
J Clin Pathol 1991;44:849-854

Quantitative Limulus lysate assay for endotoxin
and the effect of plasma

J C Hurley, F A Tosolini, W J Louis

Abstract
The effects of plasma and chromogenic
substrate on the kinetics of the endo-
toxin-activated Limulus amoebocyte
lysate (LAL) assay were determined. A
linear correlation was observed between
the rate of development of turbidity
(optical density 405) with the LAL
reagent and the concentration of
endotoxin over a four log ten-fold range.
Like chromogenic substrate, the addition
of dilution and heat treated plasma to
the reaction resulted in an increase in
optical density proportional to the
concentration of plasma present. The
presence of the treated plasma also
resulted in an accelerated increase in
optical density with comparable results
when testing plasma at different concen-

trations and, additionally, serum. This
accelerated increase in optical density
may not be recognised in assays that
monitor the progress of the reaction at a

single time point and may confound
assays of plasma samples that use
chromogenic substrate. Plasma obtained
from endotoxin sensitive and resistant
strains of mice showed similar effects.
The use of kinetic methodology means

that a quantitative assay for endotoxin in
plasma can be achieved, its variability
comparable with that seen with
semiquantitative serial dilution but with
greater economy of the LAL reagent.
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Following the pioneering work of Levin and
Bang,' the Limulus amoebocyte lysate (LAL)
assay has gained increasing acceptance as a

sensitive method for the detection of
endotoxin (lipopolysaccharide).2 In the
endotoxin-activated LAL reaction, the
development of turbidity (optical density)
with time describes a sigmoid curve with three
phases-a lag phase, a period of rapid increase
in optical density, and a terminal plateau
phase. The absolute increase in optical density
is a function of the concentration of LAL
clottable protein, and the rate of increase in
optical density is a function of the concentra-
tion of endotoxin.
The LAL assay has been used to detect

endotoxin in body fluids such as urine,
cerebrospinal fluid, and urethral secretions.2
Use of the assay to detect endotoxin in blood,
however, is hampered by a complex inter-
action between endotoxin, the LAL, and
plasma, for which there are at least three

mechanisms: endotoxin inactivation by tem-
perature sensitive esterases in plasma and
serum4 5; an interaction between the LAL
coagulogen and heat affected fibrinogen;6 and
an amplification of endotoxin activity through
interaction with high density lipoproteins.7
Measurements of the progress of the LAL
reaction at any single time point, although a

convenient and commonly used method for
endotoxin quantitation, also produce standard
curves that are sigmoid in shape with respect
to endotoxin concentration.89
Attempts by several groups of investigators

to overcome these limitations have resulted in
various modifications to the assay method.
Three recent modifications to the LAL assay
include the use of a chromogenic substrate as

a substitute for the gelation reaction to give a

more direct measure of LAL proenzyme
activation,'0 the dilution and heat inactivation
of plasma to control the interfering factors in
plasma,"1 and the use of kinetic analysis as

opposed to end point methods for quanti-
tation of proenzyme activity.'2 Considerable
difficulties remain for quantitation of
endotoxin in plasma, however. For example,
Cohen and McConnell described an endo-
toxin assay in which chromogen conversion by
activated LAL was monitored by kinetic tech-
niques."' Despite conventional heating and
dilution to inactivate non-specific interfering
factors in plasma, the variation in recovery of
endotoxin added to samples of blood was

more than 100%. Moreover, this was not a

strictly kinetic LAL assay as the period of
kinetic monitoring did not correspond to the
period of LAL activation.'4
An important aspect not previously

considered is that the presence of plasma may
change the kinetics of the LAL reaction. This
effect may not be recognised with single time
point readings of turbidity, yet may have
important consequences for quantitative LAL
assays for endotoxin in plasma using end
point methods. In this study we developed a

quantitative microtitre plate assay for
endotoxin using kinetic analysis. We
compared two methods of kinetic analysis of
the reaction of LAL with endotoxin and we

investigated the effects of heat treated 10%
plasma and of chromogenic substrate on the
kinetics of the reaction.

