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Monoclonal antibodies against lead were generated by immunizing BALB/c mice with lead conjugated
to keyhole limpet hemocyanin (KLH) via a bifunctional chelator, S-2-(4-aminobenzyl)diethylenetriamine
pentaacetic acid (DTPA). Stable hybridoma cell lines were produced by fusion of murine splenocytes
and SP2/0 myeloma cells. One of the hybridomas generated from this fusion (4/7) synthesized and
secreted an antibody that bound tightly to Pb?"—DTPA complexes but not to metal-free DTPA. The
performance for a competitive inhibition enzyme-linked immunosorbent assay (ELISA) incorporating
this antibody was assessed for its sensitivity to changes in pH, ionic strength, and blocking reagents.
The cross-reactivities in this ELISA were less than 3% for Fe3*, Cd?*, Hg?*, and Cu?* and less than
0.3% for Cr3*, Mn?*, Mg?™, In*, Ag'*, Ni¢t, Co?", Zn2+, Ca?*, Cul*, and Hg'". The ICs value achieved
for lead was 2.72 + 0.034 uM, showing the detection range of 0.092—87.2 uM and the lowest detection
limit of 0.056 + 0.005 «M. Recoveries from the analyte-fortified tap water and ultrapure water were
in the range of 80—114% . These results indicate that the ELISA could be a convenient analytical
tool for monitoring lead residues in drinking water.
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INTRODUCTION Some typical analytical methods for highly selective detection
Food safety is a major public concern worldwide. During the ©f t0Xic heavy metals are flameless atomic absorption spec-
drometry (20), flame atomic absorption spectrometry (11—13),

last decades, increasing concerns about food safety hav ductivel led ol 12 |
stimulated research regarding the risk associated with consump-nductively coupled plasma mass spectrometry (14), voltam-

tion of foodstuffs contaminated by pesticides, heavy metals, and/ mbetry a;nd lon ch:omat?graig)i(lls), _?Ed electrci:]hedrmil aton:ri]c
or toxins (1). Heavy metals are among the major contaminants 30S0rption Spectrometry ( ). These metho s have the
of the food supply and may be considered one of the most drawbacks thgt are typ|cal_ly encountered_ when using instru-
important problems in our environmer?)( The heavy metal mef?ta' analysis. '_I'hey require very expensive and. s_ophlstlcated
contamination of food supplies is a particular problem in €duiPmentand highly qualified personnel. In addition, sample
developing countries. Such contamination can occur as a resultthml_]ghpm IS _I|m|ted and these methods are not suitable for
of irrigation with contaminated water, the application of on-site analysis. Recently developed immunoassays present an

fertilizers and metal-based pesticides, industrial emissions interesting alternative for the detection of certain metal ions

transportation, harvesting processes, and storage. In general(,20_26)' These novel techniques involve raising antibodies

heavy metals are not biodegradable, have long biological half- against_ T“eta' chelates. Rear_daﬁl_)(first report_ed th_e selective
lives, and have the potential for accumulation in different body recognition of an ethylened|am|r_1ete§raacet|c acid (ED:FA)
organs, which leads to unwanted side effects and toxi8ity ( indium chelate by mqnoclonal antlbodlgs (”.’Abs)- In this StUC.iY’
5). In addition, heavy metals are also implicated in causing V& report the isolation and characterization of lead-specific

carcinogenesis, mutagenesis, and teratogen@sig.(Lead is MADS.

the most ab_undant r_\eavy metal anc_zl show; parncul_ar toxicity. MATERIALS AND METHODS

The excessive lead in food is associated with the etiology of a ' _

number of diseases, including cardiovascular, kidney, nervous, All chemicals were ultrapure grade. Lead granules (99.999% purity)

and bone diseases (8). were obtained from Aldrich Chemical Co. (Milwaukee, WI). Other
metal ions, including Cr(lll), Fe(lll), Mn(lll), Mg(ll), Cu(ll), In(ll1),

