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An improved chromogenic substrate .endotoxin assay

for clinical use
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SUMMARY An improved quantitative assay for endotoxin in plasma was developed after evaluat-
ing three different chromogenic substrates and seven methods for removal of plasma inhibitors.
Optimal storage conditions for plasma samples prior to assay were also determined. Using
chromogenic substrate S2423 with plasma diluted 1/10 in water and heated to 75°C for 5 min to
remove inhibitors, a within-batch coefficient of variation of 4% was obtained at levels of
endotoxin likely to be encountered clinically. The limit of assay sensitivity was < 10 pg/ml. This
assay provides a sensitive quantitative test for single episodes of endotoxaemia in individual
patients but variable activation of the Limulus proenzyme by endotoxin from different bacterial
strains limits quantitative comparisons between patients.

The observation that lysates of haemolymph
amoebocytes from the horseshoe crab (Limulus
polyphemus) gelate on exposure to minute amounts
of endotoxin (bacterial lipopolysaccharide)' gener-
ated considerable interest in the development of an
endotoxin assay for clinical use. The biological activ-
ity of the endotoxin molecule resides in its lipid-A
region which reacts with Limulus amoebocyte lysate
(LAL) in two stages: a proenzyme present in the
lysate is first activated by endotoxin and the acti-
vated proenzyme then cleaves peptide bonds in a
coagulant protein causing visible gelation.2 Assays
based on the gelation reaction are, however, rela-
tively insensitive and studies of the incidence of
endotoxaemia in liver failure, for example, have
given conflicting results.3-5
An increase in assay sensitivity from the nano-

gram to the picogram range can, however, be
achieved by using a chromogenic substrate to bypass
the gelation reaction and thus measure the activated
proenzyme directly.6 Activated Limulus proenzyme
cleaves chromogenic substrates having the terminal
configuration -GLY-ARG-PNA and liberates
p-nitroanaline which can be read spectrophotomet-
rically at 405 nm. Although the chromogenic assay
works well for the detection of endotoxin in water,
measurements in plasma present difficulties because
of poorly defined interfering proteins.7 8 These
include a,-globulin and a,-lipoprotein esterases
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which degrade lipid A;7 IgM and IgG antibodies
directed against lipid A and against the polysac-
charide 0 and R antigens;9 and protease inhibitors
such as ai-antitrypsin, a2-macroglobulin and anti-
thrombin III.10 Furthermore the chromogenic sub-
strate may be activated non-specifically by
endogenous plasma amidases such as thrombin and
plasmin.'0 Methods used to treat plasma in an
attempt to overcome these difficulties have included
chloroform extraction,8 alkalinisation," perchloric
acid,'2 pH shift,'3 and various combinations of dilu-
tion and heating.'4 15

In order to define optimal assay conditions for
clinical use we have compared different methods for
the removal of plasma inhibitors and have investi-
gated the stability of endotoxin in blood and plasma
under different storage conditions. The sensitivity
and precision of the chromogenic substrate assay
have also been determined and comparative studies
made using endotoxin derived from different strains
of bacteria.

Material and methods

Sterile, pyrogen-free water; new, endotoxin-free
glass tubes with plastic screw caps (Mallinckrodt Inc,
St Louis, Missouri); and disposable plastic pipette
tips (Alpha Labs, Eastleigh, Hants) were used for all
assays.

Vials of lyophilised Limulus amoebocyte lysate
("Pyrogent" Mallinckrodt) were reconstituted in
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water, to about half the manufacturer's recom-

mended strength, and used immediately.
Chromogenic substrates S2222 and S2423 (Kabi
Diagnostica, Stockholm) and Chromozym TH
(BCL, Lewes, Sussex) were diluted in 50 mmol/Il
TRIS buffer (pH 8.8) to a concentration of 3-4
mmoL/l. E coli endotoxin (Mallinckrodt) was used to
prepare standard curves and for recovery and stabil-
ity studies; the reconstituted stock solution con-

tained 500 ,ug/ml.