Methods
PYROGEN FREE MATERIALS AND REAGENTS
All glassware was washed in distilled water and
rendered free of endotoxin by heating at 220°C
for five hours.
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Limulus amoebocyte lysate (LAL, Pyrogent,
MA Bio Products Inc, Walkersville, USA) was
reconstituted with 5-2 ml of pyrogen free
distilled water BP (DW, Water For Injection,
David Bull, North Ryde, NSW, Australia),
according to the manufacturer's instructions,
and used the same day or stored at 4°C for use
within seven days. All experiments were per-
formed using LAL from the same lot (lot
number 6LW 125). Chromogenic substrate
(S2423, Kabi Vitrum, Stockholm, Sweden)
was reconstituted in TRIS buffer (pH 9)
according to the manufacturer's specifications.
Endotoxin standard derived from Escheri-

chia coli 055 (Associates of Cape Cod, Woods
Hole, Massachusetts, USA) was reconstituted
with 5 mlDW to give a solution containing 100
ng/ml.

ENDOTOXIN ASSAY
Endotoxin (0 1 ml) prepared at various concen-
trations in DW was combined with 0 9 ml of
each test solution, usually treated plasma (des-
cribed below) and DW. The prepared
endotoxin solutions were vortex mixed and 75
pd was combined with 50 Ml of LAL at 4°C in a
sterile microtitre plate (Disposable Products,
North Carlton, Victoria, Australia). For the
test solutions with the chromogenic substrate,
100 ,l ofchromogen in buffer was also added to
the wells. The fully loaded microtitre plate was
placed at 37°C and the optical density at 405 nm
(optical density 405) in each well was read using
a Multiscan ELISA plate reader (Flow
Laboratories Australasia). Optical density 405
readings were obtained starting from the end of
the lag phase at 9 5, and then at 1 1, 12-5, 14, 16,
18,20,22-5,25,275,,30,33,36,40,44,49,54,
60 and 70 minutes of incubation at 37°C.

KINETIC ANALYSIS OF OPTICAL DENSITY 405
READINGS
Each optical density 405 reading was transfor-
med to a percentage (optical density 405%),
taking the optical density 405 at 9-5 minutes
(initial optical density) and the optical density
405 at 70 minutes (final optical density) for each
curve as representing 0% and 100%, respec-
tively. Two slopes were then derived-a max-
imal slope and a logit slope. The maximal slope
was the largest gradient between two adjacent
time points on the optical density 405% curve.
Logit transformation of optical density 405%
was made using the formula:
logit optical density 405 = log (x/[100 - x]),

where x = optical density 405%, using values
of optical density 405%. between 1 and 99%.
The logit slope was derived from the slope of
the line ofbest fit derived by linear regression of
logit optical density 405 against time in min-
utes.

Mathematical transformations and calcula-
tion of regression equations were performed
using the Minitab statistical package.

TREATED PLASMA SOLUTIONS
Venous blood (10 ml) was obtained from a
volunteer who had no history of gastrointes-
tinal or hepatic disease and whose high density

lipoprotein cholesterol concentration was 1 63
mmol/l by direct venepuncture into a sterile
syringe. The blood was transferred to a sterile
plastic container which contained 200 IU of
heparin (Weddel Pharmaceuticals, Sydney,
Australia). Separation of the plasma was
achieved by centrifugation at 1000 x g for 10
minutes at 4°C. For serum, the blood was
collected without heparin and allowed to stand
until clotting was completed.
Plasma (5 ml) was added to 45 ml of DW to

give a 10% solution of plasma which was
heated at 70°C for 20 minutes and then allowed
to cool to 40C. The DW test solutions were
heated in parallel with the diluted plasma.
Mouse blood was obtained by direct cardiac
puncture from the following inbred strains;
C3H/HeJ; C57BL/6; CBA; BALB/c; C57BL/
10; and C3H/HeN (Walter and Eliza Hall
Institute, Melbourne). The heat treatment of
the plasma solutions, where applicable, always
preceded the addition of endotoxin.

All data are presented as mean (SD). The
coefficient of variation (CV) is calculated using
the formula.

CV = (SD/mean) x 100.

