¥-G,, rat IgG,
human IgA, chicken IgY, and casein whose concentrations were
previously determined by absorbance at 280 nm. The concen-
tration of IgG in reconstituted milk powder boiled for 30 min
and used as diluent was also determined by RID.

Intra- and Inter-Assay Variability. To estimate the intra-
and inter-assay variability, randomly pooled milk samples were
assayed in five sets of triplicates on a single plate and in one set
of triplicates on three different plates at different days.

Analytical Recovery and Effect of Sample Dilution. Different
concentrations of commercially purified IgG between 28 and 230
ug/mL were spiked into milk samples. Milk samples were diluted
from 1:1000 to 1:8000 and IgG concentrations determined by
PCFIA as described above.

Effect of Fat on the Accuracy of PCFIA. To study the effect
of milk fat on the epifluorescence results, raw milk samples from
two different cows were skimmed and IgG concentrations
determined on both the raw and skimmed fractions.

Effect of Casein. To evaluate the contribution of casein to
IgG values, defatted milk samples from four different cows were
acidified to pH 4.6 with 2 N HCI to minimize the volume change.
IgG concentrations were determined in skim milk and the whey
fraction by PCFIA and RID. Whey pH was adjusted to pH 7.4,
caseinadded backas 33%, 66 %, or 100%,and IgG concentration
determined by PCFIA.

Matrix Effect. IgG standard in PBST containing 0.25%
ovalbumin with or without boiled milk was run with milk samples
to estimate the matrix effect on IgG determination.

Correlation of RID with PCFIA and ELISA. To compare
PCFIA and RID or ELISA and RID, a milk sample was diluted
t080%,60%, 50%,40%, 30%, 20%, and 10% with boiled milk
and IgG concentrations determined by PCFIA, RID, and ELISA
using commercial IgG as standard.

RESULTS

Optimal Concentration of Rabbit Anti-Bovine IgG,
Optimal Incubation Times, and Optimal Concentra-
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Table I. Optimal Concentration of Rabbit Anti-Bovine IgG
Antiserums*

antibody concen (mean + SD), mg/mL

milk sample 50 ug/mL 100 pug/mL 250 ug/mL  RID
1 0.30 £0.01 0.27 £ 0.00 0.31+0.01 0.32
2 0.24 = 0.00 0.23 £ 0.00 0.27+£0.03 0.29
3 0.23 £ 0.00 0.26 £ 0.00 0.27 £ 0.01 0.29
4 0.21 £0.01 023+£0.00 0.24+0.00 0.27
5 0.18 £0.00 0.20 = 0.02 0.20 £0.01 0.20

a Carboxyl-polystyrene particles were coated with 50, 100, and
250 ug/mL of rabbit anti-bovine IgG, respectively. Standard curves
wererunat each concentration of the capture antibody. Fivedifferent
milk samples were analyzed (N = 3) for IgG content (mg/mL) at each
concentration of the capture antibody and the results compared with
RID.
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Figure 2. Optimal incubation time. Antigen at different
concentrations was incubated with the antibody bound on
carboxyl-polystyrene particles followed by a second incubation
with FITC-labeled rabbit anti-bovine IgG for 0 and 0 min (@),
5 and 0 min (0), 5 and 5 min (v¥), 10 and 10 min (¥), 20 and 15
min (@), 20 and 20 min (0), and 30 and 20 min (A). Thestandard
curve at each incubation time was computed.

tion of FITC-Labeled Antibody. A concentration of
250 ug/mL was chosen for subsequent analysis because it
gave values closer to RID values than the other concen-
trations (Table I). Higher concentrations of antiserum
(500 or 1000 ug/mL) increased the fluorescence background
but did not improve the accuracy of the assay (data not
shown).

From Figure 2, 30 min for the first incubation time and
20 min for the second incubation time were selected for
further experiments. Longer incubation times did not
increase the epifluorescence values.

A 1:1000 dilution was found optimal to achieve linear
fluorescence increase and was therefore used for all
subsequent experiments.