* To whom correspondence should be addressed. F8B-25-84396726 ca(l), Hg(lh), Ag(h), Nilh), Co(ll), zn(lh), Call), Cu(l), and Hg(),
Fax: +86-25-84395§25. E-mail: fqliu2001l@yah60.com.cn. ' were supplied by Merck (Darmstadt, Germargyp-(4-Aminobenzyl)-

t Nanjing Agricultural University. diethylenetriaminepentaacetic ac{{H2-Bn-DTPA) was purchased
* Tulane University School of Medicine. from Macrocyclics Co. (Dallas, TX). Bovine serum albumin (BSA),
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keyhole limpet hemocyanin (KLH), Freund’s complete and incomplete
adjuvants, glutaraldehyde, 3,3',5,5'-tetramethylbenzidine (TMB), lead
atomic absorption standard metals (2@@mL in 2% HNGQ), dieth-
ylenetriamine pentaacetic acid (DTPA), and the Mouse Monoclonal
Antibody Isotyping Kit were purchased from Sigma Chemical Co. (St.
Louis, MO). Reagents for mAb production included in the ClonaCell-
HY kit were purchased from StemCell Technologies (Vancouver,
British Columbia, Canada). Hydrochloric acid and nitric acid were

Zhu et al.

allowed to incubate overnight at°€. On the following day, the plates
were washed five times with PBST (phosphate-buffered saline contain-
ing 0.05% Tween 20) and blocked by incubation with 1% gelatin in
phosphate-buffered saline (PBS, 1@Qwell). After incubation at 37

°C for 1.5 h, the plates were washed as described above. Mouse sera
from immunized animals were serially diluted through the wells using
HBS as the diluent, and the plates were incubatedlLfb at 37°C.

After a subsequent wash step, an enzyme-labeled antispecies antibody

purchased from Shanghai Chemical Reagents Co. (Shanghai, China)(goat-anti mouse labeled with horse radish peroxidase, GAM-HRP) was

Fetal bovine serum (FBS) was the product of Hangzhou “Sijiging” Co.
(Hangzhou, China). Goat anti-mouse immunoglobulin conjugated to
horseradish peroxidase (GAM-HRP) was purchased from Sino-
American Biotechnology Co. (Luoyang, China). BD Cell serum-free
Mab medium and Cell-Line 1000 were purchased from BD Co.
(Franklin Lakes, NJ); enzyme-linked immunosorbent assay (ELISA)
high-binding microplates and tissue culture plates were obtained from
Corning-Costar (Cambridge, MA); ImmunoPure IgM Purification Kit
was purchased from Pierce Co. (Rockford, United States); ultrapure
water (18.2 M2 cm) obtained from a Milli-Q water purification system
(Millipore, Bedford, MA) was used throughout. All glassware was
treated with mixed acids (concentrated HCl:concentrated H#N®:1,

v/v) for 4 h and liberally rinsed with ultrapure water; all plasticware
was kept in 3 M HCI overnight and rinsed liberally with ultrapure water
before use (28). A Wellwasher Plus microplate washer from Thermo
Electron Co. (Marietta, OH) was used to wash ELISA plates. A
Multiskan Ascent reader for microtiter plates was from Thermo Electron
Co.; this device was controlled by a personal computer containing the
standard software package EasySoft ware.

SP2/0 cells were obtained from College of Veterinary Medicine in
Nanjing Agricultural University, and BALB/c mice were from Shanghai
Experimental Animal Center. All animal studies were performed in
accordance with institutional guidelines.

Conjugation of Lead lons with Carrier Protein. Lead ions were
conjugated to carrier protein (BSA and KLH) via the bifunctional
chelate reagem-NH2-Bn-DTPA. The amino group of the bifunctional
DTPA derivative was linked to the carrier protein using glutaraldehyde
(29,30). All steps of conjugation were performed at room temperature
with stirring.

The KLH—DTPA conjugate was prepared by adding 15 mg of KLH
dissolved in 2 mL of HBS (HEPES-buffered saline, 10 mM HEPES,
137 mM NaCl, and 3 mM KCI, pH 7.4) to 8 mg @-NH,-Bn-DTPA
in 0.8 mL of HO. Glutaraldehyde (2 mL of a 20 mM aqueous solution)
was then added with continuous stirring. After overnight incubation,
low molecular weight reactants were removed by buffer exchange into
HBS using a Centricon-30 concentrator device treated with 100 mM
EDTA.

