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ABSTRACT

The circulating blood cells of the marine horseshoe crab, Limulus polyphemus, lyse and
the contents clot in the presence of endotoxins. The discovery of this phenomenon led
to the commercial extraction and preparation of Limulus amoebocyte Lysate (LAL) for
the in vitro testing of endotoxin contamination in parenteral products and sterile medical
devices.

The most commonly used test of the LAL’s reaction with endotoxin is the

qualitative Gel-clot technique. This involves inverting the test solution through 180° after
incubation at 37°C for one hour and observing for a firm gel; indicating a minimum level
of endotoxin contamination equivalent to the sensitivity of the LAL.

To date the

techniques for quantitative determination of endotoxin activity have relied upon the optical
changes taking place within the LAL. Preliminary Theological studies of the solution
surface during the reaction of LAL with endotoxin, using an Oscillating Ring Surface
Shear Rheometer (ORSSR), demonstrated measurable changes and characteristic trends.
Although the measurements were poorly reproducible this technique offered several
advantages over the other techniques for LAL-endotoxin reaction endpoint determination.
Based on the important advantage that it allowed application of the LAL to coloured,
opaque and/or viscous products, a project aimed at developing the accuracy and easier
application of the ORSSR for this test was initiated. To this end mechanical, electrical
and computer program developments to the ORSSR were made and validated using the
standard surface film formers gum acacia and protein collagen. In order to propose a
LAL-Surface Rheological Assay (LAL-SRA) for endotoxins it was necessary to
investigate the effect on and the reproducibility of the surface rheological properties of
the film formed by: (1) endotoxin concentration, (2) LAL concentration, (3) bacterial
origin of the endotoxin, (4) formulation excipients and (5) metal ions. During the course
of these investigations parallel studies were conducted into the effect of these factors on
LAL sensitivity using the LAL-5000 Kinetic Turbidimetric technique and where applicable
the Gel-clot technique.
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The Limulus Amoebocyte Lysate (LAL), an extract from the blood of the "horseshoe
crab” Limulus polyphemus, is prepared commercially for its clotting properties when
reacted with endotoxins. Endotoxins are principally found in the cell wall of gramnegative bacteria.

These bacteria are ubiquitous, found in large numbers in the

environment, food and the normal commensal flora of man. They can adversely affect
human beings in a number of ways, one of which is the liberation of endotoxin.

If

endotoxin enters the blood stream of man it can cause a response ranging from pyrexia
(fever) to anaphylactic shock or even death.

This can occur following injection of

parenteral preparations which, although sterile, may still contain remnants of the cell wall
of bacteria. A reliable method of detecting endotoxins in drug preparations is therefore
of vital importance to pharmaceutical and medical device manufacturers.

Until recently, detection of endotoxins has mainly involved the rabbit pyrogen test which
is still an official test of pharmacopoeias. In 1983 the United States Food and Drug
Administration Authority (FDA) noted that the LAL test had been developed to such an
extent that it was better at detecting pyrogens (substances causing pyrexia) than the rabbit
test. It was also faster, more economical and could be used to test smaller volumes of
product. However, it was only recently (1986) that the European Pharmacopoeia approved
the LAL as an official test for pyrogens and since then it has received increasing
international acceptance among quality control scientists.

Drug products administered by injection are characterized by three qualities possessed by
no other pharmaceutical dosage form:

(1)

Freedom from pyrogenicity,

(2)

Sterility and

(3)

Freedom from particulate matter.

Of equal challenge to the achievement of these conditions through quality assurance is the
challenge of successful application and performance of analytical testing procedures
(quality control) to verify the claims of parenteral products that, they are pyrogen-free,
sterile and free from visible particulate contamination.
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The object of this research was to investigate the use of rheology as an endpoint
identification and pyrogen quantification technique for the reaction between LAL and
pyrogens. It was hoped that measuring the rheological properties of the reaction could
overcome some of the current problems with respect to the accuracy of pyrogen
quantitation, the application of the LAL test for pyrogens to a wider range of products and
test automation.

The conception of this innovative technique, its advantages and

disadvantages when compared to the other pyrogen testing techniques and its development
will be discussed towards the end of this chapter, when a better background understanding
of pyrogen testing will have been achieved.

1.1

PYROGENS

Pyrogens are chemical substances which when injected into the body in sufficient
concentration can elicit a variety of adverse physiological responses (Table 1.1). The
common or recognizable response is fever, a pathological elevation of body temperature
which rarely exceeds 3°C or 4°C. The pyrogenic response has been known since 1865
(Billroth) and the word Pyrogen was used for the first time in 1876 by Burion-Sanderson.
It is thought to have been derived from the Greek words "pyro" meaning burning or fire
and "gen” - meaning the beginning.

Pyrogens are therefore considered to be toxic

substances and their presence avoided or minimized in pharmaceutical formulations whose
administrative route by-passes the natural protective membranes of the body.

Pyrogens can be divided into two broad classifications: exogenous pyrogens and
endogenous pyrogens. Exogenous pyrogens are those substances that are not made by the
body and initiate a response when injected into humans and animals, they include gram
negative and gram positive bacteria, viruses, fungi, certain non microbial antigens, steroids
and other pharmacological agents (Dinarello, 1984). The entity primarily involved in
pyrogenic responses in mammals is the lipopolysaccharide from the outer cell membrane
of gram negative bacteria (Good and Lane, 1977). Another name for lipopolysaccharide
is endotoxin and although not entirely correct the names pyrogen, lipopolysaccharide, and
endotoxin are routinely used interchangeably in parenteral circles as they will be in this
thesis. Endogenous pyrogens are peptides synthesized by the cells of the host reticulo
endothelial system in response to the stimulus of various exogenous pyrogens (Bennett
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Table 1.1: Reported physiological effects of pyrogens in man.

Primary:
1. Increase in body temperature.
2. Chilly sensation.
3. Headache.
4. Nausea.
5. Diarrhoea.
6. Pain in the back and legs.
7. Pupillary dilation.
8. Decrease in respiration.
9. Piloerection.
10. Peripheral vasoconstriction and rise in arterial blood pressure.

Secondary:
1. Sweating.
2. Decreased gastric secretion and motility.
3. Rise in blood non-protein nitrogen and uric acid.
4. Altered resistance to bacterial infections.
5. Involuntary urination and defecation.
6. Hyperglycaemia.
7. Depletion of liver glycogen.
8. Rise in blood ascorbic acid.
9. Decrease in plasma amino acids.
10. Peripheral vasodilation and fall in arterial blood pressure.
11. Penile erection.
12. Leucocytopenia, leucocytosis.
13. Haemorrhage and necrosis in tumours.
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and Beeson, 1953) and are thought to be the primary mediator of fever.

1.1.1

EXOGENOUS MICROBIAL PYROGENS

GRAM-NEGATIVE BACTERIA

Fever produced from gram-negative infections, or from medicinal formulations such as
killed typhoid vaccine, or experimental agents such as cultures of gram-negative bacteria
predominantly represent fever from the lipopolysacchoride (LPS), rather than from the
phagocytosis of intact organisms. The LPS forms an integral part of the outermost layer
of the cell wall (fine hair-like projections) which can slough off from the bacteria and
become independent pyrogens in the absence of bacteria.

Chemical Structure: The LPS molecule is composed of three-basic subunits; (1) the Opolysaccharide (O-specific chain); (2) the core polysaccharide (R-core); and (3) the lipid
moiety (Fig. 1.1). The R-core which consists of hexoses, hexosamines and heptoses act
as a bridge between the O-polysaccharide and the lipid. The interesting part of the R-core
is the 2-keto-3-deoxyoctonate, or KDO which is unique to bacterial lipopolysaccharides
(Rietschel and Luderitz, 1975) and links the R-core to the glucosamine units of the lipid
portion. KDO, along with the remaining core polysaccharides, acts as a solute carrier in
aqueous systems for the lipidic portion.

The lipid part of LPS was first isolated by acid hydrolysis (Boivin et al., 1933). Lipid A
is composed of a p(l-6) linked disaccharide of D-glucosamine linked covalently to the
KDO of the R-core and to each other through phosphate bonds. Each glucosamine unit
is highly substituted with amide-linked and ester-linked long chain fatty acids to form the
hydrophobic end of the LPS molecule. These fatty acids are palmitic, lauric, myristic and
p-hydroxymyristic acids. The p-hydroxymyristic acid is the major fatty acid and like
KDO seems to be unique to LPS (Rietschel and Luderitz, 1975).

The mild acid

hydrolysis of LPS cleaves the ketosidic linkage of the KDO to lipid, thus liberating
lipid A. The lipid A is insoluble in water and hence biologically inactive. Lipid A can
be solubilized by complexing with certain carriers which are water soluble but biologically
inert (Luderitz et al., 1973).
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The O-polysaccharide portion contains several sugars, mostly hexoses and aminohexoses.
The particular sequence and composition of these sugars imparts serospecificity for the
gram-negative bacteria and the widespread serological diversity encountered in gramnegative bacteria (Elin and Wolff, 1973). The polysaccharide also serves as a solubilizing
carrier for an otherwise insoluble lipid (Bradley, 1979).

Structure Activity - The endotoxic confirmation results from the unique chemical make-up
of lipid A and reflects the unique biological activities elicited by this molecule in vivo.
Early investigation focussed on molecular manipulation of lipopolysaccharide by agents
which would alter the physical state and configuration of certain groups. This was done
in an attempt to detoxify lipopolysaccharides. Table 1.2 summarises some of the methods
employed and their effects on the pyrogenicity of lipopolysaccarides.

Table 1.2: Summary of the effects of detoxification on LPS.

TREATMENT OF LPS

MECHANISM

REDUCTION IN
PYROGENICITY

Saponification

lOMO6

Lithium aluminium hydroxide

Cleavage of ester bonds

103

Sodium peroxide

Oxidation

0

Acetic anhydride

Acetylation

102

Succinic anhydroxide

Succinylation

Phthalic anhydride

Alkylation

1

o

co

Sodium hydroxide

10M 05

(reviewed from Dinarello and Wolff, 1982).

Agents which alter the lipid A or its configuration with the R core result in a loss of
pyrogenicity. When free lipid A prepared by mild acid hydrolysis was complexed with
bovine serum albumin (BSA), or human serum albumin (HSA), the lipid A caused
pyrogenicity comparable to that of intact endotoxin in rabbit pyrogen tests (Galanos
et al., 1972).

This provides direct evidence that the pyrogenic property of the LPS

resides in the lipid A fraction.

More specific identification of the active site for

pyrogenicity within the lipid A was done using organic solvent partitioning and
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chromatographic separation of the lipid A into 3 fractions: (1) fatty acids (2) fatty acids
and glucosamine and (3) fatty acids, glucosamine and phosphorylethanolamine
respectively.

Rabbit pyrogenicity tests confirmed fraction (3) to have the highest

pyrogenic potency, approximately one hundred times that of the original LPS, confirming
that primary amino groups associated with esterified fatty acids in the Lipid A are the
centres of endotoxin activity. Studies by Morrison et al. (1985) have shown that the
polysaccharide portion is capable of modulating certain lipid-A dependent LPS effects.

The endotoxic conformation is characterized by a positionally defined distribution of acyl
and phosphoryl residues, and hydroxyl and amino functional groups belonging to the p(l6) linked D-glucosamine disaccharide and is not simply dependent on one single lipid A
constituent (toxophore group) as suggested by Amano et al. (1982).

It is the

hydrophobicity and hydrophilicity conferred by these residues and functional groups
respectively that stabilize or maintain this endotoxic conformation in all major lipid A
molecules.

Rietschel et al. (1987) have also shown that by omitting from the active

endotoxin a phosphoryl residue, acyl groups, a sugar unit of the backbone, or by adding
a fatty acid residue, this balance is disturbed resulting in the establishment of new
conformations expressing reduced endotoxicity.

GRAM-POSITIVE BACTERIA

Pyrogenicity is demonstrated by whole gram-positive bacterial cells, their extracellular
products and more significantly their disrupted cell wall fragments.

This pyrogenic

response is attributed to the peptidoglycan molecule which represents between 40 and 90%
of the cell wall’s dry weight. Peptidoglycan is composed of alternating units of p 1,4linked N-acetyl-D-glucosamine and N-acetyl-muramic acid. Peptidoglycan can also be
found in gram-negative bacteria but in comparatively small amounts (5 to 10% of cell’s
dry weight). There are many different types of peptidoglycan macromolecules found
among the gram-positive bacteria surrounding the entire cell, imparting mechanical
support, protection and rigidity to the cell. The different peptidoglycans have varied
biological activities which have a wide variety of similarity with the biological effects
produced by the lipopolysaccharide derived from gram-negative organisms.

As a

consequence of this it has been proposed that they have a similar mechanism of action.
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However it is unclear whether the biological effects of peptidoglycans are mediated by
an immune mechanism or by toxicity (Dinarello, 1982).

VIRUSES

Viral infections are probably the most common infectious diseases affecting humans. The
pathogens which consist of protein-covered nucleic acid particles are classified into two
major groups, those composed of deoxyribonucleic acid (DNA), and those composed of
only ribonucleic acid (RNA). These groups are simply called DNA or RNA viruses;
examples being herpes virus and influenza virus respectively. Localized viral infections
like the common cold can cause prominent systemic effects such as fever. In addition,
immunizations of various viral vaccines have reported fever as a significant side effect of
certain vaccine preparations (Buynak et al., 1969).

Intravenous injection of many types of viruses into animals induces the production of
endogenous pyrogen and interferon, a substance that interferes with viral replication.
Research has shown that there is an essential lipid and carbohydrate moiety of
haemagglutinin necessary for viral fevers and their activity critically dependent on the
spatial relationship of these components (Atkins and Bodel, 1974).

FUNGI

Rabbits which have been injected intravenously with a number of live fungal cells (e.g.
Candida albicans and tropical, Cryptococcus albidus and neoformans, Blastomyces
dermatitidis, Histoplasma capsulatum, and Sporotrichum schenckii) have in all cases
shown concommitant production of endogenous pyrogen with a latent period of one hour
before the onset of fever (Braude et al., 1960). Two soluble pyrogenic molecules have
been isolated from Cryptococci - a capsular polysaccharide which produced fever in
rabbits that had not been exposed previously to Cryptococci, and a protein fraction
produced fever in rabbits only when they had been previously sensitized with soluble
products from Cryptococci (Haley et al., 1966). Although fungal cells have been shown
to be highly pyrogenic, the precise mechanism of fungus-induced fevers remains unclear.
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BACTERIAL EXOTOXINS

The group that produces bacterial exotoxins includes most strains of Streptococcus group
A, Mycobacterium tuberculosis and Staphylococcus aureus. The Streptococcus exotoxins
are potent pyrogens and at least three types have been identified: type A, a glycoprotein
with a molecular weight of 8000 daltons; type B, a protein with a molecular weight
between 17500 and 22000 daltons; and type C, with a 1300 dalton molecular weight
protein (Cunningham et al., 1976, Schlievert et al., 1977, Schlievert el al., 1978)

Mycobacterium tuberculosis is often the cause of pulmonary tuberculosis in humans and
produces at least two substances that have been shown to be significant pyrogens. Studies
have shown that mycobacterial proteins are pyrogens and that they induce endogenous
pyrogen production by stimulating passively sensitized cells (Moore et al., 1973).

Staphylococcus aureus, bacterium commonly associated with food poisoning has potent
pyrogens in the form of a 1200 dalton molecular weight exotoxin (Schlievert et al., 1979)
and a 28000 to 35000 dalton molecular weight globular protein enterotoxin (Brunson and
Watson, 1974).

NON-MICROBIAL PYROGENS

The general class of non-microbial pyrogens include: Antigens; Steroids; Polynucleotides;
Anti-tumour agents; Plant alkaloids and; Synthetic adjuvents.

A summary of the pyrogenic substances present in these groups of compounds and the
mechanism by which they induce endogenous pyrogen production is summarized in
Table 1.3.

1.1.2

ENDOGENOUS PYROGENS

Endogenous pyrogens are known to be the central mediators of fever and are released by
the host’s defence system in response to an invasion by exogenous pyrogens. A proposed
mechanism for the production of fever is illustrated Fig. 1.2. Endogenous pyrogens do
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Table 1.3: Summary of the Non-Microbial Pyrogens

EXOGENOUS

PYROGENIC SUBSTANCE

PYROGENS

M ECHANISM

OF

EP-INDU CTION

Non-microbial

Bovine Serum Albumin

Antibody mediated

antigens

Human Serum Albumin

Antibody mediated

Bovine Gamma-Globulin

Cell-mediated

Ovalbumin

Cell-mediated

Pencillin

Antibody mediated

Etiocholanolone

Unknown

5-p-androstane-3-a-ol-17-one

Unknown

5-p-pregnane-3-a-ol-20-one

Unknown

Lithocholic acid

Unknown

Polyinosinic-polycytidylic acid

Double standed RNA

Pyrogenic Steroids

Polynucleotides

(Synthetic double-stranded RNA)

Antitumour agents

Bleomycin

* Breaks in DNA

Plant alkaloids

Colchicine

*

P rev en tio n

of

microtubule formation
Vinblastine

*

P rev en tio n

of

microtubule formation

Synthetic Adjuvents

N-acetylmuramyl-L-alanyl-

* Toxicity

D-isoglutamine (MDP)

* speculated mechanisms.

FEVER

INCREASED OXYGEN CONSUMPTION / HEAT CONSERVATION
A

THERMOREGULATORY CENTRE
A

Prostaglandin synthesis

ENDOGENOUS PYROGEN
A

Kupjfer cells
Splenic cells alveolar

New protein synthesis

Macrophages

PHAGOCYTIC LEUCOCYTES
A

(Neutrophils, Eosinophils
and Monocytes)

EXOGENOUS PYROGENS
Viruses, Bacteria, Fungi, Bacterial Products,
Endotoxin, Steroids, Ag-Ab complexes,
Polynucleotides, Antigens.

1.2:

The proposed mechanism of fever production (adapted from Dinarello and
Wolff, 1978).

not exist in a preformed inactive state (Nordlund et al., 1970) but they are synthesized and
released immediately by polymorphonuclear leucocytes and monocytes (Root et al. 1970,
Dinarello et al. 1974) in response to the exogenous pyrogen. The molecular mechanism
by which the endotoxic pyrogen derepresses the cell genome (DNA) that codes for the
protein endogenous pyrogen is not clear.

The endogenous pyrogens that have been

isolated in humans and rabbits have been shown to have molecular weights of 1500
daltons, 4000 daltons and 4500 daltons; the highest molecular weight protein being a
trimer of the 1500 dalton protein (Dinarello and Wolff 1977, Dinarello et al. 1974). The
chemical structure of endogenous pyrogen varies for different species but their ability to
induce fever is not species specific (Dinarello and Wolff 1977, Perlow et al. 1975,
Bemheim and Kulger 1977).

While endogenous pyrogens, as shown in Fig. 1.2, are thought to be the primary mediators
of fever, prostaglandins

and

which are synthesized in the presence of endotoxin

and/or endogenous pyrogen are known to play a role in the development of fever via their
direct action on the hypothalamus, the thermoregulatory centre (Milton and Wendlandt
1971).

1.2

THE PYROGENIC ACTIVITY OF ENDOTOXINS

Of all the biological effects caused by endotoxin (Table 1.1) the most often studied is
pyrogenicity. Pyrogenicity is one of the mildest effects and is usually one of the primary
manifestations of endotoxin contamination. In pharmaceutical industry pyrogens are a
critical problem in the manufacture of parenteral preparations and sterile products. Semiquantitative determination of pyrogenic contamination has been made by a controlled
study involving the injection of the substance into a group of rabbits and measuring the
evoked rise in temperature (pyrexia). It has been evident from a very early period in
endotoxin research, as discussed in the previous section, that the biological activity of
endotoxin varies considerably according to the source of the endotoxin which in turn
relates directly to: the mass of endotoxin present per kilogram of body weight; the
chemical structure of the active component and; the chemical structure of complementary
molecules bound to the endotoxin in the native environment, which may inhibit or
enhance the activity of the principle endotoxin.

The considerable variations in endotoxic activity, the advent of more accurate pyrogen
testing techniques and collaborative and comparitive research that was done in this area
effected a standard unit of measurement for endotoxin activity called the Endotoxin Unit
(EU). The single EU is defined as the activity contained in 0.2ng of the United States
Reference Standard Endotoxin Lot EC-2 (see Endotoxin Standards).

In Europe the unit of measurement that is gaining wider acceptance is the International
Unit (IU) proposed by WHO. A single IU is equivalent to a single EU!

Since any

endotoxin can be expressed in terms of endotoxin units, the choice of endotoxin is not
critical if it is properly characterized.

1.3

ENDOTOXIN STANDARDS

In pyrogen testing there are generally two types of endotoxin standards that are referred
to:
(1) The Reference Standard Endotoxin (RSE) and
(2) The Control Standard Endotoxin (CSE)

The RSE is an endotoxin used as either a nationally or internationally accepted standard
for pyrogen activity. The CSE is an acceptable endotoxin used by a testing laboratory for
creating calibrations and standards for routine day-to-day pyrogen testing. The activity
of the CSE is determined relative to the activity of the RSE.