BLOOD SAMPLE COLLECTION
Venepuncture was performed after skin cleansing
with 70% isopropanol and blood collected into
heparin (25 IU/ml; Weddel Pharmaceuticals Ltd,
London) in sterile plastic universals. All heparin
batches were checked for endotoxin contamination
before use.

ASSAY PROCEDURE
To avoid endotoxin contamination, the assay was
carried out in a Class II microbiological safety
cabinet (Envair Ltd, Rossendale, Lancs). Specimens
were kept on melting ice during reagent addition.
The stock endotoxin was diluted to 2 5 ng/ml in
water, then doubling dilutions made in normal
plasma to prepare standards containing from 7-8
pg/ml to 250 pg/ml of endotoxin. Before assay, both
test and standard samples were treated to remove

plasma inhibitors. The assay was performed as
shown in Table 1. Final optical density values (OD)
were calculated by subtracting both the test and
reagent blank readings from the test reading.

METHODS FOR THE REMOVAL OF PLASMA
INHIBITORS
Seven methods were studied:
1 Chloroform extraction.8
2 pH shift: glacial acetic acid (0.2 ml 25% vol/vol)
was added to 1 ml plasma to lower the pH to 4 0 ±

0.1. The pH was then returned to 6.2 ± 0-1 by the

Table 1 Endotoxin assay procedure

Test/standard Test/standard Reagent
blank blank

Test/standard sample
(diluted and heated) 0-2 ml 0-2 ml -

Add pyrogen-free water - 0-2 ml 0-2 ml
Add LAL 0-2ml - 0-2 ml
Incubate at 37PC for
45 min
Add chromogenic
substrate 0-5 ml 0-5 ml 0-5 ml
After exactly 3 min, add
glacial acetic acid 0-3 ml 0-3 ml 0-3 ml

Read spectrophotometrically at 405 nm.
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addition of 0*2 ml of 2-8 M dibasic potassium phos-
phate (pH 9.4).13
3 Perchloric acid (0.2 ml of 19% vol/vol) was

added to 0-1 ml of plasma and the mixture incu-
bated at 37°C for 20 min. After centrifugation at
1500g for 15 min, 0o1 ml of 0-2 M NaOH was

added to 0-1 ml of supernatant and the mixture
assayed.'2
4 Dilution of plasma (1/4) in 50 mmol/l TRIS buf-
fer (pH 7.0) followed by heating at 100°C for 5
min."4
5 Dilution of plasma (1/2) in water followed by
heating at 100°C for 12 min and then by centrifuga-
tion at 1500 g for 10 min to provide supernatant for
assay.'6
6 Dilution of plasma (1/100) in water.
7 Dilution of plasma (1/10) in water followed by
heating at 75°C for 5 min.

Results

REMOVAL OF PLASMA INHIBITORS
Treatment of plasma by chloroform extraction or

pH shift resulted in solutions too turbid for spec-
trophotometric assay. Addition of perchloric acid
has been claimed to allow the detection of 20 pg/ml
of endotoxin'2 but we were unable to detect
endotoxin at levels below 250 pg/ml. The two
methods (4 and 5) employing plasma dilution and
boiling allowed the assay of 0 5-1 ng/ml endotoxin.
Both dilution in water (1/100) without heating and
dilution in water (1/10) followed by heating to 75°C
for 5 min, appeared equally effective for inhibitor
removal but the latter method required less sample
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Fig. 1 Standard curves (mean and SEM) obtained for
endotoxin in platelet poor plasma (diluted 1/10 and heated
at 75°C for 5 min) and for endotoxin in water (diluted 1/10
with and without heating).
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dilution and this increased assay sensitivity to
endotoxin levels of < 10 pg/ml. All further assays
were therefore performed using a 1/10 dilution of
plasma in water followed by heating at 75°C for 5
min. An unexpected finding (Fig. 1) was a consis-
tently higher optical density reading obtained with
dilutions of endotoxin in plasma compared with
similar dilutions in water, both with and without
heating at 75°C, suggesting that a physicochemical
change may take place when endotoxin is dissolved
in plasma thus enhancing reactivity.