BSA—DTPA was prepared by adding BSA (30 mg in 6 mL of HBS)
to 18 mg ofp-NH,-Bn-DTPA in 1.8 mL of HO. Glutaraldehyde (1.8
mL of a 20 mM aqueous solution) was then added with gentle stirring
to couple thep-NHx-Bn-DTPA to BSA. The mixture was purified by
buffer exchange as described above. The BEAPA conjugate was
divided into two parts: One was used directly as a coating antigen
(cAg) for ELISA, and the other part was loaded with lead ions as
follows: Lead granules (99.999%, 87.6 mg) were dissolved in 1 mL
of 10 M HNG;, and 14.6uL of this solution was added directly to
each protein—DTPA conjugate (volume, 4.8 mL) to make a fin&"Pb
concentration of 1.3 mM. After stirring at room temperature for 3 h,
low molecular weight reactants were removed by buffer exchange as
described above.

Immunization and Monitoring of Mice. Six female BALB/c mice
(6—8 weeks old) were used for immunizations. Routinely, the immu-
nogen (PB"—DTPA—KLH) in HBS was thoroughly emulsified with
an equal volume of Freund’s adjuvant and the emulsion was injected
intraperitoneally (20@:g of conjugate per animal in a total of 2QQ).
Freund’s complete adjuvant was used for the first two injections, and

diluted 1:1000 with PBST and added to the plates. The plates were
incubated for 1 h at 37C. After the plate was washed, &@/well of

a substrate solution (34 of 30% hydrogen peroxide and 0.4 mL of
0.6% TMB in dimethyl sulfoxide added to 25 mL of citratacetate
buffer, pH 5.5) was added to each well. After 15 min at°&7 the
reaction was stopped by adding 2b/well of 2 M sulfuric acid. The
absorbance was measured at 450 nm. The mice showing highest serum
reactivity were selected for hybridoma production; these mice were
“hyperimmunized” by intravenous (tail vein) injection of 10@ of
P?*—DTPA—KLH conjugate in 5QuL of HBS 3 days prior to cell
fusion (about 66 days after the initial immunization).

Hybridoma Production and Isolation of Monoclonal Antibodies.
SP2/0 murine myeloma cells were cultured in Dulbecco’s minimal
essential medium (DMEM) supplemented with 20% FBS and 1%
penicillin—streptomycin. Splenocytes of two selected mice were
harvested aseptically. The splenocytes were added to myeloma cells
to give a ratio of five splenocytes per myeloma cell. The hybridoma
cells were produced according to the protocol included in the ClonaCell-
HY kit. The fused cells were grown in semisolid medium selective for
the growth of hybridomas. Each clone was transferred into an individual
well of a 96 well tissue culture plate and incubated at°87in 5%

CO; for 1—4 days. After the hybridoma cells had grown to-3®%
confluence in the well, the culture supernatant was initially screened
by indirect ELISA for the ability to bind to immobilized Pb—DTPA—

BSA or DTPA—BSA. Culture supernatants from unfused SP2/0 cells
served as the negative control. Positive hybridoma cells were subcloned
by limiting dilution, and stable antibody-producing clones were
expanded and cryopreserved in liquid nitrogen. The immunoglobulin
subclass and light chain isotype of the antibodies were determined by
using a mouse monoconal antibody isotyping kit according to the
manufacturer's recommendations.

Antibody Production and Purification. Large-scale production of
mAbs was accomplished by growing selected hybridoma clones as an
ascites. Ascites fluid was produced in BALB/c mice primed with 0.5
mL of pristine oil by intraperitoneal (ip) injection of Z 10° log-
phase hybridoma cells in 0.5 mL of sterile HBS. Ascites fluids were
harvested by peritoneal tap with 16-gauge needle on the tenth day after
the cells were introduced.

mAb was also produced in vitro by culturing hybridoma cell lines
in BD Cell serum-free Mab medium in a membrane-based disposable
cell cultivation system (Cell-Line 1000) at 37C in a 5% CQ
atmosphere. The culture supernatant was harvested using the 7/21 day
harvest protocol recommended by the manufacturer.