Initial development of an endotoxin standard was discussed by the World Health
Organisation (WHO) Expert Committee on Biological Standardization in 1950. With the
acceptance by the National Institute for Medical Research, London, in March 1957 of the
endotoxin extracted from Shigella dysenteriae, proposed by WHO, the world’s first
pyrogen (endotoxin) standard was established (Humphrey and Bangham, 1959). This
preparation was principally selected because it had been highly purified and chemically
characterized, however, subsequent research demonstrated shallow dose-response curves
and signficant variability when compared with other endotoxin standards e.g. Escherichia
coli 055:B5 (E.coli 055:B5), Escherichia coli 0113:H10:KO (E.coli 0113:1710:KO)and
Salmonella abortus equi (S.abortus equi).

One of the main problems with adopting a pyrogen standard was the wide variations in
pyrogenicity from laboratory-to-laboratory and lot-to-lot. Although it may have been
overlooked at the time some of the variability could have been inherent in the rabbit
pyrogen test technique (Mascoli and Weary, 1979).

With the advent of the Limulus

amoebocyte lysate (LAL) gel-clot method as a new and more sensitive pyrogen testing
technique (although not as repoducible when initially conceived as it is today) there was
need for a better endotoxin standard.

E.coli 055:B5 (Difco Laboratories, Detroit, Michigan) was selected as an endotoxin
standard by the Health Industry Manufacturers Association (HIMA) as it was relatively
homogenous, lacked variation in pyrogencity from lot-to-lot and was easily available
commercially (Dabbah et al., 1980).

The Office of Biologies (OB) adopted E. coli 0113:H10:KO endotoxin extracted by
Rudbach (1976) as a reference standard since it had met the requirements of chemical
composition and biological activity. The first standard prepared, designated EC-1, was
discarded due to insufficient activity. The second standard, EC-2 was stabilized with
albumin and saved as the official reference for the United States until July 1, 1980. This
preparation was assigned a value of 5 EU/ng (Hochstein, 1981). The EC-3 was filled in
December 1979 and was discarded because of insufficient activity. Preparation EC-4,
prepared during the first quarter of 1980 was shown to be significantly variable when
compared to EC-2, and so EC-5 the most recent U.S. reference standard endotoxin, was
prepared in 1981. The addition of 2% lactose and 2% polyethylene glycol 6000 to the
EC-5 standard is thought to have overcome problems encountered in solubilizing
endotoxin on reconstitution (Cooper, 1982). The overall relative potency of EC-2 to EC-5
is 2.10.

Salmonella abortus equi (Novo Pyrexal by Hermal-Chemie, Hamburg, West Germany) is
more highly purified when compared with the two E.coli preparations. S.abortus equi has
a remarkably similar lipid-A associated fatty acid content to the E.coli 055:B5, the greater
pyrogenicity of the S.abortus equi (Weary et al., 1980) can be attributed to it containing
20% more lipid-A associated p-3-hydroxymyristic acid. It was in 1977 that lyophilized
LPS from S.abortus equi was first produced. In 1983 Hermal-Chemie produced a liquid
lot that was called NP-1 (Novo Pyrexal) which contained a buffer to achieve optimal

activity for LAL gel-clot testing. This liquid standard had several advantages: prepared
from a well defined and large stock of S.abortus equi LPS; no vial-to-vial variability in
endotoxin concentration; absence of any filler (e.g. human albumin, lactose or trehalose)
like the other endotoxin preparations; much data had been published with respect to
biological activity in men and different animals, as well as their action on the complement
and other biological systems, and was comparable to other endotoxin preparations and;
a shelf-life of at least 5 years (Weidner et al., 1987).

In 1985 the WHO Expert Committee on Biological Standardization initiated an
international collaborative study of the USA national standard for endotoxin (EC-5), Sh.
dysenteriae, E.coli 0113:H10:KO and S.abortus equi (liquid-fill). The study was designed
to evaluate the suitability of E.coli:0113:H10:K0 endotoxin (freeze dried) to serve as an
international standard for endotoxin; to calibrate the proposed standard in terms of units
of the American national standard for endotoxin (EC-5); to evaluate the relationship
between the proposed standard and the International Reference Preparation of Pyrogen
established in 1958 and; to compare a "liquid fill" preparation of endotoxin with the freeze
dried preparations (WHO Unpublished Progress Report, 1985 - WHO/BS/85.1495).

The results of this study using the rabbit and LAL techniques were published in 1989
(Poole and Mussett). It concluded that a single international unit (IU) would be equal to
a single endotoxin unit (EU), and that E.coli 0113:H10:KO was established as a
International Standard for Endotoxin for Limulus gelation tests with an assigned unitage
of 14000 IU of endotoxin per ampoule (WHO Expert Committee on Biological
Standardization, 1987)

1.4

METHODS OF DETECTION AND ASSAY OF ENDOTOXINS

Since endotoxins are mostly associated with bacteria they are ubiquitous. Due to their
ubiquity, relative heat stability and ability to cause profound physiological changes when
administered parenterally, their detection and elimination is of paramount importance to
the manufacturer of parenteral products and medical devices.

Although the medical

significance of pyrogens was known for many years it was not until 1923 (Seibert) when
it was recommended that all parenterals be tested for pyrogens. The pyrogen test became
an official quality control test for parenterals in 1942 in the United States Pharmacopoeia

(USP) 12th edition and was designed to limit to an acceptable level, the risk of febrile
reaction to the injection of the product. Methods of detection and assay of endotoxins to
date have centred around the many biological activities demonstrated by endotoxins in
vivo and in vitro:

Highly specific for endotoxin (in order of decreasing sensitivity):
Limulus lysate gelation
Interleukin-1 release by monocytes (Dinarello, 1984)
Drug treated mouse lethality
Pyrogenicity in rabbits
Shwartzman reaction

Characteristic but less specific (in alphabetical order):
Chick embryo lethality
Complement activation
Enhanced dermal reactivity to epinephrine
Hypoferraemia
Lethality

1.4.1

(Adapted from McCartney, A. C., 1986).

RABBIT TEST FOR PYROGENS

The rabbit pyrogen test was first used in 1911 (Hort and Penfold) and became the official
test of the USP in 1942. Despite the advances in parenteral science and technology over
the past 49 years, the rabbit pyrogen test methodology officially recognized in compendial
standards has remained essentially unchanged. (See pharmacopoeial monographs Appendix I).

The rabbit pyrogen test essentially involves injecting controlled volumes and
concentrations of the product under test into the ear veins of a group of rabbits which are
specifically bred and maintained for the test, and measuring the evoked rise in temperature
using highly sensitive anal thermistor probes. The pyrogenic response in rabbits is dose
dependent; the greater the amount of pyrogen injected per kg body weight, the greater the
temperature increase in rabbits (Mascoli and Weary, 1979). Rabbits were chosen as a
model for the test as they have been shown to have similar relative physiological

endotoxin sensitivities to man. Work by Greisman and Homic (1969) indicates clearly
that the induction of minimal but unequivocal pyrogenic reactions to purified endotoxins
requires approximately the same dosage per kilogram of body weight in rabbits as in man.
Furthermore, if total endotoxin dosage rather than per kilogram dosage is considered, the
rabbit actually responds to lower quantities than does man.

If the endotoxin dose is

increased beyond the threshold pyrogenic dose then humans respond more rapidly than
the rabbits. It is for this reason that most users employ the threshold pyrogenic dose in
rabbits as a minimum standard for correlation with humans on a dose per weight basis and
attempt to increase the test safety margin for humans several times.

A summary of the USP recommendations for the rabbit pyrogen test is as follows.
Recommendations for:Rabbits:
Principally healthy and mature; particular strains are more easily handled and
trained; long ears (large ear vein); resistance to disease; emotionally stable under
control conditions; low weight gain with age; non-pigmented for ease of
identifying ear vein; either sex can be used although females commonly used as
they are easier to handle and maintain; size between 2 and 4 kg; reliably bred
maintained and housed.

Apparatus:
Rendered pyrogen-free using approved conditions.

Negative controls are not

usually employed as quality is often assured.

Temperature Measurement:
Device that will measure temperatures to an accuracy of ±0.1°C, achieve maximum
temperature within 5 minutes and able to be inserted into the rectum to a depth not
less than 7.5 cm. Thermocouples connected to electronic recording devices are
commonly used.

Testing Laboratory:
Environment similar to rabbit housing; free of disturbances; rabbits restrained with
loose neck stocks that allow rabbits to assume natural resting posture and
minimum discomfort.

Pre-injection Test Procedure:
Rabbit temperatures should not vary by more than ±1°C between them and any
rabbit should not exceed 39.8°C; food is withheld during the test; rabbits weighed
to determine the correct dosage of test solution to be injected; rabbits selected
should not have been used during the previous 48 hours; rabbits restrained with
neck-stocks and inserted probes should be left to acclimatize for 45 minutes.

Injection Procedure:
Test solution warmed to 37°C is injected into the ear veins of three rabbits in
quantities of 10 ml/kg body weight, unless otherwise specified in individual
pharmacopoeial monographs. The temperature is then recorded at one, two and
three hours after the injection.

Interpretation of Results:
Stage One of the test requires that each of the three rabbits maintain their
individual temperatures below the control temperature plus 0.6°C, and that
the sum of the three individual temperature elevations above control
temperature should not exceed a total of 1.4°C. Failing this the test must
proceed to the second stage.

Stage Two requires that five additional rabbits are injected with a new
preparation of the same test sample as the original three rabbits and
temperature measurements made. Pyrogen-free label claim may be made
where not more than three of the eight rabbits showed individual
temperature rises of 0.6°C or more and the sum of the eight individual
temperature elevations above the control temperature does not exceed
3.7°C.

The British Pharmacopoeia (1980) recommends essentially the same procedure to that of
the USP except that it uses a sliding scale based on three rabbits and additional groups
of three rabbits, if required, for a total of 12 rabbits.

DISADVANTAGES OF THE RABBIT TEST

Many of the products administered parenterally cannot be tested for pyrogens using the
rabbit test. These include drugs that: (1) Inhibit pyrogenicity - e.g. acetylsalicylie acid,
phenothiazine derivatives, hypnotics, anaesthetics (Braun and Klein, 1960). (2) Enhance
pyrogenicity - steroids, phosphate buffers, highly toxic drugs (Pharmaceutical Society of
Great Britain Report, 1975).

It is therefore important to know the pharmacological effects of the drugs in their
particular pharmaceutical formulation before submitting them for quality control by rabbit
pyrogen testing.

The existence of immunological tolerance in rabbits to the repeated injection of pyrogen
is also a problem with this technique (Greisman and Homick, 1973). It is for this reason
that the USP requires rabbits that have been tested with pyrogenic solution to be rested
for two weeks before they are reused. Although the effect of repeated injections of subfebrile doses of endotoxin is unknown, marginally pyrogenic solutions could produce
some degree of tolerance leading to inaccuracy and variability in subsequent tests
(Wolstenholme and Birch, 1971).

Another severe problem with using an animal as a test model is that the results are subject
to the inherent variability of biological systems. No two rabbits in a test batch will have
exactly the same body temperature and respond indentically to the same pyrogenic sample.
There are several factors overall that can cause variability ranging from the biological to
the environmental. In order to control these factors it is necessary to institute facilities
such as custom built laboratories and apparatus, animal breeding, training and
maintenance, fully trained technicians etc.

The conclusive result is that the rabbit pyrogen test is an extremely expensive and labour
intensive test, not to mention the cruelty inflicted on the rabbits.

Although all these

disadvantages exist it should be remembered that the rabbit pyrogen test has faithfully
served testing laboratories for nearly half a century and provided the pharmaceutical
manufacturer with the ability to make the label-claim, "Pyrogen-free".

1.4.2

LIMULUS AMOEBOCYTE LYSATE TEST FO R ENDOTOXINS

The Limulus Amoebocyte Lysate (LAL) is an aqueous extract of circulating blood cells
(amoebocytes) from the horseshoe crab, Limulus polyphemus (Fig. 1.3). When exposed
to minute quantities of endotoxin the lysate increases in opacity as well as viscosity and
may gel depending on the concentration of endotoxin. Commercially available LAL is
specifically recommended for the detection and quantitation of endotoxin and involves
interpreting the optical or physical changes that occur. The LAL test may only be used
as a substitute for the pharmacopoeial Rabbit Pyrogen test after approval by the FDA
(Food and Drug Administration Authority) for the particular drug, biological product or
device under test.

The fundamental work that led to this revolution in the area of pyrogen testing was done
by the late Dr. Frederick Bang (1956). Based on reports by other scientists he discovered
that the blood of the horseshoe crab clotted when these animals were injected with live
or dead gram-negative bacteria.

In 1964, Levin and Bang reported that the agent

responsible for the clotting reaction was localized in the amoebocytes and that the
lipopolysaccharide (endotoxin) fraction of the cell wall of gram-negative bacteria triggered
the clotting reaction (Levin and Bang, 1964a, 1964b). The work by Levin and Bang
concluded that amoebocytes were required for coagulation, disruption of amoebocytes
enhanced the reaction and quantities of endotoxin were probably inactivated by the
coagulation reaction.

In 1972 a sensitive assay for endotoxin presence in human plasma was developed using
the material extracted from Limulus amoebocytes (Levin et al.).

Concentrations of

endotoxin as low as 0.5 ng/ml could be detected, and the rate of reaction was shown to
be dependent on the concentration of endotoxin. This assay was later refined to detect
picogram quantities of endotoxin and demonstrated that the Lipid A portion of LPS was
responsible for lysate gelation (Yin et al., 1972).

PREPARATION OF STANDARDIZED LAL

Source: There are four extant species of horseshoe crab: Limulus polyphemus found on
the east coast of North America, Tachypleus tridentatus, Tachypleus gig as and
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Diagram of the Limulus polyphemus (horseshoe crab).
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Carcinoscorpius rotundicauda found on the south-east and east coasts of Asia (Japan,
Thailand and India).

Of the four species only Limulus polyphemus and Tachypleus

tridentatus are routinely used in endotoxin testing. The extract of Limulus polyphemus
is supplied by five companies in the USA:

(1) Associates of Cape Cod Inc. (ACC)
(2) Whittaker M. A. Bioproducts.
(3) Mallinckrodt Inc.
(4) Worthington Inc.
(5) Sigma Chemical Co.

The lysates are prepared by placing the mature horseshoe crabs in restraining racks and
puncturing the heart with a pyrogen-free needle. Upto one third of the total blood volume
of the crab is reported to be bled without harming the it.

In order to stabilize the

collected amoebocyte cell membranes and so prevent coagulation an agent such as 0.125%
N-ethylmaleimide (NEM) in 3% sodium chloride solution is used (Jorgensen and Smith,
1973).

Extraction: The blood is then centrifuged for approximately 10 minutes, the supernatant
(haemocyanin) discarded, and the amoebocytes then washed with 3% sodium chloride to
remove traces of the anticoagulation chemical. The amoebocyte contents are released by
subjecting them to osmotic shock e.g. addition of non-pyrogenic water (Jorgensen and
Smith, 1973). Other methods of lysis have involved freezing and thawing, ultrasound, and
grinding in a glass tissue homogenizer (Marcus and Nelson, 1977; Sullivan and Watson,
1974). The lysed suspension is again centrifuged to remove any debris and the supemate
lyophilized to confer a stability of 3 years at 4°C (Cooper et al., 1972). Reconstituted
lysate usually has a shelf-life of four weeks if stored under freezing conditions (-20°C)
(Product information leaflets from ACC, Sigma and Whittaker M.A. Bioproducts). The
variability of the lysate sensitivity from lot-to-lot in the initial stages of commercial
manufacture was solved by a process of chloroform treatment (Sullivan and Watson,
1974) and the sensitivity enhanced almost a hundred-fold by the addition of pre
determined optimal concentrations of divalent cations.

Standardization: The LAL reagent that is commercially available in the U.S. is strictly

standardized for sensitivity against endotoxins referenced to EC-5. In order to ensure that
the lysates are standardized for endpoint sensitivity and to support label claims, a gel-clot
potency test was established using limits for positive and negative responses.

LAL

preparations of different sensitivity and fine adjustments to the LAL sensitivity can be
made by varying the formulation; may include adding lysates of higher or lower activity,
or varying divalent cation concentrations.

BIOCHEMISTRY OF THE LAL REACTION

Molecular Content o f the lysate:

The exact molecular content and their relative

concentrations in the lysate may vary accoring to the commercial manufacturer and the
sensitivity of the lysate, but the basic constituents required for the clotting or coagulation
to take place are:

Pro-clotting enzyme activating factor;
Pro-clotting enzyme (Inactive);
Coagulable protein;
Divalent Cations;

as present in the amoebocyte of the horseshoe crab. The activating factor is switched on
in the prescence of endotoxin causing the activation of the pro-clotting enzyme cascade
series. The activated pro-clotting enzymes effect gelation in the LAL by cleaving the
coagulable protein.

The pro-clotting enzyme activating factor (proactivator) mediates between the endotoxin
and the cascade reactions which result in coagulation (Nakamura et al., 1982a, 1982b and
1982c). This factor is reported to be a trypsin-like serine protease activator of the pro
clotting enzyme (Nakamura et al., 1982a) The presence of an endotoxin binding nonenzymatic protein in the amoebocyte membrane has been established (Liang et al., 1980)
and it is known to be responsible for the degranulation and lysis of the intact amoebocyte
in vivo. However, the mechanism of endotoxin interaction that leads to the activation of
the proactivator is unclear.

The existence of enzymatic mediation between the endotoxin and the coagulation process

was proposed on the basis of kinetic studies reported in 1968 by Levin and Bang. The
reaction of LAL with endotoxin is dependent on endotoxin activation of the high
molecular weight serine protease enzyme (M.W. 150,000), referred to as a pro-clotting
enzyme, in the presence of calcium ions (Young et al., 1972; Tai and Liu, 1977). The
molecular weight of the activated enzyme is approximately 84,000 and contains two
identical subunits each of approximate molecular weight 43,000 (Sullivan and Watson,
1975). The clotting enzyme is an acidic protein (isoelectric point at pH 5.5) which like
all enzymes is heat labile and pH sensitive (Sullivan and Watson, 1975).

The clottable protein fraction of the lysate (coagulogen) is responsible for the macroscopic
physical changes (gel formation) that is seen during the reaction of endotoxin with LAL.
The mature coagulogen molecules are stored in the secretory granules of the resting
amoebocytes and upon exposure to endotoxin are expelled. The coagulogen is the major
soluble protein accounting for 40% of the total soluble lysate protein of the amoebocyte
(Nakamura et al., 1976).

The isolation, structure determination and mechanism of reaction of coagulogen have been
the subject of much research. The complete amino acid sequences of the coagulogen in
Limulus polyphemus (Miyataet al., 1983) and Tachypleus tridentatus (Takagi et al., 1979)
show approximately 70% sequence homology.

The amino acid sequence of LAL

coagulogen was later re-derived from the DNA clone for the coagulogen (Cheng et al.,
1986), rather than by proteolytic digestion of the coagulogen (Miyata et al., 1983) and
shown to have good agreement, but not identical. The amino acid sequence as determined
by Cheng et al. (1986) was compared, using a computer program, to all the known protein
sequences inorder to identify homology. Apart from the homology which existed with the
coagulogen from Tachypleus tridentatus, there was no other statistically meaningful
homology. This work also disproved much of the speculative comments made about
homology between specific residues of LAL coagulogen with primate fibrinopeptide B
(Miyata et al., 1983).

LAL coagulogen consists of 175 amino acids residues in a single chain, its molecular
weight is calculated to be 19,675.

When coagulogen is acted upon by activated

proclotting enzyme (Fig. 1.4), the C peptide (M.W. 6000 daltons) is released from the
central portion of the parent molecule. The resulting gel protein consists of two chains,

Fig. 1.4 :

Schematic diagram of the LAL gelation process.
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A and B, which are bridged by disulphide bonds (Nakamura et al., 1976b). The C-chain
is not incorporated into the clot.

Primary structure elucidation (Miyata et al. 1983)

revealed 16 half-cystines located in a cluster in the carboxylic terminal 14 residues. The
16 half-cystines of the coagulogen from L.polyphemus and T.tridentatus are in the same
positions.

The carboxylic terminal tripeptide regions of the A-chain (from the NH2-

terminal to Arg-18) and peptide C (from Lys-19 to Arg-46), both of which seem to
interact with LAL proclotting enzyme to liberate peptide C, are completely conserved.
Secondary structure predictions (Chow and Fasman, 1974) have shown that there appears
to be a helican region in the peptide-C segment released by the clotting enzyme,
suggesting a marked conformational change in the transformation of the coagulogen to the
gel protein. (3-Sheet and reverse turn regions are distributed in the B-chain segment (from
Gly-47 to the carboxylic terminal end). It is likely that the 16-half-cystines and abundant
|3-sheet structure make the coagulogen molecule more compact. Electron microscopy of
the gel protein (Holme and Solum, 1973) indicated a helical structure, however, the
negative staining used in a two-dimensional method and the observed morphology could
be accounted for by alternative structural models. The morphology could be explained
by a linear structure composed of uniform rods aggregated side-to-side forming long thick
fibres and with each rod in an oblique position relative to the longitudinal position of the
fibres.

