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A carefully designed hapten± protein conjugate has enabled
the generation of a monoclonal antibody reactive with 
S-phenylmercapturic acid (S-PMA). The immobilized antibody
retains immunoreactivity and can be used to enrich S-PMA
from the urine of workers exposed to benzene. The
performance of the immunoaffinity column has been
validated by comparison with data obtained by GC/MS
analysis from the urine of benzene-exposed workers (range
12± 168 m g l ± 1, corr. coeff. 0.98, n = 23). Furthermore
immunoaffinity chromatography facilitates the quantitative
determination of urinary S-PMA by reversed phase HPLC.
Bioconcentration of S-PMA from the urine of benzene-
exposed workers has permitted the quantification of S-PMA
by HPLC at 8 h TWA (time weighted average) exposures of
around 1 ppm. The potential application of immunoaffinity
enrichment in biomonitoring studies is discussed.
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Abbreviations: AUFS, absorbance units full scale deflection; BSA,
bovine serum albumin; d5-S-PMA, deuterated S-
phenylmercapturic acid; GC, gas chromatography; MEL,
maximum exposure limit; MS, mass spectroscopy; NMR, nuclear
magnetic resonance; OD, optical density; PBS, phosphate
buffered saline; PEL, permissible exposure limit; QC, quality
control; S-PMA, S-phenylmercapturic acid; t,t-MA, trans,trans-
muconic acid; TLC, thin layer chromatography; TWA, time
weighted average.

Introduction
Ben zene is an im porta nt  i ndu st r ia l  chem ical ,  and the curre n t

o ccu pat ion al  ex po sure  limits (8 h  TWA)  in  the Un ited

K ing do m  (ma xim u m  exp osure lim it, MEL), Euro pe a n U n io n

and United  States  (p erm issi ble  exp osure lim it, PEL) are  5  p pm ,

1  p p m  an d  1  p pm  resp ective ly. In  order  to  com ply  with  a  l im it

value o f  1  ppm  8 hr  T WA  ex po sure  must  be, for  most  of  the

t im e,  w ell  below th is value.  Metho ds sensi t ive eno ugh to

m e a su re  below  1  pp m are  t herefore  ne ed ed .

Benzene,  both  in  b lood and exh aled air,  has been  used as  a

sp ec if ic  and sensi t ive biom arker fo r  m easuring o ccupational

an d no n-o ccu pat io nal  ex po sures (Perbellini et  al. 198 8) . For

o ccu pat ion al  ex po sure  m on itoring ,  how ever,  non- invasive

sam p lin g m eth od s are  preferred.  Phenol and i ts  conjugates are

th e m ain  ur in ary  metabol i tes of  benzene (Ya rd ley-Jones et al.

1991). Urinary  p hen ol,  h ow eve r, is  sui tab le only  for

d et e rm in in g ex po sures do wn to 10 ppm  ow ing to  the rel at ively

high background levels  (Van Haaf ten and Sie  1965) . Urinary  S -

PMA (Stomm el et  al.  1989) and  trans, trans-m uconic acid (t-t-

MA) (Inoue  et  al.  1989) have been  prop osed as two hig hly

specif ic  and sensi tiv e mark er s o f  benzene exposure . S -PMA

a n d  t,t-M A allo w th e determ inatio n o f  expo su re s do w n to 

0.3 ppm  an d 1  ppm  (8 h T WA) respect ively  (Boogaard  an d  Va n

Sit tert 1995) .  The increased sensi t ivi t y  achiev ed w ith S -PMA

is d ue to  th e rel at ively low backgro und  le vels  i n  n on -

occup ation ally  ex posed per so ns.  T he d eterm ination o f  S -PMA

by GC/MS, however,  re q u ires a  re la t ively  com plex work-u p of

sam ples  prior  to  assay and sensit ivi ty  of  detect io n is l imited by

the pur ity  of  th e sam ple.  T hese , and other  factors,  l im it  th e

usefuln ess  of  the co nven tional  m eth od,  p art icularly  in  large

scale  scre ening  p rogram m es.