The 4/7 mAb was partially purified by precipitation with 50%
ammonium sulfate (31). The partially purified mAbs fractions were
then pooled and buffer-exchanged into Tris-NaCl buffer (20 mM Tris,
pH 7.4, and 1.25 M NaCl) using a Centricon-100. Antibodies in the
Tris-NaCl buffer were subsequently purified using the ImmunoPure
IgM Purification Kit according to the manufacturer's recommended
protocol. The fractions with absorbance greater than 0.02 at 280 nm
were pooled, concentrated, and dialyzed against PBS. The concentration
of protein in the purified antibody preparations was determined by the
Bradford method (32).

Competitive Indirect ELISA (CI-ELISA). CI-ELISA was per-
formed to investigate whether the 4/7 mAb would recognize soluble

Freund’s incomplete adjuvant was used for subsequent boost injectionschelated PY'. In preliminary experiments, checkerboard assays were
Boosts were given every 2 weeks in the same manner. The antibodyemployed to determine the concentration of th&"PIDTPA—BSA to
response of each mouse was determined by indirect ELISA. These use for coating the microwells and the concentration of soluble antibody

indirect ELISAs were performed by coating 96 well microplates with
solutions (5ug/mL, 50uL/well) containing either metal-free DTPA
BSA or the DTPA-BSA conjugate loaded with Ph The plates were

to use in competitive assays. Preliminary experiments were also
performed to determine the highest DTPA concentration that would
not affect the binding of mAbs to immobilized P-DTPA—BSA in
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subsequent experiments and the blocking proteins that worked best inTgpje 1. Reactivity of Serum from BALB/c Mice Injected with

the assay (data not shown). Ph2*—DTPA-KLHa
Lead standard solutions were prepared in various concentrations '
(0.0001, 0.001, 0.01, 0.1, 1, 10, 100, and 198 in HBS containing mouse BSA-DTPA Pb**-DTPA-BSA difference (%)

2 mM DTPA and mixed with equal volumes of diluted hybridoma 1 0.773 +0.108 0.783 + 0.120 1.29
culture supernatant. After mixing for 30 s and incubation atG7%or 2 0.691 +0.012 0.756 + 0.016 9.4
45 min, an aliquot of the antibodylead mixture (5Q:L) was added to 3 0.644 +0.033 0.995 £ 0.025 545
each antigen-coated microwell and the plates were incubated°at 37 4 0442 £0.012 0.806 £0.036 487
for 1 h. After the plate was washed, goat anti-mouse IgM conjugated 5 0.673£0.010 0.762+£0.016 132
with horseradish peroxidase (diluted 1:1000 with PBST u&0well) gormal serum 8?32?88&32 égég f gggg 62'82
was added to plates and incubatedXd at 37°C. After the plate was e e '
washed, 5Q:L/well of a substrate solution (3,8L of 30% hydrogen
peroxide and 0.4 mL of 0.6% TMB in dimethyl sulfoxide added to 25
mL of citrate-acetate buffer, pH 5.5) was added to each well. The
subsequent color formation was performed as described for the indirect
ELISA. In the CI-ELISA format, analytes that do not react with the
antibody will produce absorbances near 100% of the zero analyte
control; conversely, analytes that do react with the antibody would fold HBS + DTPA buffer. Recoveries were determined by comparing
decrease the absorbance. Standard curves were obtained by p|0ttin@19 results to a lead standard curve generated by competitive inhibition
absorbance against the logarithm of analyte concentration; these curve&LISA.

were fitted to a four-parameter logistic equation= (A — D)/[1 +

(x/C)B + D], wherex s the concentration of analytgis the absorbance RESULTS

at 450 nm (ODks), A is the maximum absorbance at no analygés
the curve slope at the inflection poiri,is 1Cso, andD is the minimum
absorbance at infinite concentration of analyte (33).

Assay Optimization. Concentrations of the coating conjugates along

2 Serum was collected from the tail vein of each mouse, diluted into HBS, and
used for ELISA as described. Normal serum was obtained from an unimmunized
mouse and served as background reactivity for each antigen. Each value represents
the mean of three replicates + SD.