The horseshoe crab lysate reaction with endotoxin is dependent on the presence of
divalent cations (Guyomard and Darbord, 1985; Young et al., 1972; Tai and Liu, 1977).
The inhibitory effect of the calcium binding agent EDTA (ethylene diamine tetraacetic
acid) on the LAL reaction had been documented by Levin and Bang (1968) but it was
concluded that the low pH of the reaction solution was mainly responsible for the
inhibition observed. Young et al. (1972) concluded later that EDTA was responsible for
the inhibition by using buffered solutions. The calcium ions present in the amoebcytes
are involved in the stage where the proclotting enzyme is activated (Tai and Liu, 1977).
Calcium ions, per se, do not cause gelation (Fumarola et al., 1975). The activation of the
enzyme in the presence of Ca2+, Mg2+, Mn2+ and Sr2* have been investigated individually
and shown that the reaction is divalent ion concentration dependent (Liu et al., 1979;
Guyomard and Darbord, 1985). The proclotting enzyme is maximally activated by Ca2+
and Mg2+ (Liu et al., 1979) and minimally by the other divalent cations (Kobayashi and
Yamamoto, 1975).

METHODS OF ENDPOINT DETECTION

Today there are several methods of endpoint detection for the LAL reaction with
endotoxin:

Gel-clot

Turbidimetric

Chromogenic

Radioisotope

Micro-technique

Nephelometric

Fluorogenic

Radioimmunological

Microdilution assay

Kinetic

Slide test

Colorimetric

At present the three basic methods used are the gel-clot, the turbidimetric and the
chromogenic. They are all approved for use in end-product release testing. The other
techniques listed (italic) are mostly modifications of the respective basic methods.

The first and simplest technique employed is the "gel-clot” method. The other techniques
have evolved in the search for:

(1)

Accurate quantitation of endotoxins;

(2)

reproducibility;

(3)

ease of test methodology and automation;

(4)

reduced cost;

(5)

increased speed;

(6)

broader application of the LAL technique for endotoxin testing;

(7)

detecting lower endotoxin levels.

When trying to incorporate the LAL test into a quality assurance programme, one of the
first problems is to decide on which LAL test method to use. All LAL methodologies
have one ingredient in common, which is the lysate. The lysate contains proclotting
enzyme, an appropriate concentrations of divalent cations (Ca2+ or Mg2*), numerous
proteins (including coagulogen), ions present in the original crude lysate preparation, as
well as buffers and preservatives. LAL, supplied as a freeze-dried preparation, varies
from manufacturer to manufacturer because of the presence or absence and relative
amounts of these components. The manufacturing method also affects LAL performance.

GEL-CLOT TECHNIQUES

The test involves the incubation of the sample with an equal volume of reconstituted
lysate in a small test tube for one hour at 37°C.

A positive result (endotoxin

contamination) is indicated by the presence of a firm gel which holds together upon
inversion of the test-tube. During the incubation process the activated clotting enzyme
cleaves the coagulogen (soluble) which then becomes insoluble and forms a clot.

A

minimum concentration of endotoxin is required to sufficiently activate the clotting
enzyme to form the gel-clot. This level is referred to as the potency of the endotoxin.
The minimum amount of endotoxin that can be detected by a lot (batch) of LAL using
the gel-clot technique is termed the "LAL sensitivity" or "label claim". Sensitivity usually
does vary from lot to lot and from manufacturer to manufacturer.

Now that several commercial lysates are available that have various standardized
endpoints, the gel-clot method may also be used to semi-quantify the level of endotoxin
in a particular solution or product. A number of two-fold serial dilutions of the test
solution are made and the clot endpoint determined. A positive control consisting of a
product sample spiked with a known concentration of endotoxin and a negative control
using non-pyrogenic water is used in all LAL test procedures.

The microtechnique, microdilution assay and slide tests were mainly developed by
independent scientists trying to reduce the amount of expensive lysate used per test. One
of the main problems with using lower volumes of lysate was that the technique had to
be adapted, requiring more depyrogenated apparatus and greater degree of operator skill.
In most cases these added requirements led to a compromise in sensitivity and/or
reproducibility of the test, as a consequence with the lack of technical support from the
lysate manufacturers these tests were not widely adopted.

TURBIDIMETRIC TECHNIQUES

The turbidimetric method is essentially a development of the gel-clot method.

The

turbidimetric reagent contains sufficient coagulogen to form a turbid solution without
forming a firm gel-clot. The amount of turbidity formed is proportional to the amount
of endotoxin present in the test solution. With certain LAL reagents turbidity as well as

gel-clot can be measured. In such cases an increase in turbidity precedes the maximum
turbidity that occurs with gel-clot formation. With these lysates the turbidimetric method
is more sensitive than the gel-clot test. Some lots of LAL sold specifically for the gel-clot
method however are more sensitive than other lots of LAL sold specifically for the
turbidimetric test (LAL Update, 1983).

The turbidimetric test is performed by adding a small volume of LAL to a greater volume
of sample, the recommended volume ratio varying from manufacturer to manufacturer.
The wavelength commonly used is in the range 360-700 nm.

A standard curve is

constructed using the optical density readings of known standard endotoxin solutions and
used to extrapolate sample endotoxin concentrations.

All LAL tests that employ a

standard curve are designated as quantitative (Nanden and Brown, 1977) and in
comparison the gel-clot method can be regarded as semi-quantitative. The method allows
quantification of endotoxin levels below the level at which a solid clot is formed.

One of the major problems that has plagued the use of the turbidimetric technique and
adaptations of this technique has been the lysate lot-to-lot variability that has resulted
from magnifying the endpoint, even though the gel-clot sensitivity from lysate lot-to-lot
may have been good.

Unlike the spectrophotometric technique which employes optical density readings, the
nephelometric technique involves a method of light scattering which is more sensitive and
accurate (Dubczak et al., 1979). Semi-automated nephelometry systems had been reported
for bacterial endotoxin detection using LAL (Nishi et al., 1979). Although the method
used more lysate than the conventional methods it allowed more tests to be performed
simultaneously, and more precise endpoints than with the gel-clot or turbidimetric
endpoints. However, the sensitivity of this technique (10 pg/ml) does not match that of
the chromogenic assay technique (discussed later).

The Colorimetric method or Travenol Optical Density-Lowry Protein LAL method offers
all the advantages of the quantitative turbidimetric technique.

The method involves

determining by Lowry-Protein method, the amount of coagulogen that is precipitated
(Nanden and Brown, 1977). The optical density readings of the centrifuged sample at
660nm are related to a standard calibration curve. This procedure is more cumbersome

and is severely subject to poor reproducibility.

The Kinetic turbidimetric technique has been known since 1970 when Levin et al. used
Kinetics (turbidity measured by light scattering) to quantify endotoxin activity. Although
much research had been done developing this technique it was only very recently that a
satisfactory piece of equipment (LAL-5000) and a specifically formulated lysate (LALGT) had been introduced to give reproducible results. The LAL-5000 technique was used
in this project and will be discussed in detail later.

CHROMOGENIC TECHNIQUES

The chromogenic technique is different to the turbidimetric technique in that it employs
a chromogenic enzyme substrate which partially or completely replaces the coagulable
protein in the lysate (Fig. 1.5).

The chromogenic substrate is a synthetic peptide

containing the same or similar sequence of amino acids present at the site in the clotting
protein that is acted upon by the clotting enzyme (active site). The chromophore, paranitro aniline (pNA) is attached covalently on the end of this synthetic peptide at the point
at which the enzyme acts by cleaving. The coloured state of the pNA is yellow and
absorbs light at 405 nm. The amount of colour formed is proportional to the amount of
activated clotting enzyme present. A standard calibration curve is obtained with reference
endotoxin solutions, as with the turbidimetric technique, in order to quantitate endotoxin
levels in the samples.

The experimental procedure involves incubating the sample with a small quantity of lysate
then adding the chromogenic substrate and further incubating. The reaction is stopped
with an acid at the end of the incubation period and the colour read with a
spectrophotometer. Some developments of the chromogenic method allow combination
of the chromogenic substrate and lysate into one incubation step.

The development of this test posed several problems, the first of which was to design an
amino acid sequence with optimum specificity for the clotting enzyme.

Table 1.4

illustrates some of the peptide substrates that have been investigated using both the
L.polyphemus and T.tridentatus lysates.

Table 1.4 :

Chromogenic peptide substrates and their relative activities with the LAL
clotting enzyme.

PEPTIDE SUBSTRATE

RELATIVE ACTIVITY

Bz-Ile-Glu-(y-OCH3)-Gly-Arg-pNA

100%

Bz-Val-Gly-Arg-pN A

227%

BOC-V al-Leu-Gly-Arg-pN A

431%

BOC-Ser-(OBz)-Gly-Arg-pNA

971%

B z-Phe-V al-Arg-pN A

2.8% - 5%

Z-Gly-Pro-Arg-pNA

0-9%

Bz-Tyr-pNA

0%

Bz, benzyl; BOC, butoxycarbonyl; Z, carbobenzoxy; pNA, para nitro aniline.
(Harada et al., 1979 and Liu et al., 1979)

Fig 1.5 :

The reaction of a chromogenic peptide substrate with an activated lysate
clotting enzyme.

BOC-Val-Ser-Gly-Arg-CONH-Bz-N02
Chromogenic peptide substrate

H ,0

Competes for
clotting enzyme

BOC-Val-Ser-Gly-Arg-COOH + H2N-Bz-N02
peptide substrate

pNA (405nm)

The synthetic chromogenic substrate competes with the native coagulogen for the
activated proclotting enzyme. If the clotting enzyme is present in a signficant quantity,
the clotting enzyme will preferentially cleave the native coagulogen to the exclusion of
the chromogenic substrate (competitive inhibition). This exclusion is not complete but
results in a lowering of the chromogenic peptide cleaved which consequently results in
a lowering of the test sensitivity. This problem has been eluded in the past by either
diluting the lysate or removing the coagulogen, but this has caused added problems of
contamination. Other problems are also created by the necessity for pH control and ionic
conditions control for optimal colour development. Two unique sets of conditions are
required for the chromogenic test: (1) pH 6.0 - 7.5 and a relatively high ionic strength for
activation of the proclotting enzyme by endotoxin, and (2) pH 8.0 and a relatively low
ionic strength to achieve cleavage of the chromogenic substrate by activated enzyme. The
poor optimization of conditions results in a loss of overall sensitivity.

Since the

development of colour is very rapid and the reaction is required to be stopped by addition
of an acid (acetic acid), the exact time of addition is critical since this can directly affect
the overall endpoint (Harada et al., 1979; Fujita and Nakahara, 1982).

The fluorescence technique involves the use of a fluorescent probe attached to an amino
acid chain in much the same way as in the chromogenic substrate.

The fluorescent

substrate is added to the LAL reagent and reacted with the endotoxin in quartz cells and
read every five minutes in a fluorescent spectrometer over 120 minutes (Yoshida et al.,
1982). Using a standard calibration curve it has been possible to obtain very high LPS
sensitivites, but the procedure requires a high degree of skill in order to obtain
reproducibility.

1.4.3

COM PARISON OF THE LAL TEST W ITH TH E RABBIT TEST

The advantages of the LAL test for endotoxins over the rabbit test for pyrogens have long
been documented:
(1)

Increased sensitivity,

(2)

Better reproducibility,

(3)

Wider applicability,

(4)

Greater reliability,

(5)

Easier to perform,

(list continued from previous page)
(6)

Cheaper,

(7)

More humane,

(8)

Faster results,

(9)

Quantitative results,

(10)

Easily automated.

The sensitivity of the LAL is dependent on its preparation and source and is generally at
least ten times as sensitive as the rabbit pyrogen test (Cooper et al., 1971).

The

reproducibility has been greatly improved over the years through better preparation,
improved formulation, better technician training and a greater general understanding of
LAL behaviour. LAL is an in-vitro test system whose performance is quality controlled
unlike the in-vivo rabbit test that is susceptible to all the variabilities of living systems and
therefore difficult to control. In addition to all the clinical advantages conferred through
wider applicability, and all the commercial advantages, the LAL test has saved the lives
of many rabbits as well as preventing the cruelty inflicted on them.

1.4.4

LIM ITATIONS OF THE LAL TEST

The LAL test is by far the best method for endotoxin testing, but due to it’s enzymatic
nature it suffers drawbacks mainly in its applicability to parenteral products which have
an overall inhibition or enhancement effect on LAL sensitivity (Noordwijk and DeJong,
1976). Inhibition can be caused by any material known to denature proteins or to inhibit
enzyme action and has been overcome in most instances in the past by diluting the
product. Unfortunately dilution of the inhibitory effect will also cause dilution of any
endotoxin contamination present which in turn will require high sensitivity lysates. As
a

result

regulatory

authorities

require

testing

laboraties

to

submit

LAL

inhibition/enhancement validation reports of new product lines for approval of the
technique.

Other limitations are that the LAL test is only dependable for detecting endotoxins
originating directly from gram-negative bacteria and its sensitivity varies according to the
microbial source.
contaminants.

Also the LAL cannot measure directly the pyrogenic potential of

1.5

APPLICATIONS OF THE LAL TEST

The application of the LAL test is now very diverse and extends far beyond the detection
of endotoxins in blood that it was originally designed for (Homma et al., 1982). The
literature reviews relating to the application of LAL is continually expanding and
generally encompases the following areas:

(1)

Pharmaceuticals

(2)

Medical devices

(3)

Biologicals

(4)

Disease States

(5)

Food

(6)

Validation of depyrogenation cycles
(Akers, 1985).

1.6 RHEOLOGY OF THE LIMULUS AMOEBOCYTE LYSATE REACTION

The injection of a sufficient concentration of endotoxin into the horseshoe crab can cause
a reduction or cessation of blood flow and subsequent clot formation (Bang, 1979). The
process of clot formation can be regarded as an immunological response at the sites of
endotoxin presence. Clot formation is a direct result of endotoxin stimulated lysis of
amoebocytes and the subsequent reaction of the released coagulable protein to form a gelclot. Death usually results if breakdown of the gel and restoration of the horseshoe crabs
circulation does not occur within 48 hours (Bang, 1979).

The correct magnitude of

gelation and Theological properties of the gel-clot are therefore of vital importance to the
survival of the horseshoe crab.

Rheology is concerned with the flow and/or deformation of matter under the influence of
externally applied mechanical forces.

When the deformation is completely and

spontaneously reversed on removal of the force, the behaviour is called "elastic". If
however under identical conditions the material flows and then ceases without any
reversal, the behaviour is said to be "viscous" and is characteristic of simple liquids.
Materials often exhibit properties that lie between these two extremes. Depending on
whether these properties are time dependent (non-stationary) or time independent

(stationary), they are classified as follows:

(1)

Stationary visco-elastic

(2)

Stationary elasto-viscous

(3)

Non-stationary visco-elastic

(4)

Non-stationary elasto-viscous

The Theological properties of the gel-clot are principally conferred by the primary,
secondary, tertiary and quaternary structures formed by the reacting peptide fragments A
and B. These two fragments are produced from the cleavage of a 45 amino acid sequence
(Fragment C) from the middle of a 175 amino acid chain of M.W. 20,000 (Miyata et al.,
1983, Tai et al., 1977). The pro-clotting enzyme has a M.W. 150,000 and on activation
forms structures of M.W. 43,000 (Sullivan and Watson, 1975).

The net effect of these molecular changes will be manifested in the Theological properties
of the sample. In the original gel-clot endpoint detection method, the positive result is
entirely dependent on the rheology of the sample changing in the following way from a
flowing liquid to an immobile gel:

V iscous

> Elasto-viscous

> Visco-elastic

-> Elastic

The changing rheology of the sample is represented here in relative terms and the two
extremes should not be assumed to be representative of a Newtonian fluid or a Hookean
solid. These changes can be explained empirically as follows.

1.

Initially the LAL gel-clot test sample consists of enzymes of M.W. 150000,
coagulable proteins of M.W. 20000 and LPS of M.W 10000 - 20000 which are not
significantly interacting and therefore one would only expect to encounter
predominantly viscous retarding forces on applying an external force.

2.

The start of the reaction involves binding of the LPS to enzyme activating proteins
which in turn split up the coagulable protein such that bonding of fragments A and
B occur. This repeating (A-B) interaction would present an increasing molecular
domain which results in increasing viscosity (increased resistance to the flow of

molecules past one another).

3.

While the long range intermolecular forces aggregate the A and B fragments and
the short range forces begin to take effect and strengthen the structural
arrangement such that the flow of molecules past one another is restricted, elastic
tendencies start to be manifested.

4.

Towards long time periods if the enzymes are sufficiently activated greater elastic
tendency should be demonstrated.

A maximum elasticity should be achieved

which is proportional to the quantity of cleaved coagulable protein present in the
lysate.

1.7

AIMS OF THE STUDY

Although there have been several end-point detection methods proposed for the LALendotoxin reaction none of them, apart from the gel-clot method first approved by the
USP, has gained widespread acceptance. The LAL gel-clot method is a technique used
since the application of LAL in endotoxin testing was first proposed in 1964 (Levin and
Bang), and is still used today in most testing laboratories and research institutions. As
discussed earlier the disadvantages of this technique are several and inorder to overcome
these problems the Associates of Cape Cod (ACC) specifically designed the LAL-4000.
ACC incorporated into this one technique (Kinetic Turbdimetric) most of the benefits
found in other techniques. Unfortunately, soon after its launch the LAL-4000 was plagued
with so many problems that it was abandoned (personal communications: Dr. S. Poole,
National Institute o f Biological Standards and Control, S. Mimms, Herts., Dr. J.
Trethewey, The Welcome Foundation, Dartford, Kent, and C. Goodyear, Atlas Bioscan,
Bognor Regis, W. Sussex., supplier of LAL-4000).

Preliminary rheological studies of the LAL-LPS reaction using an Oscillating Ring Surface
Shear Rheometer (ORSSR) demonstrated that this instrument was capable of measuring
changes in the surface viscosity and surface elasticity of the sample. The tracking of the
rheological changes was so well defined that an empirical relationship could be drawn
with the general molecular mechanism proposed for the reaction by Liu et al., 1979. It
is proposed that this instrument when specifically developed for LAL-LPS endpoint

detection could confer the following advantages over the gel-clot method, and confer some
advantages over the optical end-point methods (*):

(1)

Quantitative

(2)

Easily automated (without robotics)

(3)

Less LAL used per test - cheaper

(4)

Faster results *

(5)

Detect lower LPS levels *

(6)

Broader application of the LAL

method for

endotoxin testing * -

particularly for colouredopaqueand or viscoussubstances.

This project involved several stages of research and development of equipment, reagent
formulations and techniques in order to investigate the feasibility of proposing an ORSSR
LAL-LPS endpoint detection technique (LAL-SRA: LAL-Surface Rheological Assay).

Stage 1:

Determination and establishment of suitable environmental conditions,
apparatus and techniques for performing LAL tests, and validate according
to official recommendations.

Stage 2:

Determination of the surface rheological and bulk rheological properties of
LAL when reacted with varying concentrations of endotoxin.

Stage 3:

Development of the ORSSR specifically for LAL testing which involved
mechanical, electrical and computer programme modifications.

Stage 4:

Validation of modifications made to the ORSSR using standard surface
film formers.

Stage 5:

Investigation of the sensitivity of the ORSSR to rheological changes within
the LAL when exposed to varying concentrations of endotoxin and
establishment of a suitable LAL-SRA technique.

Stage 6:

Application of the LAL-SRA technique to endotoxins of different bacterial
origin.

Stage 7:

Investigation of the effect of various concentrations of common
formulation ingredients (lactose, trehalose, polyethylene glycol, magnesium
sulphate and calcium chloride) of LAL and LPS on the ORSSR sensitivity.

During the course of this work Atlas Bioscan (Bognor Regis, W. Sussex) developed
another kinetic turbidimetric equipment called the LAL-5000.

Considering the bad

publicity its predecessor (LAL-4000) had received and the need for alternative techniques
with which to compare previously unresearched or unreported aspects of the LAL-SRA
development, the LAL-5000 was adopted. Both the LAL-5000 and the gel-clot techniques
were employed in most cases for direct or empirical comparison with the LAL-SRA.
Rheological characterisation of gel-clot bulk properties was investigated using the
controlled stress technique.

Materials and Methods

C h a p ter 2:

Materials and Methods

2.1

INTRODUCTION

The lysate and endotoxin materials used for the preliminary research (Chapter 4) were
supplied by CIS (U.K). All subsequent investigations used supplies from Atlas Bioscan.
It was not possible to use the same Lot or Batch of reagents throughout the project.
Where lysate lot consistencies were important to eliminate this as a cause of variation in
results obtained using novel techniques (Chapters 7 and 8) arrangements were made with
Atlas Bioscan to obtain adequate stocks of the particular lot from the Associates of Cape
Cod (Woods Hole, Massachussetts, U.S.A).

The method for performing the gel-clot test was supplied with the reagents but suitable
techniques and apparatus for performing the test were equally important to obtain
successful results. The technique and apparatus to be adopted was the subject of an
extensive investigation in Chapter 3.