Results
EFFECT OF TREATED PLASMA AND CHROMOGENIC
SUBSTRATE
Representative progress curves for the optical
density 405 over the time course of the reaction
ofLAL with endotoxin at a range of concentra-
tions in four test solutions, and the correspond-
ing logit optical density 405 curves, from an
experiment performed in duplicate, are shown
in fig 1. The four test solutions were distilled
water or heat treated 10% plasma, alone and in
the presence of chromogenic substrate (D and
D + C, P and P + C, respectively). Whilst the
optical density 405 (and optical density 405%)
follow a sigmoid curve, the logit transformation
usually produces a linear relation between logit
optical density 405 and time, with typical
correlation coefficients (r) of > 0-98.
The gradients ofthe curves derived from fig 1

for the different concentrations of endotoxin in
the four different types of test solution are
presented in fig 2 as a double log plot. Note that
for inclusion on the log scale, the endotoxin
blank solution was arbitrarily assigned the
concentration of 0-01 ng/ml, which is the
sensitivity limit of the LAL reagent, as labelled
by the manufacturers.
The course of the reaction at different con-

centrations of endotoxin depended on the type
of test solution studied. In the absence of
chromogen-that is, when D is compared with
P-the effect of heat inactivated plasma on the
LAL reaction is two-fold; it increases the
optical density 405 increment-that is, from
initial to final optical density 405 (fig 1 )-and it
increases the rate at which the reaction
proceeds for all concentrations ofendotoxin (fig
2).
The addition of chromogen produces a large

increase in optical density 405 which obscures
the difference in optical density 405 due to
plasma-that is, D + C compared with P + C
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Figure I Progress of
LAL reaction as optical
density 405 ( x 1000) or
as logit optical density 405
at different concentrations
of endotoxin in the
presence of two test
solutions
(D = distilled water;
P = 10% plasma) alone
or in the presence of
chromogenic substrate
(+ C).
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Figure 2 Kinetic
standard dose-response
curves for endotoxin as a
log plot showing the effects
of test solution and
chromogenic substrate. The
response is either the
maximal slope of the
percentage transformed
optical density 405 curves
or the slope of the line of
bestfit of the logit optical
density 405 curves shown
infig 1. The endotoxin
blank solution was assigned
the concentration of 0 01
ng/ml, as this was the
sensitivity limit of the
LAL reagent as labelled
by the manufacturer.
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(fig 1). In the presence of chromogen and heat
inactivated 10% plasma there was a considera-
ble delay in reaching the maximum optical
density value. Consequently, the rate at which
the reaction proceeds, expressed either as a
logit or as a percentage increase in optical
density 405, is decreased in the P + C solution
at all concentrations of endotoxin except those
below 0 33 ng/ml, compared with the test
solution without chromogen (fig 2).

EFFECT OF VARIOUS TREATED PLASMA AND SERUM
SOLUTIONS
The time course of the LAL reaction in the
presence of different treated plasma solutions
was observed at eight concentrations of
endotoxin over the range 0 033 to 100 ng/ml
and endotoxin blank. The results of the
experiments are presented as the relative effects
of the treated plasma solutions on both the
absolute increase in optical density 405 and the
rate of the LAL reaction. The effect of treated
plasma solutions on the absolute increase in
optical density 405 was determined from wells
containing the four highest concentrations of
endotoxin (100, 33, 10 and 3-3 ng/ml), for
which the final optical density 405 readings
were always representative of the upper plateau
ofthe respective sigmoid curves. The mean and
standard deviation of the initial optical density
405, final optical density 405, and the difference

between initial and final optical density 405
were obtained using the readings from these
wells. The effect of the treated plasma solutions
on the rate of the LAL reaction was determined
from the logit slopes which are presented in a
double log plot against the full range of concen-
trations of endotoxin.
Although the absolute change in optical

density was proportional to the concentration
of plasma present (fig 3), the rate of change of
the logit optical density 405 curves at any given
concentration of endotoxin was similar in the
presence of the different concentrations of
treated plasma (fig 4); the corresponding rates
in the distilled water test solution were
decreased by comparison.
The absolute change in optical density was

similar in solutions containing 10% plasma
(387 (19.9)) and 10% serum (379 (12-3))
compared with the DW solution (90 (12 4)).
The rate of change was similar in the 10%
plasma solutions and the 10% serum solution
at all concentrations of endotoxin (fig 5).
The importance of heat treatment of the