Design of Immunogen, Animal Response, and Antibody
Production. Metal ions are too small to elicit an immune
response; thus, to increase the likelihood of inducing lead-

with concentrations of 4/7 mAb were optimized to provide the inhibition specific ant|bod|gs_, hapten—carrier complexes Wefe designed
curve with the lowest 16, giving adequate maximum absorbance that would maximize the exposure of lead. Design of the
around 1.0 in the absence of analyte. First, saturating conditions wereiMmunogen is very important for development of a sensitive
determined by a noncompetitive two-dimensional titration covering a and specific lead immunoassay. It is desirable to immunize with
wide range of concentrations. Then, competitive inhibition curves were an antigen that exposes the most unique portions of the target
measured for different antibodies and antigen combinations, and theanalyte for antibody development. Therefore, the bifunctional
one with the lowest 16 was selected for further assay development. chelator p-NHy-benzyle-DTPA was covalently coupled to a
The effects of pH and ionic strength on the competitive assay were carrier protein (KLH), loaded with P, and used as the
also investigated. immunogen. After five injections of Pb—DTPA—KLH, blood

pH Effect. To evaluate the effect of the pH on assay performance, was collected from the tail vein of each mouse and assayed by
HBS buffers with pH values between 4 and 8 were prepared. All other jndirect ELISA for the presence of Pbspecific antibodies.
assay conditions were as described above. The standard curve was rufgple 1 shows the reactivity of each serum sample on microwell
in three well replicates. plates coated with Pb—DTPA—BSA or DTPA—BSA. Sera

lonic Strength. The effect of ionic strength on the performance of  fom three of the six mice (designated as 1, 2, 3, 4, 5, and 6 in
thLT competit:;/((aj ilmmuncr)]asrs]az v;as studiled by preparing lead standard-l—ab|e 1) reacted more strongly with Pb-DTPA—BSA than
solutions and diluting the hybridoma culture supernatant in HEPES- _ . _ . .
KClI buffer (10 mM HEPES and 3 mM KCI) that had been augmented \évét;]taﬁr?/gntﬁ)zzAlnfcljlggﬁilsng thaitﬁthfesre iirurg];;an:fp Ierstmlght
with 0—0.8 M NaCl. All assays were conducted at pH 7.4 as described . y pecitic for eithe selrorto
above. an epitope composed of both#and DTPA. Because mouse

3 and mouse 6 demonstrated the highest relative reactivity with

Cross-Reactivities (CRs)Data were obtained from standard curves .
of lead. In addition, otfler m)etals such adCFé*, Mnz+, Mg?*, Ci#", P*t*—EDTA—BSA, they were used for subsequent hybridoma

In%*, P+, Hg?*, Agi*, Ni2*, Co?*, Zre*, C&*, Cut, and Hg* were  Production. , . o
also tested for CR by CI-ELISA. Each metal was prepared in HBS  After fusion of lymphocytes from the immunized mice with
and tested at the concentration range of 0.6a0000 M. The CR myeloma cells, a total of 973 clones were screened in three
was obtained from the Kgvalues of lead standard and the other metals groups; of these clones, 26 hybridoma cell lines reacted strongly
from the same plate where %GR(ICso of lead/IGs of tested metals)  with PZ"—DTPA—BSA but showed only background reactivity
x 100. with DTPA—BSA. These antibodies were presumed to be
Determination of Affinity Constants (Kar) for Pb2*—DTPA—BSA. binding to PB* or the PB*—DTPA complex. To confirm that
Beatty et al. 84) described a method for the determinatioikgf based these antibodies would recognize solublePHDPTA com-
upon the law of mass action. Briefly, ELISA plates precoated with plexes, CI-ELISA was performed. When Pbwas serially
three different concentrations of Pb-DTPA—BSA (0.45, 0.9, and  (iluted into 2 mM DTPA and incubated with the immobilized
1.8.ﬂg/mL dlluteq in HBS, pH 7.4) were separately incubated Wlth P*—DTPA—BSA conjugate in the presence of hybridoma
Ze[r)la\tllacl:oncergtra}tlogsf of dmffb' Sigmoid curves Wefre CAODnﬁL“Cted USINg ¢iture supernatant, the lead ions inhibited binding in a dose-
ues obtained for different concentrations of mAD. Three curves dependent fashion. This result demonstrated that reactivity of