2.2

MATERIALS

Pyrotell-Limulus amoebocyte lysate for
gel-clot test

(Atlas Bioscan, Bognor Regis)

Pyrogent-Limulus amoebocyte lysate for
gel clot test

(CIS-U.K., High Wycombe, Bucks.)

Limulus amoebocyte lysate research supplies
for gel clot test

(Atlas Bioscan, Bognor Regis)

Pyrotell™ LAL - Limulus amoebocyte lysate
for LAL-5000 turbidimetric test

(Atlas Bioscan, Bognor Regis)

Reference Standard Endotoxin, EC-5

(CIS-U.K., High Wycombe, Bucks
and Atlas Bioscan, Bognor Regis)

Control Standard Endotoxin,
E.coli 0113:H10:KO

(Atlas Bioscan, Bognor Regis)

Shigella dysenteriae Endotoxin

(NIBSC, Potters Bar, Herts.)

First International Endotoxin Standard

(NIBSC, Potters Bar, Herts.)

Salmonella abortus equi Endotoxin

(NIBSC, Potters Bar, Herts.)

Lactose monohydrate

(Fluka Chemicals, Glossop, Derbyshire)

Trehalose dihydrate

(Fluka Chemicals, Glossop, Derbyshire)

Polyethylene glycol 6000

(Koch-Light Labs. Ltd., Colnbrook,
Bucks.)

Acacia powder B.P.

(BDH Chemicals Ltd., Poole, Dorset)

Pancogene S - Collagen

(Gattefosse S.A., Saint-Priest, Cedex,
France)

Calcium chloride - AnalaR

(BDH Chemicals Ltd., Poole, Dorset)

Magnesium sulphate - AnalaR

(BDH Chemicals Ltd., Poole, Dorset)

Potassium hydroxide -AnalaR

(BDH Chemicals Ltd., Poole, Dorset)

Hydrochloric acid

(BDH Chemicals Ltd., Poole, Dorset)

Water for Injection

(Antigen Ltd., Roscrea, Ireland)

Atlas Bioscan LAL Reagent Water

(Atlas Bioscan, Bognor Regis)

Pyrogen-Free Water

(CIS-U.K., High Wycombe, Bucks.)

Sterile Water

(The School of Pharmacy, London)

Parafilm "M"

(Atlas Bioscan, Bognor Regis)

NIBSC - National Institute for Biological Standards and Control.

2.3
2.3.1

METHODS
THE LIMULUS AMOEBOCYTE LYSATE

LAL is available commercially in a lyophilized form in different vial fill sizes sealed
under vacuum.

The 5 ml vial (50 test) was used in all the tests reported.

Pyrotell

contains an aqueous extract of amoebocytes of L.polyphemus, 1.5% V/V of 25% Human
Serum Albumin (stabilizer), 3% NaCl, and other unspecified ions. No preservatives,
buffers, or other ingredients have been added. The LAL research supplies used are known
to have the same formulation as Pyrotell, but the Pyrogent constituents, apart from the
extract of amoebocytes, are unknown.
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The sensitivity (A,) of the LAL used in all investigations was either 0.03 or 0.125 EU/ml
and represented the minimum concentration of RSE (USP) that produced a firm clot under
standard conditions. The lot sensitivity (EU/ml) was printed on the vials of commercial
supplies and therefore did not require validation, except where unusual results were
obtained. Inorder to avoid wastage of LAL research supplies through validation of vials
which were not labelled with their sensitivities a large quantity of research lysate from the
same batch/lot was imported from the Associates of Cape Cod (USA) via Atlas Bioscan.
The sensitivity of this batch was tested at the beginning of each month and all other vials
used in that month assumed to be of the same sensitivity.

Stability: Freeze dried LAL samples are relatively heat stable and are recommended for
storage between - 20°C and + 8°C inorder to retain full activity at least until the specified
expiry date. Temperatures below - 20°C tend to cause shrinkage of the rubber stopper
with a resulting loss in vacuum and possible contamination. Temperatures above 37°C
cause irreversible protein denaturation evidenced by a yellowing of the product and a
resulting loss in sensitivity to endotoxins. Reconsitituted LAL is less stable than the
freeze dried product - vials could be kept for upto 24 hours at 2 to 8°C. Reconstituted
LAL could be frozen only once. The product would retain it’s activity for 3 months if
frozen immediately after reconstitution and held at or below -20°C. After thawing the
same visual criteria for quality were applied as for initial reconstitution.

Personal

experience demonstrated that reconstituted LAL, when handled properly and stored at 2
to 8°C could retain its activity for upto five days.

Reconstitution procedure: The vial was tapped to allow loose LAL to fall to the bottom,
then the metal crimp was removed and the vacuum broken by gently lifting the grey
stopper with a pyrogen-free spatula. Care was taken to avoid contaminating the mouth
of the vial and the small amount of lysate on the discarded grey stopper ignored. The
lysate pellet was reconstituted by adding 5.0 ml of pyrogen-free water allowing the pellet
to go into solution and then gently agitated to achieve homogeniety.

Mixing too

vigorously caused foaming and a resulting loss in sensitivity. Reconstituted lysate was
usually clear and slightly opalescent, occasionally it exhibited a slightly uniform turbidity.
Snail fibres and strands are often seen immediately after reconstitution but were found
to be non-contaminating. Deterioration in the sample can often be identified by flocculent
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precipitation or a yellow colouration. The reconstituted LAL was sealed using Parafilm
"M", a polymer film whose surface in contact with the backing paper is normally regarded
as being pyrogen-free.

2.3.2

ENDOTOXINS

The endotoxin standards RSE and CSE were supplied in vials sealed under vacuum. The
CSE (0.5 pg E.coli 0113:H10:K0) vial contained no other ingredients and appeared to be
an empty vial, whereas the RSE contained a pellet consisting of 1% lactose, 0.1%
polyethylene glycol and 1 microgram E.coli 0113 endotoxin (Hochstein et al., 1983).

The solutions of endotoxin were prepared by removing the metal seal from the vial and
adding 5 ml of pyrogen-free water via a syringe and needle; the vacuum in the vial caused
the syringe to dispense automatically once the needle pierced the stopper.

It was

recommended that the vial be vortexed for 30 to 60 minutes before use (ACC). In this
work however the vial was spun on a whirly mixer for one minute and then left to stand
for four minutes before repeating the procedure six times before use.

The first international endotoxin standard ampoule contains approximately 2 micrograms
E.coli 0113 and 3 mg trehalose and appeared as a dry white plug.

The Shigella

dysenteriae was also obtained in an ampoule but the preparation did not have a
memorandum giving details of its constituents or it’s activity. The ampoules were opened
by first tapping gently to collect the material at the bottom (labelled) end and then scored
using a sharp ampoule file. A thin glass rod was then heated to white heat and applied
firmly to the file score.

When a crack had appeared the ampoule was held almost

horizontally and the top gently removed. Within the ampoule was dry nitrogen at slightly
less than atmospheric pressure.

Care was taken to avoid loss of material from the

ampoule and that no glass fell into the ampoule. This procedure was rather cumbersome
and posed a safety hazard. The constituents were suspended by introducing 1 ml of water
into the ampoule and mixing by agitation before emptying the contents into a test-tube
using a pipette.

The Salmonella abortus equi endotoxin was obtained courtesy of Dr C Galanos, Max
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Planck Institut, West Germany (via NIBSC). Each ampoule contained 2 ml of 1 pg/ml
S.abortus equi endotoxin in distilled water and hence did not require reconstitution before
use.

Stability: Endotoxins RSE, CSE, S.abortus equi and S.dysenteriae were stored at +4°C
before and after opening. The First International Standard however was stored at -20°C.
None of the solutions contained bacteriostat and therefore were not assumed to be sterile.
All solutions were stored in their most concentrated forms to avoid errors due to loss of
activity through adsorption of endotoxins onto storage containers.

2.3.3

LAL AND ENDOTOXIN HANDLING PROCEDURES

All surfaces coming into contact with LAL and endotoxin were rendered as far as possible
pyrogen-free.

Handling procedures employed techniques that involved a very low

probability of introducing contaminating pyrogens (aseptic technique).

Environment: Initially all reconstitution and gel-clot procedures were performed using
aseptic technique in a Class I sterile suite (under laminar air flow). This was considered
to be the most ideal condition for the test even though it proved to be troublesome, time
consuming and expensive.

Apparatus: Agla syringes were used to measure out 0.1 ml quantities of LAL and
endotoxin for the gel-clot test. Disposable Becton-Dickinson (BD) syringes were used in
reconstitution and serial dilution procedures. Gauge 23’ needles were used with both Agla
and BD-syringes. Homogeneous dispersion of reconstituted endotoxin was performed in
10 x 75 mm glass tubes and incubated in a thermostatically controlled (±2°C) hot air
oven.

A hot air oven capable of achieving temperatures upto 300°C was used for

depyrogenation. Depyrogenated aluminium foil was used to cover open containers that
were required to be kept pyrogen free.

Depyrogenation: Recommended depyrogenation cycles have become more severe over
the years since pyrogen testing standards were first introduced.

The most recently

accepted standards are a minimum of 250°C for 30 minutes (USP Convention 1990, Sweet
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and Huxsoll, 1985) or 180°C for 3 hours (Tsuji and Harrison, 1978). The initial stages
of research employed a temperature of 180°C for 3 hours to depyrogenate glassware and
aluminium foil.

Validation o f the LAL Testing Procedure

Chapter 3:

Validation of the LAL Testing Procedure

Validation o f the LAL Testing Procedure

3.1

64

INTRODUCTION

In 1977 a collaborative study (Rastogi et al.) to determine variation in lysate sensitivity
between laboratories it was indicated that tests should be carried out to assess that the
quality of testing was within sufficient control to yield true values.

This required a

number of replicate tests with each lot of lysate, using a reference endotoxin. It was
made obligatory by USA Federal regulations (FDA) that the label potency of the lysate
lot be confirmed, not to determine competence, but to assure that when a test material is
evaluated it is by means of a valid test.

Although there tends to be variation in the procedural details between manufacturers, a
description was first adopted by the USP (XX, 1980). The LAL test method had not been
adopted by the European Pharmacopoeial (E.P.) Commisssion until 1985 and was
published late in 1986 (EP, 1986). Among the preparatory procedures, it is necessary to
demonstrate that the article under test does not itself interfere with the test whether by
inhibiting or enhancing the reaction.

It also requires technicians to show that the

equipment used does not adsorb endotoxins.

Although not specified in pharmacopoeias or manufacturer’s literature there are many
detailed validation processes that should be undertaken, ranging from validating the
environment in which the testing is done to validating the detergent and cleaning
procedures used on the test apparatus. In this investigation it was necessary to choose and
develop suitable environmental conditions, equipment and techniques which could be used
for both the LAL gel-clot assay and the LAL surface rheological study. The following
conditions would be ideal for such work: (1) sterile pyrogen-free environment, (2) all
surfaces coming into contact with the lysate and endotoxin rendered 100% pyrogen-free,
(3) sufficient accuracy in the measurement of reagent volumes, (4) adequate mixing during
the preparation of endotoxin dilutions, (5) water used is pyrogen-free, (6) incubation
temperatures accurately maintained at 37 ± 0.5° C, (7) storage of lysate and endotoxin for
long periods of time without loss of activity and (8) the use of apparatus handling
techniques which avoid the possibility of introducing any contamination whatsoever into
the working area let alone into the test materials themselves (hereafter referred to as
"aseptic technique"). In reality it is not practical to create these ideal conditions, but
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every attempt is made to reduce the probability of substances, which directly or indirectly
inhibit or enhance the lysate sensitivity, coming into contact with the reagents.

As a result of all the variability that was initially incurred in using the LAL test it was
decided that the initial part of the research would take on an extensive validation study
of the whole procedure. By conducting the gel-clot test under the available conditions or
under the created conditions and observing for inhibition or enhancement of the lysate
sensitivity (k), it is possible to assess satisfactorily the suitability of the environment ,
apparatus and techniques.

The validation involved the following sources of possible

variation and was designed towards achieving the simplest and cheapest technique for
conducting both the LAL gel-clot test and the ORSSR study, without compromising on
accuracy or sensitivity.

1) Environment

- Class I Aseptic Suite
- Laminar Air Flow cabinet
- Surface Rheometer room (No. 328)

2) Apparatus

- Syringes
- Pipettes
- Dilution tubes and gel-clot tubes
- Glass storage vials
- Aluminium foil and parafilm
- Incubating oven

3) Cleaning apparatus

Detergents
Rinsing and drying
Depyrogenation

4) Water

Water for Injection B.P.
School of Pharmacy water
CIS (UK) LAL reagent water
Atlas Bioscan LAL reagent water
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- Freshly prepared lysates
- Frozen lysate
- Four days after reconstitution

In December 1987, the FDA published the "Guidline on Validation o f Human and Animal
Parenteral Drugs, Biological Products and Medical Devices". The document outlines
those procedures which have been adopted in this investigation and which the FDA
considers necessary for : (1) establishing endotoxin limits for pharmaceuticals and medical
devices, (2) validating the use of LAL as an end-product endotoxin test, and (3)
developing a routine testing protocol.

3.2

METHOD

Due to the many factors that could have contributed to the variability of the gel-clot test,
the task of selecting the best method involved much trial and error.

Changes in the

experimental procedure of successive methods were based on the results of previous
experiments and intuition. The gel-clot technique (discussed in chapter 1) of validating
the lysate’s sensitivity of 0.125 EU/ml was used throughout and any inhibition or
enhancement effects observed.

Experiment 1
Conducted under Class I aseptic conditions and under Laminar Air Flow using full aseptic
technique (De Vecchi, 1978).

A fresh dilution series was prepared from a vial of

reconstituted stock endotoxin solution each day. The dilution series were prepared so that
a final series of two-fold dilutions bracket the sensitivity of the lysate (X = 0.125 EU/ml).
Endotoxin EC-5 containing 2ng/ml (Whitaker M A . Bioproducts Inc., Walkersville, U S A .
via CIS (U.K.)) was used.

This stock solution was ultrasonicated and shaken for 3

minutes before use. The endotoxin activity was reported to be 10 EU/ml (Alan Baines,
CIS (U.K.)) and therefore the dilution was prepared as shown in Fig. 3.1 using WFI
(water for injection).

WFI is considered to be suitable for use in lysate testing and

therefore the term is sometimes used interchangeably with PFW (pyrogen-free water).

During serial dilution the syringes employed to add the 1 ml of WFI (Antigen) to each
of the 1ml: lm l dilutions was used in making the transfer of 1 ml of the resultant
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Fig. 3.1

ENDOTOXIN DILUTION SERIES:

10 EU/ml —-> 1 EU/ml — ->0.5 EU/ml — ->0.25 EU/ml — -> 0.125 E U /m l------>
0.06 EU/ml — -> 0.03 EU/ml
Also referred to as dilution series or endotoxin dilution series standard.

Fig. 3.2

GEL-CLOT TEST ARRANGEMENT OF ENDOTOXIN STANDARD
SOLUTIONS

EXPERIMENT
(SET :REPLICATE)

ENDOTOXIN CONCENTRATION (EU/ml)
0.25

0.125

0.06

0.03

PFW

1:1
1:2
1:3
1:4

Each empty box in this table represents a gel-clot tube containing 0.1ml of LAL and
0.1ml of the respective concentration of endotoxin. The formation of a firm gel (positive)
in a tube is recorded by the sign # in the respective box. A negative result (no firm gel)
is indicated by an empty box. Each "SET" of experiments has four replicates (1:1, 1:2,
1:3, and 1:4) prepared using the same dilution series and lysate vial. Successive "SETS"
of experiments replicate the first set but use a freshly prepared dilution series and lysate
vial for each set.
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These 1 ml dilution transfer syringes were

subsequently filled with 0.5 ml of their respective endotoxin dilutions. Four gel-clot tubes
were then filled individually with 0.1 ml from one endotoxin dilution and the method
repeated for the other dilutions (Fig. 3.2). The reconstituted lysate was mixed by gentle
swirling (avoiding foaming) and using a 0.5 ml syringe, 0.1 ml of lysate was injected by
difference into each of the gel-clot tubes containing endotoxin and others containing WFI
(negative controls).

The gel-clot tubes were shaken and covered individually with depyrogenated aluminium
foil before incubating in a dry air oven at 37 ± 2° C for 60 minutes. After this the tubes
were removed and inverted individually through 180° and observed for a firm gel.

The pyrogen-free syringes were supplied by Becton-Dickinson (BD) and attached to 23’
gauge needles. All glassware had been soaked overnight in 2% V/V Micro cleaning
detergent (recommended for removal of proteins) then rinsed thoroughly under hot
running tap water before rinsing with double-distilled water, and then rinsed with sterile
SOP (School of Pharmacy) water. Glassware was oven dried and then depyrogenated by
heating at 180°C for 3 hours.

(Results in Table 3.1)

Experiment 2
The previous experiment (No.l) was repeated in all aspects of preparation and gel-clot
procedure except that the 0.1 ml volumes of endotoxin and LAL measured for the gel-clot
test was performed using a 0.5 ml Agla syringe.

The Agla-syringe is capable of

delivering the required volume (0.1 ml) more accurately than the B-D 0.5 ml plastic
syringes used earlier. The Agla syringe consists of a perfectly fitting glass barrel and
plunger which could be subjected to the depyrogenation procedure. The delivery of the
required volume is made by attaching the filled syringe to a specially constructed
micrometer screw gauge whose movement along its linear calibration indicates more
accurately the volume expelled. A 23’gauge needle was attached to the Agla syringe
during delivery of the volumes.

(Results in Table 3.2)

Experiment 3
The procedure was the same as experiment 1, except that the act of transferring the
endotoxin and lysate to the gel-clot tubes was executed more quickly, and the used
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syringes were not re-inserted into the lysate. Glassware was not soaked in 2% Micro
overnight but cleaned with it and rinsed off more thoroughly. The mixing of endotoxin
solutions when preparing the dilution series was performed more thoroughly using a
syringe to draw-up and expel the solution under force.

(Results in Table 3.3)

Experiment 4
This experiment was performed using aseptic technique in a small Laminar Air Flow
cabinet located in a microbiology laboratory. All other procedures were performed as in
experiment 3.

(Results in Table 3.4)

Experiment 5
The lysate sensitivity validation was conducted in the Surface Rheometer Laboratory
(Room No. 328) using the same procedure as in experiment 3.
(Results in Table 3.5)
Experiment 6
Depyrogenated glass dishes with large diameter mouths (102 mm) and shallow depths (13
mm) were positioned at four places in the surface rheometer room: (A) 36 inches away
from the sealing mounted air-conditioning inlet vent and facing oncoming airstream, (B)
on the work bench approximately 72 inches from the vent, (C) on top of the surface
rheometer’s perspex cabinet - 62 inches from the vent, (D) inside the surface rheometer
cabinet under the measuring head - 75 inches from the vent. The dishes were left in their
positions open to the atmosphere for one hour and then covered. The dishes were filled
with 10 ml of pyrogen-free water, rocked/swirled and left covered for one hour at room
temperature (above 18°C).

The resulting solution or dispersion will be referred to

hereafter as "rinse volumes".

An inhibition/enhancement test was then performed on these rinse volumes: An endotoxin
dilution series standard was prepared from stock solution by using 1 ml of the rinse
volume from one of the locations as the diluent in each of the dilutions which bracket the
lysate’s sensitivity. The procedure follows with that in experiment 3.
(Results in Table 3.6)
Experiment 7
The rinse volume from locations A and B in experiment 6 were ultrasonicated and a direct
gel-clot test was applied (results in Tables 3.7.1 and 3.7.2 under column title "undiluted").
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In addition three lm l:lm l dilutions of these rinse volumes were prepared using WFI and
0.1 ml of each of these dilutions tested for the gel-clot reaction with lysate.
(Results in Tables 3.7.1 and 3.7.2)
Experiment 8
A vial of reconstituted lysate was stored at a temperature of -10°C for 4 days and another
vial stored at between 2-8°C for 4 days. The lysate sensitivity was then validated using
the procedure described in experiment 3. All B-D syringes and needles used previously
had been replaced by 0.5 ml and 1 ml B-D plastipak diabetic syringes which were
pyrogen free and came with needle and syringe attached. Reconstituted lysate vials had
been sealed with a double layer of parafilm before storage. The air-conditioning vents
had been sealed-off to prevent air currents entering the room.
(Results in Tables 3.8.1 and 3.8.2)
Experiment 9
The procedure used was based on that in experiment 8. All syringes employed had been
replaced by sterile disposable plastic pipette tips used in conjunction with variable volume
pipetters {Gilson P5000 pipetter for 1- 5 ml, Whatman pipetter fo r 0.1-1 ml, Finnipipette
fo r 0.1-1 ml and Finnipipette fo r 5-100 microlitres). Mixing of reconstituted endotoxin
and preparation of standard dilution series were done using a whirly mixer (a high speed
rotating base on which dilution test-tubes were placed giving rise to a vortex).
Reconstituted stock endotoxin was mixed continuously for at least one minute, left to
stand for 4 minutes and the process repeated six times. Endotoxin dilutions were mixed
continuously for at least one minute before being used in testing or preparing subsequent
dilutions. Glassware was only cleaned with hot tap water, water produced by reverse
osmosis and sterile SOP water before undergoing hot air depyrogenation; detergents were
not used. Seven lysate sensitivity validations were performed with each validation having
four replicates.