T he use  o f  im m unochem ical  m eth ods for  the detect ion of

biom arkers offers  the prospec t  of  an al tern at iv e ap proach (Va n

Welie  et  al. 1992).  Im munoaff ini ty  chrom atography is  a  well

d o c u m e n ted  p ro ce d u re  wh ich ut i l izes im m ob il ized antib od y

m olecu les  of  pre-determ ined specif ic i ty  to  cap ture  an d  e nr i ch

analyte  (Aston et  al. 1992 , Ya rm u s h  et  al. 1992,  Booth et  al.

1994) .  Using an tibody of  approp riate  binding aff ini t y  a nd

specif ic i ty, S -PMA m ay be adsorbed  from  a com plex  m atrix

an d th e im m un o pu r if ie d m ercap turic  aci d then  subjected to

quanti ta t ive analy sis.  T hus,  eff ect iv e im m u no enr ich m ent  m ay

both  faci l i ta te  analyses by re du cin g th e p reparat iv e s teps

associated  w ith co nven tional  analyt ical  m etho ds and,  by

im p roving sig nal  to  noise  rat ios,  enhance assay sensi t ivity.

T he aim  of th is  stu dy was to  prod uce an  anti-P MA

m on oclo nal  anti bod y and to  dev elop  an  im m u noa ff ini ty

colum n  to  en ri ch S -PMA fro m the ur ine o f  b enzene-ex posed

workers.  A ntibody ch ar acterizat ion and  an evaluatio n of  an

im m uno enr ichm en t m etho d by GC/MS  is  d escr ibed .  T he

poten tial  of  im mu noaff ini ty  chrom atography/HP LC to

d et e rm in e  u r in a ry  S -P MA is inves tigated .

MATERIALS AND METHODS

Materials

Reagents

S-PMA (Lot nos A0069174, > 98% pure) was obtained from Janssen Chimica

(Hyde, Cheshire, UK). The following reagents were purchased from BDH Merck

(Merck Ltd, Dagenham, Essex, UK): acetic acid (chromatography grade), butanol

(GPR), citric acid (AnalaR), hydrochloric acid (GPR), di-sodium hydrogen phosphate

(AnalaR), sodium bicarbonate (AnalaR), sodium carbonate (AnalaR), sodium

chloride (AnalaR), sodium di-hydrogen phosphate (AnalaR), sodium hydroxide

(AnalaR). The following were purchased from Sigma Chemical Co. (Poole, Dorset,

UK): bovine serum albumin (BSA, catalogue no. A7030), Freund’s complete and

incomplete adjuvant, Keyhole Limpet haemocyanin Megathura crenulata

(catalogue no. H2133), Tween-20, methanol (HPLC grade), and 3,3Â ,5,5Â -

tetramethyl-benzidine liquid substrate system (TMB). Acetonitrile (HPLC grade)

was obtained from Rathburns (Walkerburn, UK). Other reagents were:

bis(sulfosuccinmidyl)suberate, Coomassie Blue protein assay reagent kit (Pierce

Chemicals, Luton, UK), CNBr-activated sepharose (Pharmacia Ltd, Milton Keynes,
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UK), peroxidase-conjugated rabbit immunoglobulins to mouse immunoglobulins

(Dakopatts a/c, Denmark), PBS tablets (Unipath, Basingstoke, UK), sodium

acetate (GPR, Hopkin and Williams Ltd, Essex, UK), and d5-S-PMA (Shell

Biomedical Laboratory, Rotterdam, The Netherlands). The myeloma cell line

Sp2/0 Ag 1± 4 was obtained from Flow Laboratories Ltd (Rickmansworth, Herts,

UK), Balb/c mice were supplied by Charles River (Margate, Kent, UK). Nunc

Immunoplates maxisorb f96 cert (Gibco Ltd, Paisley, UK) and Amicon Cetriprep

30 (Amicon Ltd, Stonehouse, UK).

Urine samples came from workers in two refineries (Netherlands and Brunei)

and a chemical manufacturing plant (Netherlands) where exposure to benzene

may occur. End of shift samples were collected in polythene bottles, acidified to

pH 1.5± 2 with 6 M hydrochloric acid and stored at 4 °C until assay (approx. 1 year

after collection). Under these conditions S-PMA is known to be stable for at least 6

months (personal communication with H. van der Waal, Shell Biomonitoring

Laboratory, Rotterdam).