were selected to calculate the affinity constant. The half-maximum OD tibodi ith lead i d dent th f
(ODsg) was assigned for the selected curves from which the corre- antibodies with fead ions was dependent upon theé presence o

sponding antibody concentration ([Ab], [Aband [AD']) was extrapo- D TPA, although not inhibited by DTPA in the absence of Pb
lated. Accordingly, [Ab], [Ab'], and [Ab"] are the measurable total These positive hybridoma cells were subcloned by limiting
Ab concentrations at Ofy, ODsg, and OBy for plates coated with dilution, and 6—10 stable clones of each subclone were
[Ad], [Ag'], and [Ag"] respectively. expanded and frozen. Selected clones were subsequently
Fortification of Lead in Water. For recovery studies, a standard ~€Xxpanded to produce culture medium and ascites. Three clones
dilution series of lead was spiked into tap water and ultrapure water. designated 4/7, 6H3, and 7/4 were expanded and archived for
The samples were conditioned by addition of a 50% volume of a two- further study. Unless otherwise specified, all experiments
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Figure 1. CI-ELISA for Pb?" at varying ionic strengths. Reagent
concentrations: cAg (Pb?*-DTPA-BSA), 0.95 ug/mL; culture supernatant,
mADb 4/7 1:10 in HBS; and GAM-HRP, 1:1000. Data points are the mean
values of triplicates = SD. In some cases, the error in the analysis was
less than the diameter of the plotted points. Key: ¢, 0 M HEPES-KCI;

Concentration of lead {u M)

Figure 3. Phb?* standard curve obtained under the optimized condition of
the ELISA. The error bars represent the SD calculated from replicate
calibration curves, which were obtained with the same set of standards
(n = 6). In some cases, the error in the analysis was less than the
diameter of the plotted points.

0O, 0.15 M HEPES-KCI; O, 0.2 M HEPES-KCI: a, 0.4 M HEPES-KCI; Characteristics of the Optimized Immunoassay. The
and M, 0.8M HEPES-KCI. optimized lead ELISA used 0.95g/mL of cAg PBt—DTPA—
BSA, hybridoma culture at a dilution of 1/10, blocking with
0.9 3% BSA, and lead standard solution in 2 mM DTPA/HEPES-
KClI buffer (3 mM KCl and 10 mM HEPES, pH 5.0). As shown
£ in Figure 3, the 1G value of the optimized assay was 2#2
§ 0.6 0.034uM, showing the detection range @€ sg of 0.092—
5 87.2uM, and the lowest detection limit [defined as two standard
3 deviations (SDs) above the lowest detectable level] was
g estimated as 0.056 0.005uM.
5 0.3 CR. mAb 4/7 was highly selective for the target analytéPb
& Thirteen other metals, including € Fe™, Mn2t, Mg?*, Cl#T,
In3*, C*, Hg?*, Agtt, Ni2t, C*, Zn?+, C&*+, Cutt, and
0 . . . . Hg'*, were tested for CRs (Table 2). The optimized ELISA
0001 001 01 1 10 100 system had low CRs for Bé& (1.19%), Cd*(2.60%), Hg*
Concentration of lead (u M) (2.49%), and C# (2.59%). The CRs of the other tested metals
Figure 2. CI-ELISA for Ph?* at varying pH values. Reagent concentra- were negligible (less than 1%). The interference to the assays
tions: cAg (Pb?*—DTPA-BSA), 0.95 ug/mL; culture supernatant, mAb was negligible in all cases.
4/7 1:10 in HBS; and GAM-HRP, 1:1000. The data points are the mean Apparent Affinity Constant ( Kar) of mAb 4/7 for Immobil-
values of triplicates + SD. In some cases, the error in the analysis was ized Pl?*—DTPA—BSA. The apparent affinity constank4r)
less than the diameter of the plotted points. Key: #, pH 4.0; A, pH 5.0; was measured by indirect ELISA using serial dilutions of puri-
A, pH 6.0; O, pH 7.0; and +, pH 8.0. fied antibody and three concentrations o2PPbDTPA—BSA