3.3

(Results in Table 3.9)

INTERPRETATION OF RESULTS

The results are recorded in Tables 3.1 to 3.17. Confirmation of the lysate sensitivity,
qualification of the laboratory and experimental procedure have been done using a series
of known standard endotoxin concentrations that bracket the labelled lysate sensitivity, X
(ie., 2Xt X, 0.5A, and 0.25A,). For example if the tests were performed accurately using the
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lysate of sensitivity 0.125 EU/ml then the following result would be expected:

Endotoxin Concentration

Test Results

0.25 EU/ml (2A)

•

(firm gel)

0.125 EU/ml (A)

m

0.06 EU/ml

- (no firm gel)

0.03 EU/ml (A/4)
WFI (negative control)

The endpoint of this assay is defined as the least concentration of endotoxin to give a
positive test. The labelled sensitivity of the test is confirmed if the endpoint is A plus or
minus a two fold dilution. In this example, the concentration of endotoxin in the last
positive tube in the series is 0.125 EU/ml or A, therefore the sensitivity is confirmed. The
test would be valid (sensitivity confirmed) if the endpoint were to lie between 0.06 and
0.25 EU/ml (the error of the method). To show an endpoint of 0.06 EU/ml, the 0.03
EU/ml level must be present in the series of endotoxin concentrations and be negative.
Where a gel-clot tube containing a lower endotoxin concentration than the stated A records
positive and the tube containing a two-fold higher endotoxin concentration records
negative, the endpoint of the test has been regarded as "inconclusive".

Inconclusive

results are indicated in the summary tables (3.10, 3.11 and 3.13) by "I/C".

Since each endotoxin assay (Set) covers a wide endotoxin concentration range (0.03 to
0.25 EU/ml) and with each set containing at least four replicates, the lysate sensitivity is
calculated for each set by taking the geometric mean (GM) of the endpoints in that set:

GM = antilog [(Ee)lf]

where E e = sum of log endpoints
/ = number of replicate endpoints.

Where more than one set of experiments is conducted under identical conditions an
average of the geometric means is calculated and taken to be A. The results of these
calculations are shown in Tables 3.8.1 to 3.17 (NB. SERIES 1, 2, 3 and 4 in these tables
refer directly to the replicates 1, 2, 3 and 4 in the raw results tables 3.1 to 3.7.2).
The WFI (negative control) should give a negative test. In the absence of the endotoxin
series, a positive control may be included with the test (FDA, 1987). The positive control
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at 2X is the 0.25 EU/ml level in the earlier example. If the positive control were to be
negative, the lysate sensitivity would be less than two-fold of the labelled sensitivity and
the specimen test invalid.

Endotoxin was quantified in an assay by finding the endpoint in a series of specimen
dilutions (experiment 7 - results in Tables 3.7.1 and 3.7.2). The dilution scheme involves
consecutive two-fold dilutions from the original specimen such that any endotoxin
contamination, if present, will be halved with each dilution. In the example below an
endotoxin contaminated specimen is diluted with WFI and the dilutions tested with lysate
of sensitivity 0.125 EU/ml. A specimen dilution of 1:2 indicates 1 in 2 parts consisting
of the original specimen.

Specimen Dilution

Test Result

Undiluted
1:2

1:4
1:8
1.16
1.32
Negative Control

To calculate the concentration of endotoxin in the specimen, the lysate sensitivity, X, is
multiplied by the reciprocal of the dilution at the endpoint:

Endotoxin Cone. = (X)(4ll) = (0.125 EUfml)(4) = 0 5 EU/ml

This calculation method was used to produce Tables 3.16 and 3.17 from Tables 3.7.1 and
3.7.2. The concentration for the replicate assays performed have been expressed as the
geometric mean.

The results of experiments 8 and 9 have been summarized to show only the geometric
means of the end-points obtained since all the results validated the lysate sensitivity
exactly.
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RESULTS AND DISCUSSION

Experiment 1
Although FDA validation procedures had been strictly followed considerable variability
in the gel-clot method was found (Table 3.1). So great was the variability that in certain
cases suitable endpoints for calculation of the geometric mean could not be determined
(Inconclusive results - I/C).

The use of Class 1 aseptic conditions and full aseptic

technique should have reduced the probability of environmental endotoxin contamination
contributing to the variability. All apparatus that came in direct contact with the lysate
or endotoxin had been subjected to the recommended depyrogenation procedure and had
been adequately protected from contamination until used. The variability could have been
due to:
(1)

Inaccurate measurement of 0.1 ml volumes of lysate and endotoxin - these volume
dispensations had been made by difference using the calibrations on the syringe;
care was exercised in ensuring that the rubber tip of the syringe plunger met the
0.1 ml interval graduations.

(2)

Inadequate cleaning procedure - this involved rinsing the glassware with SOP
sterile water prior to depyrogenation. Contamination of the sterile water and more
possibly inadequate dry heat depyrogenation could have left endotoxins on the
glassware. These endotoxins could have contributed to the activation of the lysate
by

the

serially diluted endotoxins

(the temperatures

achieved by the

depyrogenating oven cycle had been checked and found to be satisfactory). The
overnight soaking of glassware in detergent and inadequate rinsing could have
resulted in leaching of detergent during the test and affected lysate sensitivity.
Such an inhibition/enhancement reaction would have been expected to produce
more uniform results overall by inhibiting gel formation in the dilutions 0.25 and
0.125 EU/ml or enhancing the gelation in dilutions 0.06, 0.03 EU/ml and in WFI.
(3)

Time taken to transfer the various endotoxin concentrations from the borosilicate
glass dilution tubes to the respective gel-clot tubes - endotoxins are known to
adsorb strongly to glass surfaces causing loss of activity in solution, and it is for
this reason that endotoxins are stored over long periods of time in their most
concentrated form. Dilution series standards were therefore prepared daily.
Adsorption of endotoxins onto surfaces like the plastic syringe is equally strong
and is of more concern since the surface area to volume ratio is greater thereby
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enhancing the possible loss of activity through adsorption. Assuming this to be
a systematic error such interference would have been expected to reduce the
apparent lysate sensitivity. Due to this problem of adsorption onto glass and
polypropylene surfaces Sigma Chemical Company recommends (Technical Bulletin
No.210, May 1988) that siliconized glass or polystyrene tubes be used for making
dilutions of samples and endotoxin standards. This recommendation was not made
by the suppliers of the endotoxin and lysate used (CIS (U.K.) and Atlas Bioscan)
and neither was there endorsement of the Sigma recommendation.
(4)

Contamination of lysate - one syringe (0.5 ml) was used to dispense the 20 x
0.1 ml) of lysate required for each set of experiments. Re-introduction of the
needle into the lysate could have resulted in contamination. The addition of lysate
with limited pre-activation could have resulted in the gelation of gel-clot tubes
containing a lower concentration of endotoxin than X.

(5)

High shear forces applied to lysate - drawing the lysate into the syringe via a
metal needle would have created high shear forces on the contents of the lysate.
The effect of high shear stresses on lysate sensitivity has not been investigated but
the fact that its gelling mechanism is dependent on the delicate structure and
interaction of the proenzyme cascade series and coagulogen, it could have an
inhibition/enhancement effect on the gelation reaction.

(6)

Inadequate mixing of endotoxin dilutions - endotoxin standard dilution series were
mixed at each stage by drawing-up and expelling the endotoxin solution using the
1 ml syringe with which water was added. Loss of endotoxic activity could have
occurred through adsorption onto the syringe. Endotoxins are amphipathic, in
water the hydrophobic moiety has a tendency to aggregate and the technique used
to effect mixing may have been insufficient to ensure the break-up of these
aggregates to form homogenous endotoxin dispersions. Out of the 16 endpoint
determinations made 5 (Table 3.1 - 1:1, 1:2, 2:3, 4:1 and 4:3) were recorded as
inconclusive (Table 3.10). The gelation of the WFI-negative controls serves to
indicate contamination of the water used to prepare the dilution series. In such an
event gelation in all gel-clot tubes should have occurred. From the geometric
means for each set (Table 3.10) it can be concluded that there are several factors
contributing in a non-systematic way to both the inhibition and enhancement
effects observed.

EXPT

0.25

0.125
0.06

0.03

CONC1. OF ENDOTOXIN (EU/ml)

TABLE 3.1

0.25
0.06

•
•

0.125
0.03

CONC1. OF ENDOTOXIN (EU/ml)

TABLE 3.2

0.25

0.125

0.03

CONC1. OF ENDOTOXIN (EU/ml)

TABLE 3.3

900

Validation of the LAL Testing Procedure

»o
r»

t

•

i
•

•

r-H
•

•

•
•

•

<N CO Tf
•
•

•
•

•

•

•

<N to
<N c4 CN
•

•
•

•
•

CN

cn

m•

•

CN

CO

N ;

CO

CO

CO
•
•

•
•

•
•
•

. “ ■■4

CN

CO

N"

Validation o f the LAL Testing Procedure

76

Experiment 2
The agla syringe was employed in this experiment as it was inferred that the variability
in experiment 1 could have been a result of inaccurate proportions of lysate to endotoxin.
It heralded many advantages over the B-D syringe in that it was more accurate, re-usable
and being made of glass it should have adsorbed less endotoxin. Although this was an
accurate volume dispensation device it was rather cumbersome to use for this application.
The results (Table 3.2) show considerable variability. The geometric means (Table 3.11)
tend to show X enhancement. Although there appears to be some inhibition of X from 1:1,
1:2, 2:1. 2:2, and 4:4, this was not represented in the geometric mean because they were
found to be inconclusive. Result 3:1 was also inconclusive. As a result of using the agla
syringe the whole experiment took longer to set up and could have furthered the
inaccuracies of the technique.

Experiment 3
The several implementations in this method had brought about a dramatic improvement
in the results (Table 3.3). The sensitivity of the lysate, X, was validated without any error
in two of the sets (1 and 4) and validated within the allowed limits ( ± a two-fold
dilution) for the other two sets (2 and 3). It was not clear which of the changes had
brought this radical improvement in the results . It is suggested that contamination of the
lysate through re-introduction of the needle could have resulted in the geometric means
of some of the previous experiments being much higher than the stated X. More powerful
mixing of the endotoxin dilutions to produce a more homogeneous dispersion would have
served to produce more endotoxically active dilutions and consequently a lower geometric
mean. The effect of detergent on the X value is not known but soaking the gel-clot tubes
in 2% Micro overnight could have resulted in leaching and may not have been removed
by the rinsing procedure used previously. Micro was chosen for its claimed superiority
in removing proteins and itself being easily rinsed off.

Experiment 4
With the satisfactory results obtained in the previous experiment validating the technique
used it was then necessary to investigate more convenient methods. The use of a Class
I aseptic unit had involved a lot of preparation, it was an expensive method to use but
more importantly it could not be used for ORSSR studies. Since the Laminar Air Flow
work bench was the principal provider of the clean environment in which the test had
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been done it was decided to repeat experiment 3 in a Laminar Air Flow cabinet situated
in a non-sterile area (microbiology laboratory).

The preparation time and cost of

performing the validation technique had been reduced dramatically.
The results (Table 3.4) were surprisingly very poor. There seems to have been significant
contamination arising from this new environment.

Lysate contamination was not a

contributory factor since a fresh lot of lysate had been reconstituted for sets 3 and 4.
Results of set 1 indicated contamination of the water for injection but was disproved by
subsequent sets.

Increasingly stringent cleaning and depyrogenation techniques with

subsequent sets had not improved the validation. Laminar Air Flow cabinets are claimed
to be 99.97% free from microbial contamination (Akers 1985). Although a theoretical
0.03% contamination level exists when using the equipment properly the air within the
confined area of the workbench or cabinet is considered to be sterile.

The cabinet

operates by sucking in contaminated air from outside the enclosed working area and
passing it through a pre-filter which removes large sized air contaminants. A blower then
forces the pre-filtered air through a second filter system called a High Efficiency
Particulate Air (HEPA) filter. Passage of air through this filter not only provides high
purity air but it also pushes the air over the working area with uniform velocity along
parallel flow lines.

The quality of this air had not been checked but technical

maintenance staff suggested that the condition of the HEPA filter could have been
substandard. This possibility combined with the situation of the Laminar Air Flow cabinet
in a laboratory full of airborne bacteria could well have caused these unusual results.

Experiment 5
The suitability of the surface rheometer laboratory environment for handling the lysate
was investigated by performing the lysate validation test. The results (Table 3.5) were
extremely encouraging. In the last set of results (4) the geometric mean was incorrect
(0.06 EU/ml - Table 3.14).

The surface rheometer laboratory has two air-conditioning vents (inlet and outlet) and a
sliding door. These were the only means by which there could be large scale introduction
of airborne contaminants into the laboratory. The windows were secondary glazed and
therefore no drafts were present. The results were suprisingly good considering that the
air-conditioning was fully functional during the test. The low X value in the 4th set was
probably from airborne contamination. Although the overall result was within acceptable
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limits there was concern about the effects that any sources of contamination could have
on the long term research that was to be conducted in this laboratory.

Experiment 6
This experiment was designed to evaluate the risk of airborne endotoxin contamination
when conducting experiments in the surface rheometer laboratory.

Since the air-

conditioning unit was expected to be the major contaminating influence, the experiment
was designed around this source (inlet vent) by extending some of the recommendations
made by the FDA (1987) for inhibition/enhancement testing of medical devices. The rinse
volume (10 ml) was chosen so that the dilution of endotoxin contamination was
minimized.

The results (Table 3.6 and 3.15) demonstrated enhancement of the lysate sensitivity at
regions A (Set 1 in Table 3.6), B (set 2 in Table 3.6) and C (set 3 in Table 3.6). Position
D (set 4 in Table 3.6) had not caused any enhancement since it was an enclosed area
protected from any air currents that could have carried contamination.

The lysate

enhancement effects were attributed to endotoxic contamination from the air-conditioning
vents. Comparison of Set 2 with results from experiment 5, both conducted on the work
bench, illustrates the unacceptable degree of variability in contamination under these
conditions.

Experiment 7
Since the results of rinse volumes from regions A and B of experiment 6 indicated
sufficient endotoxin contamination to cause significant enhancement of the lysate reaction
a semi-quantitative gel-clot procedure for endotoxins was performed on the two rinse
volumes A and B. The results of this test (Tables 3.7.1, 3.7.2, 3.16 and 3.17) confirm the
endotoxin contamination in the rinse volumes A and B to be approximately 0.229 and
0.125 EU/ml respectively.

Rinse volume A was expected to have a higher level of

contamination since the glass collecting dish was positioned to have a greater volume of
air and therefore endotoxins passing into it from the inlet vent. A positive product control
(specimen spiked with 2 \ standard endotoxin), recommended by the FDA, was not used
since the results from experiment 6 demonstrated no inhibition of the lysate. The level
of endotoxins being released into the air did cause concern and had to be minimized in
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TABLE 3.7.1
EXPT

TABLE 3.7.2

DILUTION OF RINSE VOLUME A
1:4

WFI

DILUTION OF RINSE VOLUME B

1:1

1:2

1:1

•

•

•

1:2

•

•

•

1:3

•

•

•

1:4

•

2:1

•

•

•

2:2

•

•

•

2:3

•

•

•

2:4

•

•

•

3:1

•

•

•

3:2

•

•

•

3:3

•

3:4

•

•

•

4:1

•

•

•

4:2

•

•

•

4:3

•

•

•

4:4

•

•

•

1:8

1:1

1:2

1:4

•

•

EXPT (SET:SERIES).
Dilution of rinse volume 1:1 - represents undiluted rinse volume.

1:8

WFI
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order that the laboratory atmosphere be suitable for handling lysate and preparation of
endotoxin series dilutions. Since the major contributor to airborne contamination was
considered to be the air-conditioning vents both the inlet and outlet vents were sealed-off
completely.

Experiment 8
The recommendations for the storage of reconstituted lysate varies according to the
manufacturer.

It is generally accepted by testing laboratories that lysate should be

reconstituted on the day of use and anything remaining stored at between 2 and 8°C for
upto 24 hours. Reconstituted Pyrotell lysate (ACC) can be preserved at its specified
sensitivity for upto 3 months if frozen at -20°C or below, and thawed only once. Other
manufacturers do not recommend freeze-thawing lysate.

It was envisaged from the planned research programme that unused lysate may have to
be stored for intervals of time greater than 24 hours. It was necessary in most rheological
research work to store lysate for approximately four days and therefore it was necessary
to qualify the storage conditions and procedures to be used. The experiment tested two
storage temperatures -10°C (Table 3.8.2) and between 2 to 8°C (Table 3.8.1). In both
cases the sensitivity of the lysate was correctly validated with 100% accuracy (A, = 0.125
EU/ml). In the case of storing lysate at 2 to 8°C this was a particularly good result since
it obviated the need for frozen storage. The freeze-thawed lysate appeared very slightly
turbid with very faint flocculates, whereas the lysate stored at 2 to 8°C appeared relatively
clear with signs of even fainter flocculates deposited at the bottom of the vial. Although
it would not have been manifested in the overall validation procedure the endpoint gelclots in the case of the thawed lysate appeared to be of a weaker disposition.

The use of B-D plastipak syringes made the procedure cleaner, safer and easier. The
needles attached to these syringes were much smaller than the 23* gauge needles and
therefore resulted in less wastage of expensive lysate.

Experiment 9
This experiment involved a radical change in apparatus and procedures used in lysate
sensitivity validation. The changes were based on inferences and conclusions made in
previous work and discussions had with technical experts. The success of this procedure
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Table 3.8.1:

Experiment 8 (2 - 8° C)

GEL-CLOT ENDPOINT (EU/ml)
SET

SERIES 1

SERIES 2

SERIES 3

SERIES 4

GEOMETRIC
MEAN
(EU/ml)

1

0.125

0.125

0.125

0.125

0.125

2

0.125

0.125

0.125

0.125

0.125

3

0.125

0.125

0.125

0.125

0.125

4

0.125

0.125

0.125

0.125

0.125

Average X = 0.125 EUfml

Table 3.8.2:

Experiment 8 (-10° C)

GEL-CLOT ENDPOINT (EU/ml)
SET

SERIES 1

SERIES 2

SERIES 3

SERIES 4

GEOMETRIC
MEAN
(EU/ml)

1

0.125

0.125

0.125

0.125

0.125

2

0.125

0.125

0.125

0.125

0.125

3

0.125

0.125

0.125

0.125

0.125

4

0.125

0.125

0.125

0.125

0.125

Average X = 0.125 EU/ml
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Table 3.9: Geometric Means calculated for Experiment 9

GEL-CLOT ENDPOINT (EU/ml)
SET

SERIES 1

SERIES 2

SERIES 3

SERIES 4

GEOMETRIC
MEAN
(EU/ml)

1

0.125

0.125

0.125

0.125

0.125

2

0.125

0.125

0.125

0.125

0.125

3

0.125

0.125

0.125

0.125

0.125

4

0.125

0.125

0.125

0.125

0.125

5

0.125

0.125

0.125

0.125

0.125

6

0.125

0.125

0.125

0.125

0.125

7

0.125

0.125

0.125

0.125

0.125

Average X = 0.125 EU/ml

Table 3.10: Geometric Means calculated from Table 3.1.