COMPARISON OF CHROMOGENIC SUBSTRATES
Solutions (3.4 mmol/1) of the three chromogenic
substrates were prepared in 50 mmol/l TRIS buffer
(pH 8.8) and used to assay identical standard dilu-
tions of endotoxin in plasma. All assays were per-
formed in one batch using the same freshly-
reconstituted vial of LAL. The results (Fig. 2)
showed higher OD values with S2222 and S2423
compared with Chromozym TH and subsequent
assays were therefore performed using S2423
(manufacturer's recommendation).

ENDOTOXIN RECOVERY FROM PLASMA
Platelet-rich plasma (PRP) was prepared from nor-
mal heparinised blood by centrifugation at 100 g for
15 min at 4°C. E coli endotoxin was added to the
supematant plasma at concentrations of 1 ng/ml and
50 pg/ml and the specimens stored at 4°C. An ali-
quot was removed from each specimen at 30 and 90
min and centrifuged at 1300 g for 5 min at 4°C to
produce platelet-poor plasma (PPP). Simultaneous
endotoxin assays were then performed on the paired
PRP and PPP specimens; virtually identical recovery
(Table 2) was obtained at both 30 and 90 min and
all further studies were therefore performed using
PPP.
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Fig. 2 Standard curves obtained using three different
chromogenic substrates.

Table 2 Recovery ofendotoxin from PRP and PPP,
stored at 4°C, from one healthy individual. Results
expressed as percentage ofthe OD reading obtained within
2 min ofendotoxin addition

Endotoxin Recovery at 30 min Recovery at 90 min
concentration

PRP PPP PRP PPP

1 ng/ml 76 78 77 77
50 pg/ml 72 74 74 69

EFFECT OF STORAGE TEMPERATURE ON
ENDOTOXIN STABILITY
To determine the optimal storage conditions for
clinical specimens, a known amount (1 ng/ml) of E
coli endotoxin was added to one normal whole
blood and plasma. Aliquots were stored at 4, 22 and
37°C and assays performed at 0*5, 1 and 3 h. There
was no difference (Fig. 3) between the stability of
endotoxin in whole blood or PPP at any tempera-
ture. Storage at 4°C, however, resulted in greater
endotoxin recovery than at either 22 or 37°C. An
additional sample assayed after 3, 24, 48 and 72 h
storage at 4°C showed a decline in endotoxin con-
centration to approximately 30% at 72 h.

Further studies of the effect of storage at 4°C on a
wider range of endotoxin concentrations (10lOg/
ml-SO pg/ml) in normal PPP, and on the
endotoxin-containing plasma of two patients with
Gram-negative septicaemia, were also made. Very
little loss of activity occurred between 30 and
150 min storage in PPP to which endotoxin had
been added in vitro; one of the two patient speci-
mens, however, showed approximately 50% loss of
activity after 150 min.
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Fig. 3 Effect of temperature on endotoxin (1 nglml)
'° stability in whole blood (-----) and in platelet-poor plasma

( ). Results expressed as percentage of initial optical
density reading obtained within two minutes ofendotoxin
addition.
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Fig. 4 Optical density readings for eightphenol extracts of
endotoxin dissolved in plasma (O-E coli 0128:B12, A-S
enteritidis, O-E coli 026:B6, V-E coli 0111:B4, *-S
minnesota, A-E coli 0127:B8, E-S marcescens, V-E
coli 055:BS).

The effect of long-term storage at -40°C was

investigated by assaying, at approximately fort-
nightly intervals, a specimen of PPP containing
100 pg/ml endotoxin which had been diluted,
heated, and stored in aliquots. No loss of activity
was found over a three-month period.