for coating of the microwell plates (0.45, 0.9, and A@mL).
The general equation used to calculate the affinity constant, adap-
ted from Beatty et al., waKas = (n — 1)/2(n[Ab'] — [Ab]),
where [Ab] and [Ab] were the measurable total antibody concen-
trations in the wells at OE and OBy for plates coated with
(Ag) and (Ad), respectively, with (A9 = (Ag)/n. Representa-
tive curves obtained for 4/7 mAb are illustratedHigure 4, and
the calculated averagés values are presented irable 3.
Spike and Recovery StudiesTo investigate the accuracy
of the CI-ELISA, tap water and ultrapure water samples from
our laboratory were spiked with different levels of lead (0.00005,
0.0001, 0.001, 0.01, and 0.1 mM) and recoveries of lead from
the water were determined by CI-ELISA using three replicates
at each spike levelTable 4 summarized the accuracy of the
V\%LISA in these water samples. The recoveries of lead from
water samples were in the range of-8014%, and the variable
coefficients (CV) were from 7 to 19%, whereas those obtained
from the same samples by flame atomic absorption spectrometry
were 87-102% @5). The accurate recovery of the spiked water
amples suggests that the residues analysis for lead with the
LISA is suitable for a rapid and simple checking method.

reported herein were done with the purified mAb 4/7, which
gave higher titer (data not shown). The isotypes of the obtained
mAbs were IgM withk light chains, as determined using a
mouse mADb isotyping kit.

Assay Optimization. To determine lead residues in farm
produce and environmental samples, it is essential to develop
an ELISA with optimum sensitivity. For that purpose, the effects
of the assay buffer-related factors such as ionic strength and
pH were evaluated. Because the ionic strength of the buffer can
affect antibody binding 34), the ionic strength of the assay
buffer was varied by augmenting HEPES-KCI buffer with
additional NaCl (0—0.8 M). Increasing the salinity of the assay
buffer resulted in a decrease in sensitivity gdGncreased
significantly) but also resulted in a decrease of the control
absorbance (absorbance in the absence of added lead) as sho
in Figure 1. HEPES-KCI buffer with no additional NaCl was
chosen as the optimum.

Figure 2 shows the influence of varying the pH of the assay
buffer during the competition step in the presence of the analyte.
Lead standard curves were obtained at several pH values, an
pH effects were evaluated based on the shape aggvilue
of each curve. The absorbance values were depressed at pH
4.0, and the curves flattened out. Because the assay was mor&!SCUSSION
sensitive and had higher control absorbance under more acidic Rapid, inexpensive, sensitive, and selective ELISAs have been
conditions, a pH of 5.0 was used for subsequent assays. utilized in environmental science for 20 years or more. Our goal
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Figure 4. Primary data for affinity measurement. The apparent affinity
constant was measured as described in the Materials and Methods. The
value for mAb 4/7 was 2.19 x 10% L/mol. Each point represented the
mean of triplicate determinations + SD. In some cases, the error in the
analysis was less than the diameter of the plotted points.

Table 2. CRs of Other Metals to mAb (4/7)

metal ions 1Cs0 (M) CR2 (%)
Ph2* 2.72£0.034 100
Fed* 225+12.92 1.19
Cd? 103 +8.93 2.60
Hg?* 108 + 15.61 2.49
Cu?* 104 £5.43 259
In3+ >1000 <0.269
Ag* >1000 <0.269
Niz* >1000 <0.269
Co?* >1000 <0.269
Znz* >1000 <0.269
Ca?* >1000 <0.269
Cu* >1000 <0.269
Hg* >1000 <0.269
Mn3 >1000 <0.269
Mg?* >1000 <0.269
Cré* >1000 <0.269

4% CR was calculated as (ICso of lead/ICsg of tested metals) x 100.