GEL - CLOT ENDPOINT (EU/ml)
SET

SERIES 1

SERIES 2

SERIES 3

SERIES 4

GEOMETRIC
MEAN
(EU/ml)

1

VC

VC

0.25

0.125

0.177

2

0.25

0.03

VC

0.25

0.125

3

0.125

0.125

0.03

0.125

0.088

4

VC

0.25

VC

0.25

0.25

Average X = 0.16 EU/ml

I/C - Inconclusive result
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Table 3.11: Geometric Means calculated from Table 3.2.
GEL-CLOT ENDPOINT (EU/ml)
SET

SERIES 1

SERIES 2

SERIES 3

SERIES 4

GEOMETRIC
MEAN
(EU/ml)

1

VC

VC

0.06

0.06

0.06

2

VC

VC

0.125

0.125

0.125

3

VC

0.03

0.06

0.06

0.048

4

0.06

0.06

0.06

0.25

0.086
Average X - 0.08 EU/ml

Table 3.12: Geometric Means calculated from Table 3.3.
GEL-CLOT ENDPOINT (EU/ml)
SET

SERIES 1

SERIES 2

SERIES 3

SERIES 4

GEOMETRIC
MEAN
(EU/ml)

1

0.125

0.125

0.125

0.125

0.125

2

0.125

0.125

0.25

0.125

0.149

3

0.25

0.125

0.125

0.125

0.149

4

0.125

0.125

0.125

0.125

0.125
Average X = 0.137 EU/ml

Table 3.13: Geometric Means calculated from Table 3.4.
GEL-CLOT ENDPOINT (EU/ml)
SET

SERIES 1

SERIES 2

SERIES 3

SERIES 4

GEOMETRIC
MEAN
(EU/ml)

1

VC

vc

VC

vc

vc

2

0.03

0.03

0.03

0.03

0.03

3

0.06

0.06

VC

vc

0.06

4

0.03

0.03

0.03

0.03

0.03

VC - Inconclusive Results

Average X = 0.04 EU/ml
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Table 3.14: Geometric Means calculated from Table 3.5.
GEL-CLOT ENDPOINT (EU/ml)
SET

SERIES 1

SERIES 2

SERIES 3

SERIES 4

GEOMETRIC
MEAN
(EU/ml)

1

0.125

0.125

0.125

0.125

0.125

2

0.125

0.125

0.125

0.125

0.125

3

0.125

0.125

0.125

0.125

0.125

4

0.06

0.06

0.06

0.06

0.06

Average X = 0.109 EUlml

Table 3.15: Geometric Means calculated from Table 3.6.
GEL-CLOT ENDPOINT (EU/ml)
SET

SERIES 1

SERIES 2

SERIES 3

SERIES 4

GEOMETRIC
MEAN
(EU/ml)

1

0.03

0.03

0.03

0.03

0.03

2

0.03

0.03

0.03

0.03

0.03

3

0.06

0.06

0.06

0.06

0.06

4

0.125

0.125

0.125

0.125

0.125

Average X = 0.061 EU/ml
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Table 3.16: Geometric Means calculated from Table 3.7.1.
ENDOTOXIN CONCENTRATION (EU/ml)
SET

SERIES 1

SERIES 2

SERIES 3

SERIES 4

GEOMETRIC
MEAN
(EU/ml)

1

0.25

0.25

0.25

0.125

0.21

2

0.25

0.25

0.25

0.25

0.25

3

0.25

0.25

0.125

0.25

0.21

4

0.25

0.25

0.25

0.25

0.25

Endotoxin contamination in Set A = 0.229 EU/ml

Table 3.17: Geometric Means calculated from Table 3.7.2.
ENDOTOXIN CONCENTRATION (EU/ml)
SET

SERIES 4

GEOMETRIC
MEAN
(EU/ml)

SERIES 1

SERIES 2

SERIES 3

1

0.125

0.125

0.125

0.125

0.125

2

0.125

0.125

0.125

0.125

0.125

3

0.125

0.125

0.125

0.125

0.125

4

0.125

0.125

0.125

0.125

0.125

Endotoxin contamination in Set B = 0.125 EU/ml
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lead to it’s adoption in most of the LAL work.

The use of fixed volume repeat pipettors with pipette tips increased the safety, accuracy
and speed of volume measurements while reducing the cost per test. The pipette tips were
packed in fives by the manufacturer and subsequently irradiated using levels greater than
that specified for sterilization. The pipette tips were not guaranteed to be pyrogen-free
and therefore each batch of 500 tips ordered had to undergo a validation procedure to test
for possible enhancement of X. Discussions held with a senior Russian scientist (Vladimir
P. Torchilin, Academy of Medical Sciences, Moscow, USSR) about their research into the
depyrogenation of pipette tips revealed that the levels of irradiation required for complete
depyrogenation was very close to the radiation levels that destroyed the polymer.

The use of a whirly mixer (recommended by Atlas Bioscan) proved to be a satisfactory
and convenient method for ensuring adequate dispersion of endotoxins in solution. The
decision to stop using detergent to clean surfaces coming into contact with the lysate was
also taken after consultation with Atlas Bioscan (C.Goodyear - technical advisor).

The results of these modifications to the procedure proved to be more than satisfactory,
maintaining the 100% reproducibility of the lysate sensitivity validation (Table 3.9).

3.5

CONCLUSIONS

Since the lysate used is sensitive to picogram quantities of endotoxin and the endpoint
technique used (gel-clot) is of an all-or-nothing nature, a high degree of skill and accuracy
is required to prevent small variations in endotoxin concentration. These variations can
arise from contamination with substances which can either inhibit or enhance the lysate’s
sensitivity (X), or can arise from improper preparation of endotoxin dilution series
standards.

From the programme of work conducted several conclusions could be drawn about the
procedure to be adopted and precautions necessary when performing LAL testing of
endotoxin solutions using any endpoint technique.
The important general inferences and conclusions drawn were as follows:
(1)

Cleaning procedure - detergents should not be used on surfaces coming into
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contact with the lysate since its use appears to cause some variability in the
endpoint. Procedures which solely involve rinsing apparatus with plenty of hot
water, reverse osmosis water and then pyrogen-free water before subjecting
apparatus to dry heat depyrogenation has proved satisfactory.
(2)

Environment - Contamination could be avoided by wrapping apparatus in
depyrogenated aluminium foil prior to subjecting apparatus to depyrogenating
cycle.

During testing contamination is kept out by covering apparatus with

parafilm. It has been proved that neither the Class I aseptic suite with aseptic
technique nor laminar air flow cabinet are necessary environments for lysate
handling. Results have shown that the surface rheometer laboratory with its airconditioning vents sealed-off, laboratory door closed and without too much
movement which involves the upward displacement of settled contaminants acts
as a satisfactory environment. This was a particularly important finding since it
allowed ORSSR studies to be conducted on the LAL without having to relocate
the equipment to a cleaner environment. Gloves were not used since the talc used
on it as a lubricant was found to interfere with the lysate test (C.Goodyear, Atlas
Bioscan).
(3)

Volume measurement - Initially the use of 1 ml and 0.5 ml B-D syringes with
separate needles, agla syringes with separate needles and B-D plastipak syringes
(with needle attached) had little or no apparent effect on improving the variability
of the results. The use of pipettors with disposable sterile pipette tips proved to
be most successful as it conferred accuracy, speed, reproducibility, reduced cost
per test and safety. Atlas Bioscan recommended that graduated glass pipettes be
used since they could be subjected to the recommended depyrogenation procedures
and reused. This was not adopted since it increases the cost per test and time per
test without necessarily improving the accuracy that was already being achieved
using plastic pipettes. Glass pipettes were also recommended on the premise that
endotoxins adsorb less on glass than on plastic. Whilst the premise was accepted
it was decided that the short time periods involved in transfer of endotoxins and
the low surface area of the pipette tip coming into contact with the endotoxin
compared with the large surface area of the graduated glass pipette, would have
kept the difference in the errors of the two methods so small, that it would have
had a negligible effect on the overall results.

(4)

Mixing - all mixing can be adequately executed using a whirly mixer.
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Storage of LAL - results clearly conclude that reconstituted lysate stored between
2 to 8°C retains its sensitivity on the fourth day. Freezing of lysate was not
adopted for longer term (above 24 hours) storage.

(6)

Reagents should be transferred quickly without being held in pipette tips for longer
than is necessary.

This reduces the possibility of deterioration of the reagent

properties either through adsorption onto the pipette tip or contamination from the
pipette tip.
(7)

In some cases it is difficult to judge the endpoint result since the product formed
lies between that of a firm gel and clumpy suspension which starts to flow soon
after inversion of the gel-clot tube. In such cases the products which held firmly
when inverted were judged to be positive even if they started flowing soon after.

(8)

Depyrogenation - In most cases temperatures of at least 250°C were employed for
between 8 and 24 hours even though the USP (XX) recommended lower
depyrogenation standards.

The validation of the LAL testing procedure was eventually successful. Although the
lysate validation and specimen assay techniques proved to be rather laborious and time
consuming for each modification to the procedure or apparatus made, it was the only
method of meeting the recommendations made by regulatory authorities about lysate
testing conditions. Overall, the results provided an education about lysate sensitivity,
endotoxins and handling techniques. It provided the technical confidence required before
investigating novel endpoint detection methods.
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Preliminary Rheological Investigation of the LAL Coagulation process.
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INTRODUCTION

The physical product of a reaction between the Limulus Amoebocyte Lysate (LAL) and
a high concentration of endotoxins is described by scientists as a ’’gel" or a "gel-clot"
(Levin and Bang, 1968).

Gels are essentially dispersions in which the attractive

interactions between the elements (macromolecules) of the disperse phase are so strong
that the whole system develops a rigid network structure. The properties of concentrated
dispersions can be directly elucidated by rheological measurements. Such studies indicate
the degree of structure and how structure is modified when subjected to mechanical stress.
Colloidal properties and structures are significant in a wide range of biological phenomena
such as platelet and cell adhesion, phagocytosis, blood rheology and immunology (ScottBlair and Matchett, 1971; Giorgio and Heliums, 1988; Hui and Thomas, 1982). The use
of rheometry in these and other areas has brought about rapid progress towards an
understanding of the fundamental processes concerned.

The degree of network formation (gel strength) in the lysate is proportional to the
activity/concentration of endotoxin present provided it is below an optimum endotoxin
level. Above this level the extent of network formation is proportional to the quantity of
lysate present. The rate of network formation is proportional to the concentration of
endotoxins present (Young et al., 1972; Sullivan et al., 1976; Levin and Bang, 1968).
Since the gel’s viscosity and elasticity are related to the macromolecular size and/or the
extent of network formation, rheological studies should reflect the molecular changes
brought about by the presence of varying concentrations of endotoxins or varying
quantities of lysate. These physical studies on the product of the lysate reaction could
give a quantitative assessment of endotoxin levels and throw light on the nature of the
coagulin clot. The semiquantitative gel-clot test is the only other physical test of gel
strength that is performed to determine the endpoint of the reaction.

In recent years there has been considerable development of rheological techniques using
fully automated equipment which can subject materials under test to a wide range of
stress/time regimes. In order to determine whether the lysate coagulation process could
be detected using modem rheological equipment and in such an event obtain a general
understanding of lysate rheological behaviour, rheometers which were capable of
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providing non-stationary surface and bulk rheological profiles were used. The surface and
bulk properties were obtained using an Oscillating Ring Surface Shear Rheometer (Surface
Science Enterprises, Southend, Essex.) and a Controlled Stress Rheometer (Carrimed,
Dorking, Surrey.).

4.1.1

SURFACE RHEOLOGICAL STUDIES

Surface rheology is the study of the flow and deformation of a thin film of material at the
air-aqueous or aqueous-oil interface when subjected to an externally applied stress. Thin
films are formed in one of two ways:

(1) Materials which are insoluble in the bulk

distribute themselves at the surface to form a layer, or (2) the concentration of molecules
at the surface via the thermodynamic adsorption of molecules that are normally soluble
in the bulk. Depending on the concentration of the material the film formed may be a
molecular monolayer or a molecular multilayer whose concentration fades exponentially
into the bulk. It is necessary in such work to minimize rheological contributions from the
bulk especially when measuring viscosity. This is done by keeping the ratio of surface
viscosity (r|s) to bulk viscosity

(T|b)

as high as possible. Dilute aqueous solutions which

form networks tend to form strongly elastic films at the surface when compared to the
bulk, and therefore there is likely to be little interference from the bulk.

The most complex systems are those where solute macromolecules form a surface film
by diffusion from the bulk. Initially the solute molecules are in a state of random motion
throughout the solvent, equally distributed in the surface as in the bulk. In the absence
of overt solvent motion the achievement of an equilibrium adsorption of macromolecules
(Silberberg, 1968) is categorized into three essential steps each characterized by their own
time scale (Warburton, 1972):

(1)

Subsurface to Surface Diffusion - this is governed by the surface barrier effect and

is thought to take place within seconds or minutes. During the diffusion process the net
forces acting on the molecule changes causing a change in its conformation. Once at the
surface the molecules tend to have a lower free energy than in the subsurface and so
favours their presence there (Scheraga, 1964). However once an equilibrium concentration
has been achieved a state of flux exists whereby back diffusion from surface to subsurface
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may occur by solute molecules in the surface with sufficient energy being replaced by
solute molecules from the subsurface. Further thermodynamic stability of the solute
molecules at the surface is achieved by the displacement of solvent molecules associated
with it, resulting in a further lowering of the entropy of the solute molecule (Tait and
Franks, 1971).

(2)

Bulk to Subsurface Diffusion - it is governed by the bulk diffusion coefficient and

is also thought to occur within seconds to minutes. This diffusion process is brought
about by the solute concentration gradient set up by the subsurface to surface diffusion
(Ward and Tordai, 1946).

(3)

Molecular reorientation o f segments and/or denaturation o f molecules in the

surface - governed by the in-plane surface diffusion coefficients and takes from minutes
to hours. At the equilibrium concentration the surface solute molecules tend to increase
the surface viscosity above that expected for an equivalent concentration of solute in the
bulk.

This is due to the unfolding of solute molecules leading to an increase in the

volume occupied and hence an increase in the resistance to the flow of molecules past
each other in the surface. The process of molecular reorientation and/or denaturation and
their influence on the surface rheological properties can depend on several factors e.g
solute type, solute concentration, solvent, ionic concentration and pH. Molecules with a
high charge density would be expected to repel each other, occupy less volume and would
have lower viscous properties at the equilibrium separation than the molecule with a low
charge density occupying a greater volume. The formation of networks at the surface
depends greatly on the solutes ability to interact with other molecules through
entanglements or intermolecular bonds.

THE APPLICATION OF THE OSCILLATING RING SURFACE SHEAR RHEOMETER
IN LAL COAGULATION STUDIES

There are two general methods by which surface viscosity can be determined :

(1) Dilatational Viscometry
(2) Rotational Shear Viscometry
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The dilatational viscometer, although highly sensitive, suffers drawbacks when studying
non-stationary processes such as LAL coagulation. The technique involves the oscillatory
dilation and contraction of a selected surface area which results in the diffusion of solute
molecules into and out-off the surface respectively, and consequently damages network
films formed. The technique also requires a large test volume which was not feasible
with lysate costing £80-00 per 5ml vial.

Rotational shear does not cause a surface influx and efflux of solute molecules, allowing
networks formed to remain intact during measurements. The use of the Oscillating Ring
Surface Shear Rheometer (ORSSR) in particular confers several advantages:

(1)

The sinusoidal oscillatory shear by a thin ring at the material surface minimizes

damage to or interference with the formation of surface films, and allows for a constant
surface pressure. This is most important in coagulation measurement since the process
involves the formation of a network which is irreversibly destroyed at the macroscopic
level, and since the lysate will be highly diluted so as to obtain only surface coagulation
the network will be weak.

(2)

Volume of material required for the technique is very low (2 mis) and therefore

the cost per test is considerably reduced. The cost is of prime concern in industry since
pyrogen testing is routine and reagents for LAL testing are extremely expensive. The
added advantage of surface rheological measurements is that it requires dilute solutions
so that solute molecules can be concentrated in the surface thereby preventing interference
of the bulk with the surface. This requires that the lysate volume be sufficiently diluted
that the bulk gelation in the gel-clot test does not occur, hence reducing the amount of
lysate required per test. Low volume and a small measuring head geometry reduce the
risk of airborne endotoxin contamination.

(3)

The ORSSR can measure both viscous and elastic contributions by the surface

film. This is very important in the lysate reaction since the process starts as a purely
viscous liquid and ends as a firm gel with relatively strong elastic properties. The ORSSR
has demonstrated its ability to track the rheological changes in the films formed by
biological materials (Barnes, 1988; Kerr, 1985).
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The equipment can be easily cleaned and depyrogenated - this is critically

important in pyrogen testing. No inhibition/enhancement effects on the lysate sensitivity.

The nature of the molecular processes when forming films have been investigated to date
by studying the molecular rearrangement kinetics which have been shown to follow first
or second order chemical kinetics. Where molecules which are isolated as a result of their
high charge density are studied, predominantly elasto-viscous changes will be seen which
obey first order rate kinetics and is given by the following equation:

*1,(0 = T i,(°°)(l-ex p (-V ®

w h e re T|s( t)
T|s( ~ )

Xf

(equation 4.1)

= surface v is c o s ity at tim e , t a fte r f ilm fo r m a tio n
= f in a l surface v is c o s ity
= c h a ra c te ris tic c on stan t f o r the f ilm

For high charge density polyelectrolytes e.g. hyaluronic acid whose surface viscosity
obeys this equation, a graph of (log,. [r\s(<*>)- iis(t)]/

n,(°°))

against time (t) should give a

straight line whose gradient is Xf.

'Where solute molecules are able to approach closely (low charge density) and form
regular networks either through entanglements or intermolecular bonding they tend to
exhibit visco-elastic properties. The rate of film formation in this case is governed by
second order rate kinetics and is given by the following equation:
1

G](t) = G: (<*>)
*

1

G1M
------- — ---1 + 4tt DRn0t

where G!s(t) = surface elasticity at time, t.
G1^ 00) = surface elasticity at infinite time.
D

= in-surface diffusion coefficients for polymers

R

= capture radius for the particles

^

= number of particles

(equation 4.2)
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which was derived from Von Smoluchowski’s statistical model for the rate of coagulation
of an aerosol or fog (Warburton, 1978). Warburton has related the rate of formation of
intermolecular cross-links to the rate of increase in the real part of the surface rigidity
modulus G \.

Using collagen as a model material it has been shown that a graph of 1/G1* against 1/t
gives a straight line of slope l/(G1s(«>)47iDRn0) and intercept l/G 1^ 00)- This derivation
and the conclusions drawn by Warburton (1978) have been applied and discussed later in
Chapter 6.

DESIGN OF THE OSCILLATING RING SURFACE SHEAR RHEOMETER

The ORSSR (Fig. 4.1) was developed by Sherriff and Warburton (1974). The measuring
head (Fig. 4.2) consists of a platinum Du Nouy ring (White Electrical Company, Malvern,
Worcestershire) which is placed in the plane of the sample surface. A surface shear stress
(m N.m 1) is communicated to the sample via this ring, which is made to undergo a
sinusoidal angular displacement about an axis perpendicular to the plane of the ring, and
through the centre of the circle of the ring.
galvanometer

movement

(Ernest

Turner

These oscillations are set up by a
Instruments

Co.,

High

Wycombe,

Buckinghamshire) to which the ring is attached.

Measurements of the torque and angular displacement which are represented by the input
and output waveforms (two rotating vectors) are used to calculate, by cross-correlation
techniques, the amplitude ratio and phase angle ratio. For a non-stationary test material
these ratios will be changing at a rate related to that of film formation. These ratios are
stored as the real part A and the quadrature part B of the cross-correlation vector. The
amplitude of motion of the ring is obtained from these components by calculating
(A2+B2)1/2, and the tangent of the angle between the torque and displacement vectors is
given by B/A.

Measurements at the test material’s surface are usually made with reference to a standard
surface. Their cross-correlation vector components are denoted by Ax and Bj, and A2 and
B2 for the standard and test materials respectively. The components of the test material’s
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The operating head (galvanometer movement) of the
Oscillating Ring Surface Shear Rheometer.

Electrical Input
Proximity Probe
Electrical Output
Displacement Flag

>Circular Magnet

Fixed G alvanom eter Core

O scillating Coil

Du Nouy Ring

Preliminary Rheological Investigation

99

surface shear modulus (G^ and Gns) can be calculated from these vector components
using the following equations:
1
/ni4nKn
"^i
G, = ---- — (— — - — -— -)
8f
Al+Bl a ]*B \

G ,1U1

= _W
0 _ 2d
_ £ (/ _ 2^ _2 _ __ _

_

sf

where

^l 1 _

)

(equation 4.3)

( e q u a t io n 4 4 )

Al+Bl

I0 = moment of inertia of instrument movement
A0 - instrument constant
VD = digital to analogue reading of the driving voltage
g f = Du Nouy ring geometry factor

The ORSSR has two separate computers :

(1) Host computer - A BBC basic (32 Kbyte memory) computer is used to enter
experimental details, enter constants, handle and record results and generally run ORSSR
operations. It is connected to a single 5.25" disc drive from which it loads programmes
and onto which it records results. The host computer communicates with the interface
computer via interfaces RS432 and RS232.

(2) Interface computer - In general terms the interface computer is responsible for
generating the input sinusoidal voltage sent to the galvanometer movement, recording the
output signal from the proximity probe, performing mathematical calculations on the input
and output signals and transferring these results to the host computer.

The main

components of the interface computer are the Central Processing Unit (8060-CPU), the
Electronically Programmable Read Only Memory chip (EPROM 2716, 2K x 8 bit), the
high speed precision arithmetic chip (AM9511), the interfacing ports and the Random
Access Memory (RAM). The ORSSR is essentially controlled by the 8060-CPU. The
machine code programme for the ORSSR operation is stored in the EPROM.

Preliminary Rheological Investigation

100

The digital driving sine wave voltage (input) is generated by a subroutine in the machine
code programme, and is converted to the analogue sine wave using an 8-bit digital to
analogue (A-D) converter. The frequency of this sine wave can be varied (for details see
chapter 5).

The initial frequency is determined by the delay byte value entered in

hexadecimal form into RAM by the operator. The ORSSR is designed to operate at the
natural resonant frequency (f0) of the system (sample and instrument) by use of an
external electrical feedback circuit which will reduce the delay byte one unit at a time
until resonance is achieved. The principle of shifting, restoring and sharpening resonance
is called Normalised Resonance technique (Sherriff and Warburton, 1975). Normalised
resonance overcomes the mathematical problems which arise in solving the equations of
motion for a system that has inertia, friction and elasticity. This technique avoids the
considerable decrease in sensitivity that is manifested when rheological contributions from
the sample cause a shift in the natural resonant frequency of the system away from the
operating frequency. Phase Resonance is achieved when the phase angle between the
input torque and output displacement sinewave is 90°.