Specificity, Sensitivity, and Reliability of PCFIA.,
Bovine v-Gj, which accounts for more than 80% of bovine
IgG, was readily recognized by the antiserum (Table II).
The antiserum demonstrated minimal cross-reactivity with
rat IgG and human IgA, high cross-reactivity with casein,
and noreactivity with chickenIgY. The limit of detection
below which measurement was imprecise was determined
to be 4.8 ng/mL IgG when PBS-Tween was used alone as
the dilution medium for standard IgG (Figure 3) and 7.5
ng/mL when boiled milk was added to the buffer.
Fluorescence, although a more sensitive technique than
colorimetry, is sometimes limited by background fluo-
rescence arising from nonspecific fluorescence of biological
materials, especially in samples with high protein content
(Liebert et al., 1987).

Losso et al.

Table II. Specificity of PCFIA¢

antigen concn, mg/mL

antigen added added measd % cross-reactivity
bovine v-G; 0.10 0.10 100
rat IgG 0.08 0.01 12
human IgA 0.25 0 0
chicken IgY 0.08 0 0
boiled IgG 0 0 0
casein 0.09 0.07 77
casein 0.18 0.08 44
casein 0.28 0.12 42

¢ Antigens of known concentrations were measured by PCFIA using
rabbit anti-bovine IgG as the capture antibody. The procedure was
carried out as described under Materials and Methods. The
concentration of antigen detected was compared with results obtained
using absorbance at 280 nm or RID and used to determine the cross-
reactivity of the assay.
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Figure 3. Detection limit of milk IgG concentration by PCFIA.

Table III. Intra- and Inter-Assay Variability of Milk
Sample IgG

variability

intra-assay (N = 5) inter-assay (N = 3)
sample mean+ SD,mg/L. % CV mean*SD, mg/mL. % CV

1 0.30 £ 0.03 6.6 0.30 £ 0.01 3.0
2 0.28 + 0.01 5.2 0.28 + 0.01 4.1
3 0.32 + 0.01 3.0 0.31%0.01 2.0
4 0.27 £ 0.02 6.7 0.28 + 0.01 1.8

Table IV. Analytical Recovery of Standard IgG from Milk
Samples

IgG added, concn of IgG measd, mg/mL
mg/pL samplel % recovery sample2 % recovery
0 0.13 &+ 0.02 100 0.43 £ 0.02 100
0.028 0.15 = 0.01 93 0.45 £ 0.01 97.8
0.057 0.18 = 0.01 98.4 0.47 £ 0.00 97.3
0.115 0.24 £ 0.01 99.6 0.52 £ 0.01 95.0

0.230 0.35 = 0.02 96.1 0.67 £0.01 101
Intra- and Inter-Assay Variability. The results of
precision studies are summarized in Table III and show
that intra- and inter-assay CV ranged from 1.8 % t06.6 %,
which is within acceptable limits for immunoassays.
Analytical Recovery and Effect of Sample Dilution,
Results in Table IV show that, within experimental error,
the recovery was quantitative. Milk sample dilution from
1:1000 to 1:8000 did not affect the results (Table V).
Effect of Fat on the Accuracy of PCFIA. Statis-
tically there was no significant difference between IgG
concentrations determined from the raw and the skimmed
milk (P < 0.01, Table VI).
Effect of Casein. Resultsin Table VIIshow that within
experimental error there were no differences between skim
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Table V. Effect of Sample Dilution

IgG conen, corrected IgG concn,
dilution mg/mL, mg/mL
1:1000 0.31 0.31
1:2000 0.16 0.32
1:4000 0.08 0.32
1:8000 0.04 0.32
Table V1. Effect of Fat on IgG Determination
raw mean £ SD, skimmed mean £ SD,
sample mg/mL, sample mg/mL
1 0.20 £ 0.03 1 0.20 £ 0.03
2 0.14 £ 0.00 2 0.13 £ 0.00
Table VII. Effect of Casein on Bovine IgG Concentration?
W at
sample skim RID® W¢ pH74 W+1,C¢ W+2/,C W+C
1 0.17 0.17 0.15 0.14 0.13 0.15 0.15
2 0.26 0.26 025 0.23 0.22 0.23 0.24
3 016 016 0.15 0.15 0.15 0.13 0.14
4 014 014 0.12 0.11 0.11 0.11 0.12

@ Milligrams per milliliter. Four different milk samples were
defatted, and IgG concentration was determined by PCFIA and RID.
Casein was precipitated from each sample at pH 4.6, and IgG
concentration in whey was determined by PCFIA., Whey pH was
adjusted to pH 7.4; casein was added back in increments of 0.09%,
0.18%, and 2.8%; and IgG concentration was again determined by
PCFIA. ¢ RID, radial immunodiffusion. ¢ W, whey. ¢ C, casein.