Working standards

ELISA standards (0± 2.5 mg l± 1) were prepared in PBS from a 852 mg l± 1 solution in

1% methanol:PBS. HPLC standards (0± 1.0 mg l± 1) were diluted in mobile phase.

Buffers

Phosphate (0.05 mol l± 1, pH 8), coating (sodium carbonate 0.03 mol l± 1 pH 9.8),

coupling (0.1 mol l± 1 sodium carbonate, pH 8.3, containing 0.5 mol l± 1 NaCl),

glycine (0.2 mol l± 1, pH 4, containing 0.5 mol l± 1 NaCl) and acetate (0.1 mol l± 1, pH

4, containing 0.5 mol l± 1 NaCl) were prepared on the day of use. Saline/Tween

wash solution consisted of 0.9% w/v saline, 0.05 % w/v Tween-20 in distilled water.

Methods

Immunogen preparation

S-PMA (225 mg) was deacetylated by heating with 6 mol l ± 1 HCl (20 ml) at 90 °C

for 3 h. Acetic acid, a product of the acid hydrolysis, was removed by rotary

evaporation at 35 °C. The reaction was monitored by TLC using butanol, acetic

acid and water 3:1:1. The product was analysed by proton NMR on a GE QE300

operating at 300 mHz referenced to TMA at 0 ppm with dueterated methanol

(CD3OD) as the solvent.

The S-phenylcysteine was dissolved in di-sodium hydrogen phosphate (60 ml)

and adjusted to pH 8 by the addition of 1 mol l± 1 sodium dihydrogen phosphate

(12 ml). To bovine serum albumin (BSA, 50 mg in 5 ml) and Keyhole Limpet

haemocyanin (KLH, 50 mg in 8.3 ml in 0.05 mol l± 1 phosphate buffer, pH 8) was

added S-phenylcysteine in phosphate buffer (9 mg in 3.6 ml) with mixing. The

homobifunctional cross-linker bis(sulphosuccinimidyl)suberate (70 mg) was

dissolved in distilled water (1 ml) and immediately added to the protein solutions

(21.35 mg, 152.5 m l) with rapid mixing. The mixtures were reacted overnight with

continuous stirring then dialysed extensively, first against distilled water, then

against PBS. The protein concentration was determined using Coomassie blue

protein assay reagent according to the manufacturer’s instructions. The average

hapten incorporation ratio was estimated spectrophotometrically from the

increase in absorbance at 270 nm after coupling.

Antibody production

Antibodies were produced using hybridoma technology (Goding 1986). Briefly,

mice (Balb/c) were immunized by subcutaneous injection (days 1 and 20) with

100 mg of S-PMA± KLH in 200 ml of adjuvant emulsion (50:50 v/v). Primary and

secondary immunizations were administered in Freund’s complete and incomplete

adjuvant, respectively. Test bleeds were obtained on day 30.

Antibody titre was determined by the preparation of antibody titration curves

using microtitre plates coated with 1 mg l± 1 of BSA± hapten conjugate (in coating

buffer, overnight at 4 °C). Relative antibody affinities and cross-reactivity were

determined by competitive ELISA.

Two consecutive days prior to fusion, mice were immunized intraperitoneally

with 100 m g of S-PMA± KLH conjugate in PBS. Two days later the splenocytes were

fused (day 1) with the myeloma cell line Sp2/0 Ag 1-4. On day 13, cell

supernatants were screened for the presence of antibody by ELISA. Wells were

selected for cloning to monoclonality by competitive inhibition studies using free

S-PMA (100 mg l± 1).

Cell line 3G9 secreted antibody with the highest relative affinity. Antibody 3G9

was therefore selected for the development of an ELISA and an immunoaffinity

chromatography column.