When conducting experiments it is important that the magnitude of the output sine wave,
monitored using a proximity probe and displacement transducer unit, lies within the range
of the A-D converter (0 - 2.55 V). If the output exceeds this range then the output
waveform will be "clipped" and produce erroneous results. This error can be eliminated
by using the signal waveform option on the host computer menu which will display one
complete cycle of the input and output waves. The output wave amplitude should be
symmetrical, smooth and not less than 50% of full scale amplitude. The output amplitude
can be adjusted by changing the input sinewave. The magnitude of the input sine wave
is controlled by two attenuators; one located on the interface computer (external) with
four settings (1, 2, 3 and 4 - each setting increasing the attenuation by a factor of two),
and the other attenuation (internal) entered manually through the host basic programme
(RES81/6). The correct attenuation settings are determined by trial and error. It is
important to remember that the same attenuations have to be used in both reference and
sample runs since the output amplitude is attenuated further according to the rheological
properties of the sample.

Each time an experiment is to be performed the displacement transducer’s electrical zero
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This is done using the Transducer Zero option on the menu

(RES81/6); an electrical zero drift occurs frequently and can be reset using a rotary
potentiometer on the interface computer. The transducer unit raises the output voltage
from the displacement probe (while the flag is at rest - 0 V) to +1.28 V so that the
negative part of the sine wave can be accepted by the A-D converter, whose limits are 0
to +2.55 V.

The number of experiments to be performed on the test or reference material is entered
by the operator. Each experiment corresponds to one reading of values G1 and G11 taken
over a number of complete oscillations (Cycles of Integration - COI).

The COI is

conveyed to the microprocessor via an input command in the basic programme experiment
set-up routine.

The value chosen depends on striking a balance between getting a

sufficiently accurate reading and achieving adequate tracking of the rheological changes
occurring in the sample. The maximum number of experiments/readings that can be
performed is 85, a limitation conferred by the memory space available in the RAM.

A series of experiments is called a "Run" and on completion the results are saved onto
a 5.25" floppy disc under a specified file name.

The limitation in the number of

experiments is overcome by automatically performing subsequent runs using the same
constants and parameters as the previous run. The data file name prefix is entered by the
operator and the number suffix is entered automatically by the computer and corresponds
to the number of the run performed. The number of runs possible in any one experiment
is limited to 15 due to the number of free file spaces remaining on the floppy disc - the
rest of the space being taken up by the host programme files. Each data file contains the
following information; file name, date and time at which experiment was conducted,
temperature, experiment number and the corresponding values for surface elasticity
(mN.m1), surface viscosity (mN.s.m1) and the respective times at which the readings were
made.

Also entered into the computer are the constants for moment o f inertia (MIN), geometry
factor (gf) and spring constant (K0). These values are only used by the host computer in
the final stage calculation of the viscosity and elasticity.
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BULK RHEOLOGICAL STUDIES

The bulk product of the reaction between LAL and endotoxin cannot be classified as a
Newtonian liquid or a Hookean solid.

The bulk structure of this product could be

represented by its rheological properties, i.e. its behaviour in terms of flow and/or
deformation when subjected to an external shear stress.

There are several types of instruments which enable the study of the bulk rheological
properties of materials but relatively few allow dynamic non-destructive measurements to
be made. For characterization of the gel-clot product of the LAL reaction with endotoxin
the Cammed Controlled Stress Rheometer - 500 series (CSL-500) was used.

The

instrument enabled different types of rheological profiling to be conducted; oscillatory,
flow and creep. Other important considerations in its choice were:

1.

Sample Volume. The high cost of the LAL and endotoxin required that a low
sample volume measuring head device such as a cone and plate be used. The
truncated cone selected had an angle of 2 degrees and a diameter of 4 cm (non
solvent trap design), the total volume of material required for each measurement
being 0.6 ml.

2.

Temperature Control. The CSR-500 was equipped with a water circulator for
coarse temperature adjustments and a Peltier element heat control device for fine
tuning. Using these heating elements and sensors in the baseplate the temperature
was automatically monitored and adjusted to give 37.5 ± 0.1°C.

3.

Depyrogenation. Satisfactory cleaning of the instrument was not easily performed
and so design modifications were made in order to ensure that the two surfaces
contacting the reagents were depyrogenated. After consultation with Cammed
technical advisers it was decided that the metal cone could be depyrogenated by
heating in a blue bunsen flame for approximately 20-25 seconds, by which time
the part of the cone which was used to mount the cone to the spindle became too
hot to hold. This procedure was satisfactory for depyrogenation purposes and
avoided damaging thermal expansion of the metal cone. The baseplate however
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could not be depyrogenated and so a depyrogenatable, flat, borosilicate glass plate
was used.

4.

Inhibition!Enhancement o f LAL. Since unconventional surfaces (metal) were being
used in conjunction with the LAL and endotoxin, inhibition/enhancement tests had
to be performed.

This was done by employing a modified gel-clot endpoint

method. The technique involved preparing a standard two-fold endotoxin dilution
series (0.125 to 0.0156 EU/ml), placing three separate 0.05 ml volumes of one
endotoxin concentration on the surface of the metal cone and reacting with 0.05ml
of LAL. The cone was stood inverted in a flat-bottom glass dish and covered with
a non-contacting depyrogenated beaker before incubation in a hot air oven at 37°C
for approximately one hour. Movement of the cone while inverted in a rotating
fashion and then inversion through 180°C was used to observe gelation after the
incubation period, in a similar way to that recommended in the official gel-clot
test. This was repeated for each of the four two-fold endotoxin dilutions. The
geometric means clearly indicated no inhibition/enhancement of the reaction by the
metal cone.

5.

Evaporation o f Sample. This important factor that could considerably affect the
results obtained was minimized by making a glass evaporation trap (courtesy of
the Glass-blowing workshop, Kings College, London) The trap was made in two
halves (the ground-glass surface betweeen the two was a perfect fit) so that it
could be positioned around the cone after it had been placed in the sample. The
trap was clear of interference with the spindle which suspended the cone.

A special metal plate was made with a circular hole whose centre-point corresponded
vertically with where the truncated (middle) part of the cone was positioned, and whose
circumference was slightly greater than that of the cone. This metal plate secured the
glass baseplate to the CSR-500 base during measurements and served to position the glass
baseplate in the middle along with reagents.

The CSL-500 mechanical design (Fig. 4.3) essentially consists of a low inertia minimum
friction air bearing shaft from which the measuring head is suspended, and a

Fig. 4.3:

The Cammed Controlled Stress Rheometer - Model CSL-500

Preliminary Rheological Investigation
104

Preliminary Rheological Investigation

105

Reference for diagram of Controlled Stress Rheometer (Fig. 4.3)

1.

Rigid cast metal stand/base (housing electronic circuitry).

2.

Air bearing support pillar.

3.

Motor drive spindle - easily interchangeable mounting of measuring system.

4.

Air bearing housing.

5.

Drive motor stator.

6.

Air bearing - located axially and radially.

7.

Optical displacement encoder.

8.

Draw rod - retains measuring system.

9.

Shorting strap for setting zero gap.

10.

Inlet/outlet for Peltier water supply.

11.

Bottom plate of cone and plate assembly - raised and lowered on adry bearing
(maintenance free) - temperature controlled by Peltier system.

12.

Automatic sample presentation system (pneumatic ram)reduces operator
dependence.

13.

Gap-setting micrometer wheel, runs on rolling bearing.

14.

Height adjusting micrometer scale.

15.

Liquid Crystal Display.

16.

Adjustable levelling feet.
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microprocessor controlled induction motor drive which applies angular displacement and
angular velocity to the measuring head. Its operational design employs a controlled stress
approach to the study of rheological behaviour and allows the following studies to be
performed:
1. Creep
2. Relaxation
3. Controlled stress steady shear
4. Controlled shear rate steady shear
5. Controlled stress oscillation
6. Controlled strain oscillation

The measuring head system comprises an upper rotating assembly (cone) attached by
screw thread to the air-bearing spindle and a lower fixed assembly (base).

For the

purposes of this study an ideal measuring head should provide a large gap between the
upper and lower assemblies so as to decrease the shear rate per unit velocity and allow
low shear stresses to be applied for a given torque, i.e. large surface area of contact of test
material with upper rotating assembly. A wide diameter parallel plate device would have
been ideal, but its non-availability lead to a 4 cm diameter 2° angle truncated cone being
used. Control of the CSL-500 operation was from an interfaced microcomputer and thus
conferred the usual benefits of data storage, analysis, graphics and printing.

CREEP STUDIES

Creep is the deformation (strain/shear) brought about in a sample when it is subjected to
a constant instantaneously applied stress over a period of time. A Creep Curve defines
the measured strain in the sample as a function of time. An elastic solid would therefore
demonstrate an instantaneous strain which remains constant, whereas a Newtonian fluid
would show a constant rate of strain. Material with rheological properties in between
these two extremes of rheological behaviour however show characteristic profiles which
will be discussed later. The CSL-500 allows the creep characterisation of the gel-clot
product of the LAL-endotoxin reaction across a wide range of stresses down to the lower
limits of the instrument without changing the structure. If the stress applied is sufficient
to break bonds in the structure, then steady flow will occur.
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FLOW STUDIES

Flow studies using the CSL-500 involves subjecting the material under investigation to
an increasing and then decreasing shear stress and measuring the corresponding
shear/shear rate. A flow curve defines the variation of the shear rate of a material as a
function of the applied stress. Newtonian fluids demonstrate linear flow curves passing
through the origin whereas the non-Newtonian fluids generally show dilatency (shear
thickening) or pseudoplasticity (shear thinning).

The viscosity of a material can be

calculated from the gradient (shear stress/shear rate) of the flow curve and in the case of
non-Newtonian systems an "apparent viscosity" is defined for the gradient at a particular
point on the curve. Flow studies on the product of the LAL-endotoxin reaction would
provide considerable information on the its internal structure and structure breakdown
behaviour.

OSCILLATION STUDIES

These studies are similar to those using the ORSSR, the main difference being that here
measurements of the bulk response to an applied sinusoidal stress are being made. The
results of such studies could allow a comparison between the surface rheological
parameters (surface viscosity and surface elasticity) and the corresponding bulk
rheological parameters.

4.2
4.2.1

METHOD
SURFACE RHEOMETRY

The experimental design was to first determine the dilution factor to be applied to the
reconstituted lysate when performing ORSSR measurements. This was necessary since
the LAL formulation was prepared to achieve bulk rheological changes. In order to
determine the surface rheological properties using the ORSSR it was necessary to achieve
either a surface monolayer, or an infinitesimally thin surface multilayer where the
exponential decay of the concentration into the bulk is sufficient to avoid bulk interference
at the surface.

Since it was the lysate that contained the constituents necessary for

bringing about the rheological change it was this concentration that had to be varied to
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achieve optimum surface effects.

For these preliminary investigations the optimum lysate dilution was taken to be that
dilution beyond which further dilution resulted in deterioration of the surface viscosity and
surface elasticity to "unsatisfactory" levels. In determining the point of optimum surface
effect the following assumptions were made:

(1)

lysate coagulation constituents being principally protein in nature will rapidly form
surface films, the process favoured by entropic desolvation of the amphiphilic
macromolecules.

(2)

endotoxins used in the reaction will rapidly form surface films (bilayers) as a
result of their hydrophobic (lipid A) and hydrophilic (sugar) moieties.

(3)

cleavage of the coagulable protein in the lysate occurs at the surface when surface
- subsurface - bulk equilibrium concentrations have been achieved.

Since the effect of lysate dilution on its sensitivity to endotoxins was unknown, the choice
of dilutions 1 in 5, 1 in 10 and 1 in 20 was made to serve as a general indicator for the
sensitivity of this technique.

MATERIAL SPECIFICATIONS AND TEST PROTOCOL

The lysate used was that supplied by CIS (U.K.), all vials being from Lot No.
6LW125 with a sensitivity of 0.125 EU/ml (Exp.: 6-7-88).

Endotoxin (EC-5) also

obtained through CIS (U.K.) was the United States R.S.E. (Reference Standard
Endotoxin).
Lysate sensitivity validation tests were conducted on each vial using the FDA
guideline validation procedures.
Relevant lysate dilutions were prepared using Sterile Water for Injection B.P.
(Antigen, B.N.: 10C692, Exp.: 10-92), stored at -10°C in convenient L2 ml test volumes
and thawed just before use.
Relevant R.S.E. dilutions were prepared everyday from the original stock R.S.E.
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vial.
Borosilicate glass reaction dishes (2 ml volume) and a glass thermal jacket into
which these dishes could fit were specially made (Courtesy of The Glass Blowing
Workshop, Kings College, London). The thermal jacket was placed directly under the
platinum ring on the ORSSR’s base-plate and connected to a Gallenkamp water circulator
set to 37°C. Samples under test were changed by simply removing the glass dish from
the permanently positioned thermal jacket and replacing it with a depyrogenated dish
using depyrogenated tweezers and a non-contaminating technique.
The platinum ring (Du Nouy) was attached to the ORSSR’s galvanometer head
using permanent adhesive. The ring could not be detached for depyrogenation since it
was a lengthy process and would have required a new moment of inertia to be calculated
each time the ring was reattached. An alternative cleaning procedure was employed
which involved immersing the ring in 2% V/V "Micro" laboratory cleaning solution for
one hour at 37°C, and then rinsed by injecting 50 mis of pyrogen-free water under
pressure, over the ring. The ring was then set to oscillate while immersed in 2 mis of
pyrogen free water for 30 minutes and finally rinsed again with 50 mis of pyrogen-free
water.

ORSSR Reference Run Set-Up:
In order to determine the change in surface viscosity and elasticity of a test sample it was
necessary to establish a reference zero using a suitable material. In this case the diluted
lysate (same concentration as that used in the test run) was chosen as the reference
material and the reference zero established using the following ORSSR procedure:
(1)

Re-set rheometer by momentarily depressing the button on card of the interface
computer and set Transducer value to zero using rotary potentiometer.

(2)

The following responses were entered against their respective software input
commands - 95 (frequency) = 4.52 Hz, 40 (Attenuation factor), 20 (COI), 21
(Number o f experiments in run), R (Reference run).

(3)

Diluted lysate stored at -10°C was thawed and 1 ml placed in the glass dish
already equilibrated at 37°C.

(4)

The platinum ring was placed in the sample surface concentric with the walls of
the glass dish.

(5)

The run was started by entering "R", the last response in (2).
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ORSSR Test Run Set-Up:
At the end of the reference run, subject to obtaining a sufficiently stable amplitude and
constant resonant frequency the following was performed:
(6)

In response to input commands the following entries were made 40 (attenuation
factor), 9.6E5 (Kq value), name of data file (prefix name) 37 (Temperature), and
number of runs.

(7)

The platinum ring was raised clear of the surface and 1 ml of the endotoxin
solution to be reacted was injected into the dish with the lysate. The solution was
injected under pressure so as to achieve good mixing of endotoxin and lysate. The
ring was then lowered quickly into the surface and the sample run started by
entering the last response in (6).

4.2.2

BULK RHEOMETRY

The procedure used in setting up and performing experiments with the Cammed CSL-500
was generally as described in the equipment manual, the few exceptions will be discussed.
The programme allows procedural information to be stored and retrieved, thereby avoiding
the need to re-enter procedural details for materials to be tested under identical conditions.
An important part of the CSL-500’s operation is the "Gap-set" between the cone and
plate. This critical distance was set by first zeroing the gap i.e. determining by electrical
conduction the point at which the cone just touches the CSL-500 baseplate. The "gap-set"
was then achieved using the micron graduated rotating dial in the baseplate to increase
the distance between the cone and plate equal to the sum of the height of the truncated
part of the cone (56.7 microns) and the thickness of the depyrogenatable glass baseplate.
Depyrogenation of the cone was performed after setting the gap.

Creep Studies were performed by specifying the following details:

1.

constant shear stress to be applied to the material.

2.

equilibration time - time between starting the programme and theapplication of
instantaneous stress.

3.

retardation time - period of application of stress

4.

relaxation time - period after the removal of the applied stressduring whichstrain
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and strain rate measurements are made.
5.

temperature - the equipment was usually allowed to stabilize at the required
temperature before gap setting to allow for any thermal expansion.

Flow Studies were performed by specifying the following:

1.

Equilibration time

2.

Peak shear stress

3.

Shear stress mode e.g. logarithmic or linear

4.

Ascent time

5.

Peak hold time

6.

Descent time

7.

Start and final temperatures - 37.5°C.

Oscillation Studies were performed by specifying the following:

1.

Equilibration time

2.

Amplitude of oscillation

3.

Temperature

4.

Oscillatory mode - (a) Manual, (b) Torque Sweep, (c) Frequency Sweep, or (d)

Time Sweep. Choice of (b), (c), (d) required information on respective start and
finish values. For Torque Sweep the frequency of oscillation was specified and for
frequency sweep the peak torque was specified.

The manual mode allowed complete control of the torque and frequency thus allowing
better resolution of unknown linear visco-elastic regions and an indication of the quality
of the output displacement wave-form.

In all investigations the CSL-500 was

programmed to display the storage modulus (G;), the dynamic viscosity (r|7) and the
displacement amplitude. Loading the material between the cone and plate was the subject
of investigation due to the fragile nature of the gel and the influence of shear history on
the results. The purpose built solvent trap was placed around the cone after the latter had
been positioned in the sample. The time involved in positioning the solvent trap was
allowed for by introducing a 15 second equilibration time into the programme.
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RESULTS AND DISCUSSION

4.3.1 BULK RHEOMETRY

In order to satisfy LAL testing requirements the equipment modifications were made prior
to conducting all experimental work. However, during the course of experimentation
procedural modifications were made with regard to overcoming the poor reproducibility.

1.

Evaporation was a significant problem with the inital work where a solvent trap
had not been employed. Since recommended sample volumes (0.6 ml) were very
small, evaporation of the solvent (water) brought about by a temperature of 37.5°C
over time periods upto one hour caused a visible contraction of the meniscus at
the outer circumference of the cone. It had been necessary to employ sample
volumes upto 0.8 ml inorder to counteract the contraction of the meniscus to
within the circumference of the cone. This was clearly unsatisfactory since this
created significant edge effects and did not guarantee that solvent had not been
lost from the sample in the middle of the cone. Use of rehydration techniques to
overcome this problem was not suitable since it was considered that drying-out of
the delicate gel-clot protein would have caused considerable structural damage.
The use of a solvent trap was found to reduce evaporation significantly. It was
assumed that solvent loss from the sample in the middle of the cone when using
the solvent trap was insignificant.

2.

Preparation of the gel for testing was not performed according to the technique
employed by Hui and Thomas (1982) whereby the reaction mixture was incubated
in a test-tube before being tested on a Haake Rotovisko viscometer (controlled
shear). It was considered that the gel-clot structure was too weak and tended too
much towards irreversible shear breakdown to be able to give reproducible results
when subjected to a shear history. Initially the gel-clot was prepared on the glass
plate and incubated at 37.5°C on the CSL-500 for one hour before lowering the
cone onto the sample.

The lowering of the cone onto the sample was later

considered to be introducing a variable shear history and so incubation, inorder to
achieve the gel-clot, was performed with the cone and plate properly positioned
on the sample. To achieve a uniform gel between the cone and plate good mixing
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of the LAL and endotoxin was required. This was achieved by pre-mixing the
reagents in a depyrogenated glass vial (using a whirly mixer) before incubating
between the cone and plate.

CREEP STUDIES

These investigations had involved endotoxin concentrations 1000 to 10 EU/ml with
repetitions, but the results were found to be considerably variable. In each instance the
gel had been subjected to retardation and relaxation times of one minute each and a
constant applied torque of 1 pN.m (minimum torque).

After incubating the LAL-

endotoxin mixture at 37.5°C for one hour the temperature was decreased to 20°C and the
cone lowered onto the sample before creep measurements were made.

An applied stress caused the macromolecules to assume new conformations and positions
of lower energy relatively slowly. At the start of the experiment the CSL-500 applies an
instantaneous stress (0.05968 Nm2) to the gel which remains constant for one minute
(retardation time) during which measurements of the strain are made. The stress is then
removed and further measurements of the strain made over a further period of one minute
(relaxation time). The data analysis programme allowed the deformation in the creep
curve to be defined as either strain or compliance (strain/stress). The latter is usually used
since it normalises the results giving more meaningful values, but since only one torque
had been studied such benefits of comparison did not accrue. Complete data analysis of
this investigation (fitting voigt units) involved determining the Newtonian viscous
component and the Hookean elastic component of the lines of best-fit through the points
and were therefore subject to the errors of line fitting. The retardation and relaxation
curves had been analyzed separately and in both cases very poor lines of fit were
obtained. To give an indication of the variability of this technique the creep curves
obtained from seven independently prepared gels using 10 EU/ml endotoxin solutions have
been summarized in Tables 4.3.1 and 4.3.2.