plasma solution in the interaction with
Limulus reagent and endotoxin was tested by
comparing the progress of optical density
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Figure 4 Dose-response curves for endotoxin in solutions
containing different concentrations ofplasma. The
response is the slope of the line of bestfit of the logit optical
density 405 plot. For inclusion on the log scale, the
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of the LAL reagent as labelled by the manufacturers.
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development in solutions of heat treated 10%
plasma with that in plasma solutions not
exposed to heat. Three differences were

observed when the plasma solution was not
exposed to heat treatment. The absolute
change in optical density (349 (11-3) with heat
treated plasma v 96 (49-6) with non-heat
treated plasma) was reduced, the rate ofchange
in optical density for any given concentration of
endotoxin was reduced, and the lag phase
which preceded the increase in optical density
was extended (data not shown).
With 10% solutions of mouse plasma, the

absolute change in optical density was margin-
ally higher (384 (30 9)) than for a 10% solution
of human plasma (300 (7-5)), compared with
theDW solution (90 (8-7)). With all the mouse
plasma solutions, the rate of change at any

given concentration of endotoxin was inter-
mediate between those with the DW solution
and the solution of human plasma. There was

no difference between plasma from strains of
mice unresponsive to endotoxin (C3H/HeJ)
and plasma from strains responsive to
endotoxin (fig 6).

ASSAY VARIABILITY
The intra-assay and interassay coefficients of
variation were calculated for logit based kinetic
assays usingDW solutions, as well as for assays
using heat treated 10% plasma solutions. The
intra-assay CV, estimated by determination of
lipopolysaccharide content in 44 replicates of a
solution containing 100 ng/ml endotoxin, was

23-1% with the DW solution, and 17-3% with
the treated plasma solution. The intra-assay

Figure 6 Dose-response
curvesfor endotoxin in
treated solutions of either
distilled water alone or
10% solutions ofhuman or
inbred mouse plasma. The
response is the slope of the
line of bestfit of the logit
optical density 405 plot.
For inclusion on the log
scale, the endotoxin blank
solution was arbitrarily
assigned the concentration
of 0-01 ng/ml, which is the
sensitivity limit of the
LAL reagent as labelled
by the manufacturers.
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CV for the measurement of endotoxin at a dose
of 100 ng/ml added to treated plasma samples
of eight normal volunteers was 60%. The
interassay CV, estimated by measuring the
lipopolysaccharide content in the same solution
containing 33 ng/ml of endotoxin in five assays
performed on different days, was 64-6% with
the distilled water and 56-0% with the treated
plasma test solutions.

Discussion
In the endotoxin activated LAL reaction, while
the absolute change in optical density is deter-
mined by the concentration of clottable protein
or substrate, it is the rate of change in optical
density which is proportional to the concentra-
tion of endotoxin present.3 We examined the
effect of various preparations of plasma and
serum on both aspects of the progress of
turbidity development in the LAL reaction.
The monitoring of the changing optical density
was facilitated by interfacing the optical den-
sity reader with a microcomputer.
The methodology used in this study differs in

three respects from that of earlier studies: the
plasma was diluted and heat treated before
endotoxin was added and such heat treated
plasma was not inhibitory to the LAL reaction.
Secondly, in order to meet the criteria of a

"truly kinetic" rather than a "pseudo kinetic"
methodology, the monitored period must
correspond to the period of LAL activation.'4
To study the effect of the chromogenic sub-
strate, therefore, we combined the reagents in a
single step incubation. Thirdly, we compared
two methods of kinetic analysis, one using logit
transformed optical density data.'5 The logit
transformation is commonly used as a means of
obtaining a straight line relation from sig-
moidal curves such as those seen with bioassay
data.

In this study kinetic analysis using slopes
from either percentage or logit transformed
optical density 405 data gave similar dose-
response correlations. The logit slope method
has an advantage of being calculated using

more than two data points for each reaction
curve.

In the absence of chromogen dilution and
heat treated plasma increased the total increase
in optical density 405 (fig 1) and also accelerated
the rate of increase in optical density 405,
standardised as either optical density 405% or

logit optical density 405 (fig 2). With
chromogenic substrate present, however, the
contribution of plasma to the total increase in
optical density 405 was obscured by the
development of chromogen. Moreover, there
was a considerable delay in reaching the max-
imum optical density value which is reflected in
the lower rates of increase in optical density 405
at concentrations of endotoxin above 0-33 ng/
ml.