SENSITIVITY OF ASSAY TO DIFFERENT
BACTERIAL ENDOTOXINS
Phenol or trichloroacetic acid (TCA) extracts of
bacterial strains (Sigma Chemical Co, Poole,
Dorset) were studied. Before assay, dilutions of
each endotoxin (from 7-8-125 pg/ml) were made in
one normal plasma and in water. A wide variation in
optical density readings was obtained for phenol
extracts of endotoxin dissolved in plasma (Fig. 4). A
similar scatter of results was obtained for both
phenol and TCA extracts dissolved in water.

ASSAY PRECISION
Using chromogenic substrate S2423, with specimens
diluted 1/10 in water and heated to 75°C for 5 min
to remove plasma inhibitors, a within-batch
coefficient of variation (CV) of 4% was obtained for
10 samples containing 50 pg/ml endotoxin. At the
limit of sensitivity of the assay (10 pg/ml) the within
batch CV was 17% for 10 samples and the between
batch CV was 25% for 17 batches.
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Discussion

This chromogenic substrate assay for endotoxin,
compared with the LAL gelation assay, has the
advantages of sensitivity (to at least 10 pg/ml),
speed, and an objective end-point. It was also
reproducible (within-batch CV of 4%) at levels of
endotoxin likely to be found clinically. Contamina-
tion with extraneous endotoxin which may have
occurred in previous studies,4 was minimised by per-
forming the assay in a laminar-air-flow cabinet and
by the use of new, endotoxin-free tubes for each
test; our attempts to decontaminate used tubes were
not successful. Dilution and heating of the test
plasma was found to be an effective method for
removing inhibitors and was 50 times more sensitive
than methods involving boiling. Greater recovery of
added endotoxin from normal plasma, compared
with water, was a consistent, finding. Lipid-A is
lipophilic and has been shown to form complexes
with high density lipoprotein in plasma.'7 The
improved physical dispersion resulting from such
binding may enhance interaction with the LAL
proenzyme and thus cause an apparent increase in
the yield from plasma.
Our studies of the recovery and stability (at 4°C)

of endotoxin added to normal plasma and to whole
blood suggested an initial period of endotoxin
degradation followed by a period of relative stability
for 2-3 h. Blood specimens from endotoxaemic
patients are, however, already likely to have reached
equilibrium in vivo. Such specimens should be kept
at 4°C and, ideally, processed within 2-3 h but
uncentrifuged specimens stored overnight at 4°C
may still contain detectable endotoxin. If the assay
cannot be performed within 2-3 h of venepuncture,
the plasma should be diluted and heated; it may
then be stored at -40°C without significant loss of
activity for at least 3 months. Although endotoxin is
known to bind to platelets, we found no difference
in the recovery of endotoxin from PRP or PPP and
used PPP because centrifugation is rapid and the
specimen handling time thereby reduced.
There appear to be real differences in the degree

of activation of the Limulus proenzyme by different
endotoxins, possibly related to structural variations
of the polysaccharide 0 antigen and to differences in
the degree of physical dispersion in solution.
Although variations in the extraction procedure
might be expected to cause some loss of uniformity
when apparently similar amounts of endotoxin from
different sources are tested, such vanations are
unlikely to account for differences of the magnitude
found in our experiments and by others.'8 This
finding has implications for the measurement of
endotoxin in clinical studies since considerable
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quantitative error may be introduced if the assay is
standardised using an endotoxin preparation
derived from an organism different from that caus-
ing a clinical episode of endotoxaemia. For this
reason, endotoxin assays should not be expressed in
terms of concentration unless both the test and the
standard endotoxin are from an identical source.
The alternative to absolute units of endotoxin con-
centration is to use arbitrary units of optical density,
but again this does not allow inter-patient compari-
son unless the infecting organisms have been iso-
lated and shown to be of identical serotype. Species
differences are therefore likely to limit the applica-
tion of this improved assay for endotoxin to the ser-
ial, quantitative investigation of single episodes of
endotoxaemia in individual patients. A study of the
incidence of endotoxaemia in immunosuppressed
patients is now in progress.

We are indebted to the Leukaemia Research Fund
for financial support and to Mrs JL Roper for tech-
nical assistance.
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