The ELISA was carried out by adding 50 m l of standard and 50 m l of cell

supernatant (diluted 1:200 in PBS/tw) to the wells of an antigen-coated plate (coated

with 0.1 mg l± 1 S-PMA± BSA conjugate overnight at 4 °C in coating buffer). The plate

was sealed with plastic film and incubated overnight at room temperature. The

contents of the wells were then emptied and washed five times with saline/Tween

wash solution and shaken dry. To each well was added 100 ml of rabbit anti-mouse

IgG peroxidase conjugate diluted 1:1000 in phosphate buffered saline. The plate was

incubated for a further 2 h at room temperature then washed again. After addition of

TMB substrate (100 m l per well), the plate was incubated for a further 30 min and the

absorbance measured (650 nm) using a microtitre plate reader.

Inter- and intra-assay reproducibility were determined by the repeat analysis of a

low, medium and high QC. QCs were prepared by the dilution of S-PMA in PBS at

25, 100 and 500 m g l± 1 respectively.

Preparation of immunoaffinity column

Monoclonal antibody was purified from cell supernatant by protein-G affinity

chromatography. Purified antibody was desalted and concentrated using an

Amicon Centriprep-30 concentrator, according to the manufacturer’s instructions.

Antibody was covalently attached to a solid support (cyanogen bromide-

activated sepharose) by a modification of a method described by Pharmacia.

Freeze-dried CNBr-activated sepharose 4B (0.21 g) was gently mixed with 1 mmol

l± 1 HCl (15 ml for 5 min at room temperature). The gel which formed was

sedimented by centrifugation (2000 g for 1 min) and the supernatant discarded.

The rehydration step was repeated three times. The swollen sepharose was

washed with coupling buffer (15 ml) to remove excess acid.

Immunoglobulin solution (1.51 g l± 1) was added (3 ml) to the sepharose and the

suspension gently mixed for 2 h at room temperature. The sepharose was washed

with coupling buffer (15 ml), resuspended in glycine buffer (25 ml) and gently

mixed overnight at 4 °C to block any remaining active groups on the solid support.

The sepharose was washed with coupling buffer (15 ml) and acetate buffer 

(15 ml), alternately, three times to remove any protein bound non-covalently to the

matrix. The gel was washed twice with PBS and a column of approximately 0.5 ml

settled bed volume was prepared. Finally, the PBS was replaced with PBS

containing sodium azide (0.02% w/v) and the column stored at 4 °C until use.

Antibody uptake was monitored spectrophotometrically.

Immunoaffinity chromatography

Before use, the immunoaffinity column was allowed to reach room temperature

and equilibrated with PBS. Samples were chromatographed at a flow rate of

approximately 0.5 ml min± 1. S-PMA diluted in PBS (1 mg l± 1) was loaded (1± 20 ml)

onto the immunoaffinity column. The column was washed with PBS (5 ml), and the

retentate eluted with methyl alcohol (2 ml). Elution fractions, load (1 ml), wash 

(1 ml) and retentate (1 ml) were collected. The fractions were analysed for the

presence of S-PMA by ELISA.

Mid-stream urines (5, 10, and 20 ml) dosed with S-PMA (50, 25 and 5 m g l± 1

respectively) were applied to the column for immunoextraction. The retentates

were analysed by ELISA and HPLC.

L. Ball et al.30
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HPLC analyses were performed using C18 reversed phase chromatography

(Hichrom column 10 cm ́ 4.9 mm: mobile phase; 17% acetonitrile, 0.03 mol l ± 1

phosphate buffer, pH 2.1: flow rate 1 ml min± 1). S-PMA was detected at 256 nm

(Gilson model 116). A linear calibration plot (0.125± 1.0 mg l± 1) was obtained 

with S-PMA standards prepared in mobile phase. The HPLC limit of detection was

0.05 mg l± 1.

Prior to analyses, the immunoaffinity chromatography retentates were

concentrated by evaporation and diluted in mobile phase.

The performance of the immunoaffinity column was validated against the

solvent extraction GC/MS method described by Van Sittert et al. (1993). Samples

of urine containing 12± 168 m g l± 1 determined by GC/MS were determined after

immunoextraction using a modification of the procedure described by Boogaard

and Van Sittert (1995). GC/MS analysis was performed at the Shell Biomedical

Laboratory, Rotterdam.