Nitsche et al6 reported that heat treated
fibrinogen reacts with coagulogen to form an

adduct to produce an increase in turbidity
readings; adduct formation occurs rapidly
(75% complete within 60 seconds), does not
require the presence of activated LAL pro-

enzyme, and is more apparent with turbidi-
metric than chromogenic LAL assay tech-
niques using end point methodology. The
authors claim that in the turbimetric assay the

Figure 5 Dose-response
curves for endotoxin in
treated solutions of either
serum, plasma, or distilled
water alone. The response
is the slope of the line of
bestfit of the logit optical
density 405 plot. For
inclusion on the log scale,
the endotoxin blank
solution was arbitrarily
assigned the concentration
of 0-01 ng/ml, which is the
sensitivity limit of the
LAL reagent as labelled
by the manufacturers.
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concentration offibrinogen should be measured
and the end point readings adjusted to allow for
this effect. Our observations on the effect of
plasma on initial optical density 405 readings
are similar to those of Nitsche et al.6 Moreover,
the effect is even more apparent at the comple-
tion of the LAL reaction (fig 3), suggesting that
the adduct formed with cleaved coagulogen is
more optically dense than that formed with
native coagulogen.
The effect oftreated plasma on the kinetics of

the LAL reaction may be due to the amplifica-
tion effect from high density lipoprotein, per-
mitting a more efficient interaction between
endotoxin and LAL.7 The rate of increase at
any given concentration of endotoxin was
uniform at the various concentrations of
plasma tested (fig 4), suggesting that the amount
of high density lipoprotein present was not
limiting at any of the concentrations of plasma
and endotoxin examined using plasma from
this single donor.
The effect of plasma from the C3H/HeJ

mouse strain, a strain that is unresponsive to
endotoxin, was no different to the effect of
plasma from endotoxin responsive strains (fig
6). This finding contrasts with a report that a
heat stable plasma factor, which assists the
interaction between the third component of
complement and antigen-antibody complexes,
is deficient in this strain.'6

In contrast to previous reports, we found
that the LAL reactivity with endotoxin was
similar in the presence ofserum and plasma (fig
5). In our study the temperature sensitive
esterases known to be present in plasma and
serum were heat inactivated before the addition
of endotoxin. The results of the studies with
non-heat treated plasma are consistent with
some inactivation of endotoxin in this plasma, a
process which is known to be time depen-
dent.7 18 The similar behaviour of dilution and
heat treated serum and plasma suggests that the
greater inhibitory effect of serum observed by
others" '9 is due to the presence of a factor in
serum which is sensitive to heat inactivation.
The intra-assay CV with the simultaneous

assay of endotoxin in plasma from different
subjects greatly exceeds that observed when
pooled plasma is used." We have found that
this also applies when comparing treated
plasma samples of different subjects, although
to a lesser extent.
The interassay variability observed here

using kinetic methodology was 56 0% with the
treated 10% plasma solution. This is higher
than that reported for end point methodology
where the interassay variability is 25%.7 Kin-
etic methodology, however, has the advantage
of covering a four log ten-fold range of
endotoxin concentrations in a single step assay,
an important attribute given the greater than
three log ten-fold variability ofendotoxin in the
plasma of patients presenting with Gram
negative bacterial sepsis.20 The assay variability
using kinetic methodology is comparable with
that reported for the cumbersome serial dilu-
tion gel clot methodology, where the accuracy
is within plus or minus 1 two-fold dilution
step." 2 With kinetic methodology, however,
this is achieved without the need for serial
dilutions and hence with greater economy of

LAL reagent, especially with the use of
microtitre volumes.

It should be appreciated that any effects of
plasma on LAL kinetics will not be recognised
in end point readings. More importantly,
however, we found that the kinetics of the LAL
reaction are affected by the copresence of
chromogenic substrate and treated plasma. For
this reason, the turbidimetric assay would be
preferable to the chromogenic assay when
kinetic methodology is used for the quan-
titative assay of endotoxin in plasma.
Moreover, the chromogen-like effect of treated
plasma raises the possibility of its routine use as
a reagent to improve the assay for the quantita-
tion of endotoxin in non-plasma samples such
as urine (Hurley, Louis and Tosolini, unpub-
lished observations).
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