Table 3. Affinity Constant of mAb 4/7 Determined by ELISA

Ag [Ab] at ODsg Kat average
(«g/mL) ODsg? (ng/mL) (L/mol) Kat (L/mol)

18 0.498 15.6 2.46 x 1010 2.19 x 1010

0.9 0.514 17.0 2.32 x 1010

0.45 0.54 22.75 1.79 x 1010

20Dsp represents the half-maximum optical density obtained for a given
concentration of antigen and the corresponding mAb ([Ab]). The affinity constant
(Karr) for each selected concentration of Ag and Ab was determined using the
formula described in the Materials and Methods.
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Table 4. Analytical Recovery of Pb(ll) Spiked into Water?

theoretical detected mean recovery cv
sample (mM) (mM) (%, n=3) (%)
tap water 0.1 0.087 87+294 10
0.01 0.008 80+2.94 13
0.001 0.0009 90+5.10 9
0.0001 0.000089 89+7.93 19
0.00005 <LOD

ultrapure water 0.1 >0.0872
0.01 0.0163 106.3 £4.11 7
0.001 0.00109 109 £4.55 17
0.0001 0.000112 1125+9.12 13

0.00005 <LOD

@ Ultrapure water was from a Milli-Q water purification system; tap water was
obtained from the Nanjing municipal water system. Varying amounts of lead were
added to the samples to give final concentrations in water of 0.00005, 0.0001,
0.001, 0.01, and 0.1 mM. After thorough mixing, the samples were mixed 1:1 in
2x HEPES-KCI buffer (20 mM HEPES and 6 mM KCI, pH 5.0) containing 4 mM
DTPA prior to immunoassay.

PB** using the new mAb 4/7 have resulted in an immunoassay
range approximately 100-fold lower than previously CI-ELISA
reported for 2C12. This new ELISA can detect2Phat
concentrations as low as 0.0560. 0054M and has an 16 of

only 2.72+ 0.034uM for lead. The chelatop-NH2-Bn-DTPA,
which has shown higher affinity for Pb, may contribute to
the increased sensitivity, as compared to previously used chelator
CHXDTPA. This optimization has made it possible to detect
lead at levels below the threshold promulgated by National
Chinese for lead in drinking water (0.05 mg/L or 242.5 nM)
(37). These mAbs should be very promising analytical tools
for rapid and sensitive determination of metal ions in food and
in the environment.

ABBREVIATIONS USED

Ab, antibody; BSA, bovine serum albumin; cAg, coating
antigen; CI-ELISA, competitive inhibition enzyme-linked im-
munosorbent assay; CR, cross-reactivity; DMEM, Dulbecco’s
minimal essential medium; DTPA, diethylenetriamine pentaace-
tic acid; ELISA, enzyme-linked immunosorbent assay; FBS,
fetal bovine serum; GAM-HRP, goat anti-mouse immunoglo-
bulin conjugated to horseradish peroxidase; HBS, HEPES-
buffered saline (137 mM NaCl, 3 mM KCI, and 10 mM Hepes,
pH 7.4); HEPES-KCI buffer (3 mM KCI and 10 mM Hepes,
pH 7.4); 1Gs, concentration of analyte giving 50% inhibition;
Kas, equilibrium association constant; KLH, keyhole limpet
hemocyanin; mAb, monoclonal antibody; PBS, phosphate-
buffered saline (137 mM NaCl, 3 mM KCI, and 10 mM
phosphate, pH 7.4); PBST, phosphate-buffered saline containing
0.05% Tween 20;p-NH,-Bn-DTPA, S-2-(4-aminobenzyl)-
diethylenetriaminepentaacetic acid; SD, standard deviation;

was to develop simple analytical methods based on the formationT\g " 3 3' 5 5'-tetramethylbenzidine.
of chelates of the metal ion to be detected. We have utilized
the high affinity bifunctional chelatgs-NH,-Bn-DTPA, which
was coupled to KLH via a primary amine and linked with?Pb

by binding to the carboxyl and nitrogen groups of the chelator.
The PB™ ions are too small to possess an antigenic epitope,
and they appear to react with the antibody only when complexed
to the chelator, DTPA. Therefore, it is important to choose a
suitable concentration of chelator in designing the optimal
immunoassay for lead.

In contrast to the previously reported 2C12 antibo@g)(
mAb 4/7 did not show significant CR with other metddPTA
complexes, indicating that this new mAb is highly specific for
lead. Careful development and optimization of an ELISA to
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