Briefly, to 5 ml of urine was added 0.112 m g of d5-S-PMA internal standard. The

pH of the samples (pH 2) was adjusted to between pH 6.3 and 6.9 by the addition

of two drops of 6 mol l± 1 NaOH and 4± 12 drops of 1 mol l± 1 NaOH solution.

Samples (n = 23) were applied to the column and chromatographed as described

above. Methanol :water was evaporated from the retentate under a gentle stream

of nitrogen at 45 °C and the residue dried by warming above an infra-red lamp for

1 h. After methylation, the concentration of derivatized S-PMA in each sample was

determined by GC/MS with electron impact ionization. The GC injection protocol

was modified as follows. Injector temperature was initially 150 °C, after the

sample was loaded this temperature was held for 1 s then increased to 250 °C at

12 °C per second. The injection volume was 1 m l splitless. For quantification, ions

at m/z 194 and 199 (S-PMA and d5-S-PMA fragments respectively) were

monitored. Qualification ions at m/z 253 and 258 were recorded.

Finally, the concentration of S-PMA in urine samples collected from benzene-

exposed workers was determined by immunoaffinity chromatography/HPLC.

Samples were chromatographed after neutralization and without the addition of

internal standard.

The concentration of S-PMA in the urine samples (30± 1152 m g l± 1) had been

determined previously by GC/MS.

Results
Immunogen preparation
H y d rolysis of  the S -PMA was  complete  af ter  3  h . A single  spot ,

w hich  gave a posi t ive reacti on wi th nin hyd rin ,  w as o bserv e d

af ter TLC of  the reactio n mixtu re. T he  loss of  the acetyl  gro u p

w as co nfirm ed by  NMR. P henylcysteine w as  coupled to  BSA

w ith  an average hap ten±protein incorporation rat io  of  25:1 .

C om p arabl e  h ap ten ±p rotein l oading  den si t ies  w ere  a ch iev ed

w ith  the phenylcyste ine±K L H conjugate .

S-PMA immunoassay
A  stan d ard  c u rve for  an EL ISA based  on 3G9,  with  a  l imit of

detec t ion of  8  m g l±1 is i l lust rated in  Figu re  1. Values of  28 ‰4 ,

9 8 ‰9 and  59 8 ‰4 5 m g l±1 w e re obtained for  the rep eat  analy sis

of  a  low, m edium  and high Q C (n = 12, inter- assa y variat ion).

Intra-assay CVs for  the  low, m edium  an d h igh  Q Cs we re

2 4.2% , 5.2%  and 13.2%  respect ively (n  = 6).  T he antibod y did

n ot  cross- react  w ith acetylcysteine,  hyd rox ye thy l  an d

h y d ro xy p ro p y lm ercaptur ic acid . Som e cross- reactivi ty  was

o bserv ed  w ith  rel at ively high concentrat ions of  S -P MA methyl

ester  an d benzy lm ercap turic  ac id  (IC
5 0

va lu es w ere  35 and 

18 mg l±1 respec tively) . Cross- react ivi ty  with o th er  possible

ben zene metaboli tes  was not  in vest igated.

Immunoaffinity chromatography
P rotein-G purif ica t ion yie lded  30 m g of  3G9 per  ml of  cell

s u p e rnatan t.  A  further  20-fold concentr at ion of  an tibody was

achieved  du ring  desalt ing .

A weigh t  of  4 .06 mg (89% ) of  3G9 was coupled to 0 .21 g

(0 .75  ml of  swoll en gel)  of CNBr-activated seph aro se . N o

p ro tein  was detected in  the f in al  co upling/acetate  b uffer

washes (OD readings at  280 nm ), indicat ing that  a ll  the

antibo dy was covalen tly  at tach ed to  the solid  su ppo rt .

T he  im m u n oa ff ini ty  co lu m n h ad a  m axim u m  b ind ing

capaci ty  of  1.5 m g of S -PMA. No S -PMA was observ ed  i n  th e

Immunoenrichment of urinary S-phenylmercapturic acid 31

Figure 1. S-PMA standard curve developed by ELISA as described in M̀ethods’.