Table VIII. Diluent Effect?

sample PBST-M-OV PBST-OV
1 0.23 0.21
2 0.36 0.34
3 0.16 0.17
4 0.10 0.11
5 0.38 0.36

@ Milk sample concentrations (mg/mL) were calculated from a
standard curve constructed with boiled milk (first column) or without
boiled milk (second column). PBST-M-OV, phosphate-buffered
saline containing 0.05% Tween 20, boiled milk, and 0.25% ovalbumin.
PBST-0OV, phosphate-buffered saline containing 0.05% Tween 20
and 0.25% ovalbumin.

milk and whey and between whey with added increments
of casein. Thespecificity of the antiserum was not evident
when casein was analyzed alone since it contributed some
fluorescence by nonspecific binding that would translate
into false positive IgG concentration (Table II). This
nonspecific binding phenomenon, which is also observed
when coated carboxyl-polystyrene particles are incubated
with FITC-labeled rabbit anti-bovine IgG in the absence
of antigen, has been reported by Islam et al. (1990). But
in the presence of milk IgG, casein was outcompeted by
IgG for binding to antibody on latex particles and did not
contribute any increase in fluorescence. The results show
that casein in micellar form, as it is found in the milk,
would not contribute any fluorescence.

Matrix Effect. Asshown in Table VIII, IgG standard
curves could be run in PBS-Tween containing ovalbumin
with or without boiled milk without significant difference
in IgG results.

Correlation of RID with PCFIA and ELISA. A
correlation of 0.99 with a slope of 0.95 was obtained between
PCFIA and RID, whereas a correlation of 0.99 and a slope
of 0.53 was obtained between ELISA and RID (Figure 4).
AllELISA values were relatively lower than RID or PCFIA
values.

DISCUSSION

The advantages of PCFIA over ELISA are speed,
precision, accuracy, and simplicity. The assay is rapid
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Figure 4. Correlation between RID and PCFIA and between
RID and ELISA. One milk sample was diluted to concentrations
of 80%, 60%, 50%, 40%, 30%, and 20% with boiled milk and
IgG concentration determined by ELISA, PCFIA, and RID. The
means of each set of replicates are compared by linear regression.

and simple. The reaction occurs in liquid suspension; the
latex particles provide a large surface area relative to the
small volume and high concentration of dissolved reagents
for maximum interaction of reactants and rapid reaction
equilibrium in a short incubation period (Jolley et al., 1984;
Phillips et al., 1987). Use of the same batch of antibody
reduces the assay preparation time and increases the
turnaround. The process of vacuum filtration produces
a 1000-fold concentration of fluorescent signal, thereby
increasing the sensitivity (Leeder et al., 1989). Sensitivity
similar to or higher than that of ELISA can be achieved
in shorter incubation times depending on the analyte
(Jervisand Kilburn, 1991; Taber et al., 1991; Varma-Nelson
et al., 1991; Compas and Alevy, 1987). The sensitivity for
milk IgG determination was about 5 ng/mL with PCFIA
and 1 ng/mL with ELISA. Use of the same batch of
antibody-coated latex particles and FITC-labeled IgG for
many assays helps reduce the assay CV (Mayus et al.,
1986; Compas and Alevy, 1987). Use of reference particles
corrects the error in dispensing antibody-coated particles
within the instrument (Mayus et al., 1986). A good
correlation with a slope of 0.97 was obtained between
PCFIA and RID, while a slope of 0.53 was obtained between
ELISA and RID. Covalent coupling of antibodies to the
latex particles using carbodiimide activation (EDC) has
the advantages of improving both the reagent shelf life
and the activity of bound antibodies (Seradyn Particle
Technology News, 1991). In ELISA, for some proteins
native epitopes are not detectable after adsorption to
polystyrene, presumably due to their denaturation (Ken-
nel, 1982; Friguet et al., 1984) or concealment (Shields et
al., 1991). PCFIA has been reported as a superior way to
quantify protein binding since concerns about conforma-
tional changes induced by protein plastic attachment are
eliminated (McQuade et al., 1989). The major limitations
of PCFIA include the cost of instrument and assay plates.
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