Points represent the mean of three replicate values, error bars are standard

deviations.

Figure 2. HPLC chromatogram of S-PMA after immunoextraction from the urine of

a benzene-exposed worker. The urine contained 1152 m g l± 1 of S-PMA determined

by GC/MS. HPLC was performed on a C18 column using 17% acetonitrile, 0.03

mol l± 1 phosphate buffer, pH 2.1, flow rate 1 ml min± 1. The absorbance was set at

0.05 AUFS and the retention time of the S-PMA was 14 min.
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f i nal  w ashes w hen th e fr act ions w ere  analysed  by EL ISA. After

im muno enr ichm ent of  a  P BS so lu tion (10 m l)  contain ing  

0.05 m g of  ana ly te, 0.54 m g (108%) of S -P MA was recov ere d .

Recov er ies of  80%  (SD = 6.7, n = 6) were obta ined af te r

im m u n o a ff ini ty  chromatography of  5  ml m id-stre am  ur in e

containin g 50  m g l±1 of  S -PMA. Recover ies of  94%  and 80%

w e re  obtained after  imm uno aff ini ty  chromatography of  10 and

20 ml urine containin g 25 an d 5 m g l±1 resp ectiv ely.

Twe nty- th ree urine sam ples co ntaining 12±16 8 m g l±1 S -P MA

analysed by  the method of  Van  Sit tert  et  al. (1993) were

an aly sed  b y im m u no aff ini ty  chromatography ± GC/M S. T he

c orrela t ion coeff ic ient  b etw een  the tw o m ethods was 0.98.

Recovery of S -PMA  af ter  ac idif icat ion and neutral iza t ion of  the

urine was 28.3%  (SD = 6.2, n  = 23). GC/MS chromatogr am s of

im m u noex tr acted sa mp les co ntained few er  pe aks th an tho se

sam ples analysed  by th e metho d of  Van S it tert  et  al.

Resu lts of  HPL C ana lyses of  im munoaff ini ty  colum n  eluates

from  the ur ine of  w orkers  exposed to  benzene are  s h ow n in

Table 1 .  The correspondin g data  obtained by G C/MS  are also

p resented.  T he co ncentrat ion of  u rinary  PMA ranged fro m  3 0

to 1152 m g l±1. T he correla t ion coeff ic ient  was 0.964 (n = 6) . A

typical  HPL C chromatograph is i l lust rated in  F igure 2. S -PMA

has a  re tention t im e of  14 m in under the HPL C cond ition s

e m p lo y e d.

Discussion
A  m o noc lon al  an tib ody,  3G9, which specif ica l ly  binds S -PMA,

has been  generated. 3G 9 re tains i ts  im m un oreac tivity af te r

cov alen t  coup ling to  a  sol id  sup port ,  enablin g the pro d u c t io n

of  an im m uno aff ini ty  chrom ato graphy  co lum n . T h e

c h ro matography column  can be used  to  ex tract  low levels  of  S -

PMA (5 m g l±1)  sel ect ively  from  ur ine.  T he p erfo rm an ce of  the

im m u n o a ff ini ty  colu mn at  low con centrat ions o f  S -PMA

(12±168  m g l±1)  h as b een  validated in  a  com parative stu dy w ith

the m ethod  of  Van Sit tert  et  al.  (1993 ). The two m ethods show

exce llen t  agreem ent,  the correlation coeff ic ien t  was  0.98 

(n  = 23) over  this range. Furt h e rm o re,  bioconcentrat ion of  S -

PMA from  the u rine o f  ben zen e-exposed w ork ers has

p e rm itted  th e quantif ication o f  S -PMA by  HPLC at  8h TWA

airbo rn e  e x po su res of  aro u n d  1  p p m .

Com poun ds of  lo w m olecular  weigh t  are  n ot  norm al ly

im m un ogen ic b ut  c an b e re n d e red antigenic b y coupling to  a

c arr ier  pro tein such as KL H. I t is generally  accep ted  that

antibody specif ic i ty  is  highest  for  that part  of  the m olecule

furthest  from  the carr ier  pro tein  (H arr ison  et  al. 1991,  Aston  e t

a l. 1992) and that the inclusion of  a  spacer  arm  b etw e en the

h ap te n a nd  th e  p ro tein  d ecreases s ter ic  shield in g by the bulky

c arr ier  there by  im p ro ving  h apte n presentat ion (H arr iso n et al.

1991,  Aston et al. 1992). Marco et  al. (1993) have  re p o rt ed  t he

p ro duction of  a  polyclonal  antiseru m spec if ic  for  the

m e rcapturic  ac id  m etab oli tes of  naphthalene usin g a

m e rcap turic  acid m etabo li te  co njugated through the fre e

carboxylic acid  of  the acety l  cysteine moiety.  H owever,  in  this

lab orato ry  (R. L .  Ball  unp ublish ed  data)  wh en im mu niza tion s

w e re  pe rfo rm e d  w i th  S -P MA , co upled thro ugh the carboxy lic

acid group to  KLH, a la rge im m u ne resp o n se  w as i n du c ed

w h ic h  recog nized conju gated hapten  bu t  did  no t  bind S -P M A

in free solut ion. I t  was postulated,  therefore ,  th at  the

carboxylic  acid plays a  cr i t ica l ro le  in  antigen±antibo dy

bind ing.  Conjugat ion of  mercaptu ri c  acid s thro u gh  th e

s u lp h y d ry l moiety led to  the generat io n of  antibodies w hich

recog nized the acetylcystein e m oiety and general ly  b ound

m e rcaptu ri c  acid s per se  (R. L.  Bal l , unpublished  da ta) . To

p re serve antibody speci f ic i ty  therefore ,  a  conjugate  in  which S -

P MA  w as l ink ed th rough the m ethy l  group of  the acetyl

cysteine moiety to  K LH  was designed .

An E LISA (limit of detec tion 8 m g l±1)  based on 3G9 has a

re lat ive ly high aff in ity  for  S -P MA co mp are d wi th s tru ctu r al ly

sim ilar  m ercaptur ic ac ids. 3G9 w as therefore  se lected for  the

p rep arat ion  of  an im m un oaff ini ty  chrom a tog rap hy  co lu m n.

Antibody w as  covalently  at tached to  CNBr-activated

se p h a rose .  T he am oun t of  an tib ody cou pled to  th e so lid

s u p p o rt (5.4 g  l±1 gel)  was less than the q uoted binding  capacity

(8±10  g of  pro tein per  l)  of  the  gel . In  th is study,  no at tem pt was

m ade to  op tim ize the antibo dy coup ling chem ist ry  or  th e

c h ro m atograph y cond it io ns.

I m m u n o react ivi ty  was assessed by m onitor ing  bin ding of  

S -P MA  applied to  the colum n in  aqueou s b uffer.  T he co lu m n

adso rbed 1.5 m g of S -PMA  and the analyte  did  not  ap pear to

leech from  the colum n dur ing w ash ing.  H igh recoveries (up  to

100%  of the load) were  ob tain ed  w he re  the re te ntat e  w as

eluted f ro m  the c olu m n with m e than ol.  Mo reov er,  t he  co lu m n

re tain ed  functionali ty  even  after  a  very  h igh percentage solvent

(95% ) elut ion step.  With  repeated use (10 t im es)  there  wa s n o

not iceable  lo ss  in  colum n  perform an ce.  O bservat io ns sho w n o

evidence of  chang es  in  the antib ody bind ing characterist ics

w ith  t im e.

T he colu m n also proved  to  be effec t ive in select ive ly

adsorb ing an d con cen trat ing  S -PMA from  m id -strea m  u r in e.

L oading analyte  in  this  matr ix  appeared  to  hav e no  detr im ental

eff ect  on  colu mn  perform anc e.  F urt h e rm o re,  recov ery  of

analyte  ap pears  to  be ind ependen t of  sam ple volu me. A t

p re sen t  u rine sam p les are  col lec ted  in  p olyth en e bott l es  and

acidif ied to  pH 2.  A cidif ication and neutral iza t ion of  ur in e

ex erc ised a  st rong  eff ect  on colum n  perform ance. Recovery  of

S -P MA (2 8.3% ) was lo wer than expected and is  pro bab ly  d ue

to high leve ls of  sal t d isrup ting antigen ±antibody  bindin g.

Im pro ving sam ple reco very  wil l f urther  i ncrease assay

sensi t ivi t y. Recovery  may  be im proved if  the urines are

desa lted prior  to  extrac t ion. A lterna tiv ely,  sam ples m ay be

sto red  fro zen  (wh ere  i t  has been  show n th at  S -PMA  in urine is

stab le  for  a t least 2  years)  ra ther  than  at  ac id  pH af ter

collect ion.

L. Ball et al.32

GC/MS (m g l± 1) IAC/HPLC (m g l± 1)

1152 1157

580 297

492 476

154 143

60 63

30 32

Table 1. Comparison of S-PMA concentrations determined by GC/MS and

immunoaffinity chromatography (IAC)/HPLC in the urine of six different

benzene-exposed workers.
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We h ave sho wn th at  3G9 is  pre do m inan t ly  reactive with  

S -PMA. GC/MS chro m atograms o f  im m un oextr acted sam ples

co ntained  few er peaks th an th ose  sam p les analysed b y th e

m eth od of  Van  Sit tert  et al . (1993).  Due  to  the loss of  sam ple

m atrix  i t  was necessary  to  m odif y the re p o rted GC con dit io ns.

Ch ang es w ere  m ade in  the inject ion pro tocol to  prevent loss of

sam p le d ur ing  th e solven t  p urge.  The excel len t agre e m e n t

b etween the d ata  der ived b y p ost - im m uno enrich men t H PL C

and those o bta ined by G C/MS  analyses also  su gges t  that  no

en dog eno us com p on ents  o f  u rin e are  recognized by 3G9 or

in te rfe re with antibo dy±analyte  binding.  T he HP LC

c h romatogram  (Figure 2) is free fro m  inte rfer ing peaks.

T he sensi t ivity  of  the GC/MS assay is l im ited by the pur ity

of the sam ple.  The l im it of  detec t ion of  the present assay for  

S -PMA is 0 .3  ppm, 8 TWA, of  benzene (Boogaard  and  Va n

S it te rt  1995).  Im munopur if icat ion red uces th e backgro u n d

no ise in  the MS  fragm entograph s and,  therefore ,  the data

d emo nstrate  th e poten tial  of  im m uno aff ini ty  chrom a tog ra ph y

to  in crease  GC/MS assay sensi t ivity.

Jong eneelen et  al. (1987)  has re p o rted that  HPL C general ly

lacks the sensi t ivi ty  for  applica t ion in  biomonitoring.

H o w ev er,  the d ata  presented  in  th is  re p o rt  indi cate  th at

im m uno extract ion  m ay faci l i ta te  the m easurem ent of  S -PMA

by HPLC from  the ur ine of  benzene-exposed workers.  Results

o btained  by  im m u no aff ini ty  chrom atography/HPL C corre late

(corr. coeff. 0 .96, n = 6) with  those obta ined by GC/MS  (Table  1)

over  a range  of  va lues (30±1152 m g l±1) .  T he im mun oaff ini ty

c h romatography/H PLC analysis of  urine  fro m  be nzen e-

exp osed workers  could  be fu rth er  im p roved by the use of  an

in te rna l  s ta nd ard .  Pre l im in ary  st udies show  3G 9 b inds 

S -ph enyl -N -t r if luoro acetylcysteine and S -phen yl-N -

tr if luoracetylcysteine and S -PMA can  be separated by HPL C

u si ng  th e co nd it io ns em p loy ed.

Im m u no aff ini ty  chromatography/HP L C analysis is s imple

an d easy to  p erfo rm  c o m p a red  w ith GC/MS . I t  is est imated that

75 sam ples  per  day can  be analysed  by IA C/H PL C. In addition,

HPL C determ in ation can be rea dily  perform ed  in  m a n y

laboratories.  Our f indings confirm  the potential  ut i l i ty  of

im m u n o a ff ini ty  chrom atography/HP L C in m onitoring

e x p o su re  to  benzene.
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