When the stress was instantaneously applied or removed an immediate deformation, J0
(instantaneous compliance) characteristic of undamped elastic behaviour was observed in
most curves although due to poor line fitting they may not be properly represented by the
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numerical values shown in Table 4.3.1. If the stress applied is sufficient to break bonds
in the structure then a steady flow will be observed as linearity towards the end of the
retardation curve. The gradient of this linear part of the creep curve (compliance against
time) gives the Newtonian viscosity, t|0. Having characterized the ends of these curves
the intermediate parts of the curve are characterized by fitting exponential expressions
(behaviour of a single voigt unit is exponential). The Number o f Points column in Tables
4.3.1 and 4.3.2 signify the number of data points that were used in the intermediate part
of the curve to define the respective voigt unit. The software is designed to subtract the
calculated units from the remainder of the curve. The variation in the creep curves were
so significant that nil, one or two voigt units in the data analysis were required to
adequately define the curves of best fit. According to the data analysis certain gels appear
to have exhibited Newtonian flow properties (nil voigt units), either under retardation or
relaxation, but these observations are artifacts of poor curve fitting as shown by their
corresponding error of fit (Standard Error of Fit column in tables). The measured curves
in each of these instances tended to be wavy, probably a result of slip-stick effects or non
homogeneity in the gel. The retardation and relaxation times corresponding to each voigt
unit signify the ratio of the rate to the extent to which the voigt unit moves. Where more
than one voigt unit defines the intermediate curve the voigt units reach equilibrium in
ascending order of their retardation times.

The variable nature of all the repeated measurements indicates that the gels formed as a
result of their internal bonding possess variable degrees of elastic and viscous behaviour,
and as such would be difficult to characterize by creep compliance curves.

OSCILLATORY STUDIES

Since oscillatory studies require that measurements are made in the linear visco-elastic
region it was necessary to determine the stress-strain regions in which relatively constant
viscosity and elasticity were achieved. Although the programme provided an automated
torque and frequency sweep option it was found necessary to use the manual mode since
the fragile nature of the gel required relatively small strains and therefore low stresses,
which were at the lower end of the operating range. These measurements were made at
10°C so that continued enzymatic activity did not enhance gel-clot structure during the
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course of measurements. Using a constant operating frequency of 2 Hz and increasing
the torque in 1 pN.m intervals upto a maximum of 5 pN.m it was found that relatively
constant elasticities (15.76 N.m'2) and viscosities (0.649 N.s.m'2) were obtained. These
torques achieved raw phase angles between the input and output waveforms of
approximately 18.6°. However, observation of the waveforms revealed poor resolution
of the output waveform which was unexpected since reasonably consistent elasticities and
viscosities had been achieved. It was thought that the small amplitude of oscillation
(1.6x1 O'4 to 2xl0'3radians) was probably responsible for this effect. The gel that was
studied was the product of the reaction between a 0.03 EU/ml endotoxin solution and
LAL of sensitivity 0.03 EU/ml. Increasing the applied torque above the linear range
caused a decrease in the measured elasticity and viscosity, probably due to destructive
shear stresses.

Since the CSL-500 was operating at its lowest limits it was clearly

unadvisable to be studying such weak gels using this technique. The LAL-endotoxin
test’s minimum requirement is that the technique employed is able to detect endotoxin
activities in the range of the sensitivity of the LAL. It was therefore decided that further
work would require the use of higher endotoxin concentrations in the preparation of the
gel so that the linear visco-elastic range would be at greater stress-strain values. Torque
sweep experiments (0 - 30 pN.m, 2 Hz, 10°C) conducted on gels, produced using
endotoxins solutions of 1 EU/ml, were found to produce an elastic and viscous decay with
torques greater than 3 pN.m. The corresponding raw phase angle was also found to
exceed the 90° limit at torques above 3 pN.m. The amplitude of oscillation was not fixed
and was found to increase from 5.8 x 10'4 to 2.5 x 10'2 radians.

Although these manual investigations had not produced encouraging results time sweep
studies were conducted. These measurements were conducted at constant amplitude (0.1
milli radians) and constant frequency (3 Hz) and were achieved by a allowing a variable
torque. Determinations of elasticity and viscosity were made from the moment of mixing
the LAL and endotoxin (1 EU/ml) and positioning it between the cone and plate (Fig.4.4).
The relatively constant elasticity until approximately 2609 seconds into the reaction
followed by a sudden increase appears to be reasonably consistent with what is expected
during the formation of the gel. In comparison the viscosity measurements were low and
variable even though a definite increase in the viscosity was observed. The raw phase
angles obtained upto 2916 seconds appear to invalidate results obtained upto that point.

Fig. 4.4:
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These experiments were repeated using endotoxin concentrations (1000, 100, 10 and 1
EU/ml). The obtained viscosities showed similar trends to that in Fig 4.4, although the
time at which the sudden increase in viscosity occurred decreased with the use of
increasing concentrations of endotoxin. The elasticity measurements (Fig. 4.5) were more
stable and indicated the same definite relationship with endotoxin concentration as did the
viscosity. These measurements were not reproducible although the qualitative trends were
reasonably reproducible. The variabilities were particularly apparent from the maximum
elasticity achieved and the time at which the elasticity increased rapidly. The trends in
the elasticity can be compared favourably with the biochemical mechanism of the LALendotoxin reaction. The low steady elasticity could represent the time period during
which the endotoxin activated enzymes cleave the coagulogen peptide into smaller
subunits (A, B and C). The sudden increase in elasticity could be related to the process
of gelation whereby A and B peptides combine through hydrogen bonds, disulphide bonds,
van der Waals forces and entanglement networks. Higher concentrations of endotoxin
lead to faster rates of reaction and therefore gel formation. Apparent from Fig. 4.5 was
the relative increase in the maximum elasticity (G1^ ) ) achieved by lower concentrations
of endotoxin.

Theoretically the G1^ ) would be expected to increase with higher

concentrations of endotoxin since greater activation of LAL is likely to occur.

The

obtained results could be explained by the faster activation of LAL enzymes leading to
a quicker gel formation which "mops up" or immobilizes the endotoxin preventing them
from activating LAL proenzymes further. Thus the total coagulogen present in the LAL
is not cleaved leading to incomplete gelation of the LAL. Alternatively or in addition to
this, the slower rate of gelation during the course of bulk oscillation could give rise to a
greater probability of achieving more stable cross-links or entanglement networks, leading
to an overall greater elastic modulus.

The very high values obtained for elasticity using torques between 1 and 25 pN.m do not
compare favourably with the manual measurements that were made earlier. The slightly
higher frequency used cannot account for this alone. The major difference in procedure
was that the manual measurements were made after lowering the cone into the gelled
material, whereas the time sweep measurements were made with the cone in the sample
during the process of gelation. It was inferred that the lowering of the cone into the
gelled sample could have caused significant destruction of the gel and hence given the
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poor elastic moduli that had been measured manually. Higher and relatively constant
elasticities achieved by time sweep experiments performed on gels formed with the cone
in situ proved that lowering the cone into a formed gel affected the results considerably.
It was therefore proposed that further work would involve testing gels that had not been
subjected to any shear history whatsoever.

FLOW STUDIES

These investigations were performed on gels that had been prepared using endotoxin
solutions of activity 10 EU/ml. The entire series of repeat experiments had not been
completed due to the variability in the results (Table 4.3.3). The flow curves (shear stress
against shear rate) were found to exhibit definite pseudoplasticity. Pseudoplastic materials
demonstrate lower apparent and differential viscosities with increasing shear stress and
shear rate and as a result are said to be "shear thinning". This behaviour is explained by
the gel initially consisting of a random distribution of intermolecular and intramolecular
linked peptides of the coagulogen, which when subjected to flow offer an initial high
resistance measured as a high viscosity. As the gel is made to flow under increasing
shear stresses and shear rates the long chain molecules are forced to align themselves in
the direction of flow thereby facilitating shear and reducing the calculated apparent
viscosity. In each case the flow is adequately represented by the following equation:
x = t 0 + Kpy n
where

(equation 4.5)

x = shear stress
y = rate of shear
Kp = plastic viscosity coefficient
n = shear rate index
x0 = yield value

A material is said to be Newtonian if x0=0, n- 1 and K?=x\(viscosity). For pseudoplastic
materials x0=0 and n<1, the values for the constants being given in Table 4.3.3.

When

analyzing a response for pseudoplastic behaviour using the CSL-500 data analysis
programme the logarithm of shear stress and shear rate is taken and a line of best fit
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The slope of the line represents the shear rate index and the regression

coefficient indicates the linearity of this logarithmic data.
logT = n logy + Kp

(equation 4.6)

The plastic viscosity coefficient and the shear rate index are then used to predict the flow
curves. The predicted to actual flow curve fit in each case (Table 4.3.3) is indicated by
the standard error of fit. This poor fit is due to kinks on the initial part of the "up" curve
and due to kinks and spurs during the "down" curve. The kinks and spurs in the flow are
thought to be attributed to the orientation of the coagulogen macromolecules, the
orientation being dependent on the shear history of the gel and the rate of shear. The
"up" and "down" signify those measurements obtained when the shear stress was gradually
increased and decreased respectively. The "Area of Hysteresis" is the area between the
"up" and "down" curves, indicating that for a given shear stress the measured rate of shear
is not fixed and depends on the shear history of the gel. The flow behaviour of the gel
is therefore time-dependent, becoming less viscous the longer it flows at a constant flow
rate.

Recycling flow studies where the gel is subjected to the same programme of

increasing and decreasing shear stress showed that the recycling hysteresis loops could not
be overlapped, clearly indicative of an irreversible shear breakdown with each flow cycle.
The endotoxin induced breakdown products of the coagulogen molecule (peptides A and
B) form helical secondary structures through polymerization (Solum, 1973). In the steady
state these helical structures are stabilized by permanent disulphide bonds, dipole
attractions and Van der Waals forces. The shear forces disrupt this internal network
structure, the extent of which determines the equilibrium value of the shear stress.

Hui

and Thomas (1982) suggest that under shear the helices align "tail-to-tail" causing
electrostatic repulsion thus reducing coagulation or interparticulate attachment. While this
may be the predominant effect towards the equilibrium shear stress value, initially, where
a decrease in the shear stress is observed with time at a constant shear rate, orthokinetic
flocculation as well deflocculation could be occuring. This and the existence of a nonhomogenous gel could account for the kinks observed during flow. Unfortunately the
poor results obtained did not warrant a complete data analysis.

An interesting

development on these flow studies would be to determine whether different concentrations
of endotoxin affect the equilibirium shear stress and their respective reproducibility.
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SURFACE RHEOMETRY

Since the ORSSR only allowed one test to be performed at a time, unlike the gel-clot test,
very little lysate was used up causing lysate stability problems during storage over the
longer time periods. In order to overcome this problem the reconstituted lysate had been
diluted, broken down into 1.2 ml volumes and distributed into 2 ml glass vials before
freezing at -10°C as recommended by CIS (U.K). This also avoided repeated freezethawing of the lysate which was considered to cause loss of lysate sensitivity to
endotoxins. Three vials of lysate (3 x 5.2 ml) had been used in this investigation, two
vials had been diluted 1 in 5 and the other diluted 1 in 10 with pyrogen-free water (PFW).
Although each lysate vial contained approximately 5.2 ml of lysate, only 2 to 3 ml was
available in each vial for ORSSR studies after quality control tests on the lysate sensitivity
had been performed. The LAL was used within four weeks after reconstitution and
storage at -10°C.

Quality control tests (gel-clot technique) on the lysate using 4 two-fold endotoxin dilutions
(0.25 to 0.03 EU/ml) were successful in achieving the stated lysate sensitivity (0.125
EU/ml).

The preliminary investigations used fresh lysate which had not been frozen before use.
The volume and concentration of lysate and endotoxin used in the first test was arbitrarily
chosen to involve 1 ml of 1 in 5 diluted lysate and 1 ml of 1 EU/ml activity EC5
(Reference Standard) endotoxin solution.

The effective concentrations in the mixed

solution being 1 in 10 diluted lysate and 0.5 EU/ml endotoxin. The surface elasticity
measurements (Fig. 4.6) illustrate a high degree of sensitivity by the ORSSR to the
rheological changes occurring at the surface of a solution containing small concentrations
of reagents. These rheological changes were a direct result of changes in the molecular
interactions of the peptide units of the coagulogen.

Endotoxin activated proclotting enzymes of the lysate cleave the coagulogen protein into
peptides A, B and C. Peptides A and B associate together through van der Waals forces,
hydrogen bonds and disulphide bonds to form networks. It is proposed that the rigidity
of the surface networks formed as a result of this association is represented by the surface
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Elasticity measured by the ORSSR at the surface of a solution containing
LAL (1 in 10 dilution) and 0.5 EU/ml Endotoxin solution.
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elasticity being measured by the ORSSR.

The kinetics of initial surface elasticity build-up were unprecedented and thought to be
the result of enzymic control being the rate determining step. The break in the curve
occurring 7 minutes into the reaction indicates limited damage to the surface film with
subsequent build-up occurring at a different rate. The maximum surface elasticity reached
is probably representative of the complete intermolecular bonding at the solution surface
by the A and B peptides. If the coagulogen is completely cleaved irrespective of the
concentration of endotoxin present, then this maximum surface elasticity should be
achieved by all measurements using an effective lysate dilution of 1 in 10. However, if
coagulogen is incompletely cleaved towards the end of a reaction as a result of
immobilization of active endotoxins by the (A-B)n peptide network formed, then the
maximum surface elasticity would be expected to vary according to the activity of the
endotoxin used.

In this situation greater endotoxin activities would be expected to

produce greater maximum surface elasticities upto a maximum surface elasticity governed
by the complete cleavage of coagulogen. The rate of surface elasticity build-up (SGVbdt)
would be expected to be determined by the activity of endotoxin, increased activities
producing a greater 8G1s/$t upto a maximum determined by the concentration of
proclotting enzyme.

The surface viscosity measurement is not illustrated but was found to show inexplicable
trends.

The surface viscosity was approximately 7500 mN.s.m'1 at the start of the

measurement, increased to a maximum of 9500 mN.s.m'1before demonstrating two points
of inflexion and then decreasing during the course of surface elasticity build-up to a
minimum value of 1000 mN.s.m'1.

The time at which minimum surface viscosity

occurred (7 minutes) was the same as the time at which the surface film damage occurred
causing the disjointed curve in Fig. 4.6. After minimum surface viscosity was achieved,
a gradual increase occurred upto 2000 mN.s.m'1 over a period of 12 minutes.

Since high sensitivity by the ORSSR to the rheological changes in the lysate-endotoxin
reaction had been achieved using a 1 in 5 dilution lysate, it was thought that a 1 in 10
dilution of lysate could be useful in studying the reaction profile and kinetics more closely
(prior to the build-up of surface elasticity). The experiment was repeated identically using
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Viscosity measured by the ORSSR at the surface of a solution containing
LAL (1 in 20 dilution) and 0.9 EU/ml Endotoxin solution.
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a 1 in 10 dilution lysate and found to produce interesting results (Fig. 4.7). The effective
lysate concentration was 1 in 20 and endotoxin concentration 0.9 EU/ml. Before studying
the curve it needs to be reiterated that the rheological measurements made were relative
to the reference zero value obtained using the reference sample, which in this case was
1 ml of 1 in 10 diluted LAL. The theoretical "negative'' surface viscosity obtained during
the first 12.2 minutes of the reaction is accounted for by a fall in the reaction sample
viscosity below that of the reference sample. For convenience the curve has been divided
into 3 time regions (X, Y, Z). The X region is thought to represent the initial addition
of endotoxin to the lysate causing dilution of the latter (to 1 in 20) and hence
demonstrates a sudden drop in viscosity. The Y region is considered to represent the time
period during which enzyme mediated proteolysis of the coagulogen into A, B and C
peptides occurs and is illustrated by a gradual fall in viscosity, the rate of decrease in the
viscosity being related to the rate of proteolysis. The upturn in the viscosity denoted by
the Z region is probably brought about by the association of A and B peptides initially
forming bonded aggregates resisting flow past each other.

Surface elasticity in the

solution surface was not detected until approximately 13.41 minutes into the reaction, after
which the rate of build up

was expectedly slower than when using the 1 in 5

dilution lysate.

It appears from these results that use of the ORSSR presents a novel technique for the
detection of gelation by LAL in the presence of endotoxins.

The quantitative or

qualitative nature of the technique and its accuracy required further investigation and
development. Based on the theories suggested here it was proposed that a procedure for
the possible qualitation or quantitation of endotoxins could involve monitoring one or
more of the following values:

1.

Rate of decrease in surface viscosity (Fig. 4.7) - this represents the rate of
enzymatic proteolysis of coagulogen, which in turn is proportional to the
concentration of endotoxin activated enzymes.

2.

Minimum surface viscosity (Fig. 4.7) - the effect of endotoxin concentration on
this value is difficult to predict. In proposing a qualitative technique for the
detection of endotoxins, the measurement of a negative viscosity below the
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dilution value could be used as an indicator of endotoxin presence.

3.

Rate of surface viscosity build-up (Fig.4.7) - this is determined by either the
concentration of A and B peptides or the rate of production of these peptides.
They are both related to the concentration of endotoxin present.

4

Time taken for the surface viscosity curve (Fig. 4.7) to cut the X-axis in the
positive direction is also a possible quantitation endpoint to be considered.

5.

Time taken for the surface elasticity (Fig. 4.7) to be detected by the instrument
using a 1 in 20 diluted lysate would be representative of the concentration of
endotoxin since the speed at which network formation is effected is proportional
to it.

6.

The surface elasticity increase (SGVSdt) when using a 1 in 10 diluted lysate (Fig.
4.6) needs further investigation but is expected to be proportional to the
concentration of endotoxin present.

7.

The maximum surface elasticity (G1^©©)) achieved (Fig. 4.6) could only be used
as an endpoint indicator when the concentration of endotoxin is below that which
causes complete activation of the lysate i.e. complete cleavage of protein
coagulogen.

Since tests often require the quantitation of unknown endotoxin

concentrations this endopoint technique is unlikely to be suitable for routine use,
but is worthy of consideration on account of scientific interest.

In order to evaluate the theories proposed from this preliminary work a designed project
had been assigned to a pharmacy undergraduate student (L. Rees). The research involved
investigating the effect of endotoxin and lysate concentrations when mixed together on
their surface elasticity and surface viscosity, as measured by the ORSSR. Experimental
procedures were as outlined in Section 4.2.1. A complete report titled "Use of surface
rheology to monitor pyrogens in water" was submitted (reference: Third Year Project
(P34) by L. Rees, 1988) to the Department of Pharmaceutics (The School of Pharmacy,
University of London). The following discussion considers the results of the study by
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Rees, how it relates to the preliminary findings and how it relates to the theories and
endotoxin detection techniques proposed.

The project used a total of three vials of lysate. The results of each test were illustrated
graphically as surface elasticity and surface viscosity as a function of time.

For

convenience these graphs have been summarized in Tables 4.3.4, 4.3.5 and 4.3.6. Table
4.3.4 summarizes the results obtained by reacting 1 in 5 diluted lysate with a wide range
of endotoxin concentrations (0.005 to 1 EU/ml). Table 4.3.5 was obtained by reacting 1
in 10 diluted lysate with endotoxin concentrations over a narrow range (2.0 to 10.0
EU/ml). Table 4.3.6 repeats the use of a 1 in 5 diluted lysate but over a narrower range
of endotoxin concentrations (0.5 to 0.8 EU/ml). The initial surface elasticity and its
corresponding time shown in each table signifies the first reading measured. All time
measurements are not "true" with respect to the start of the lysate - endotoxin reaction but
have a relatively constant inherent error related to the delay between mixing the reagents
and starting the measurement. This time delay involves positioning the Du Nouy ring in
the surface of the sample and covering the measuring head device with a perspex cabinet.

In most of the experiments the general trend of a decrease in surface viscosity to a
minimum followed by a gradual increase was apparent. However no relationships could
be drawn between the magnitudes of the surface viscosity measured, the times at which
characteristic measurements were made and the concentration of endotoxin present.
Although the results did not yield quantitative data they did provide a definite qualitative
indication of the presence of endotoxins. Generally apparent with the dilution of the
lysate was the longer times at which specific measurements were made (particularly
viscosity measurements).

The times at which surface elasticity was first detected in all the experiments did not
appear to be related to endotoxin concentration used, but with a few exceptions all
occurred soon after the minium surface viscosity was observed. No relationship was
observed between the lysate dilution used and the surface elasticity measured.

The results of this investigation were rather disappointing. A qualitative similarity had
been obtained between the results which could be attributed to the biochemical changes
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The high degree of variability

appeared to be compounded by mechanical problems in the moving parts of the measuring
head (galvanometer movement) and electrical problems (transducer zero variability).
Although Rees (1988) listed the following possible sources of variation:

1.

Lysate sensitivity and stability variation,

2.

Inadequate cleaning of Du Nouy ring,

3.

Inaccuracies in positioning the Du Nouy ring at the surface of the sample,

4.

Interference of the bulk with the surface effects,

which were important considerations, further research using the ORSSR drew attention
to the need for a complete overhaul of the measuring head, improvements to the
electronics, software and hardware. The custom-design features to be incorporated in the
new ORSSR centred around the following problems that had been experienced:

1.

Sticking of the galvanometer movement. Cause of this was unknown but was
temporarily rectified by manually displacing the movement.

Microscopic

examination of the movement core and coil revealed fibres formed from iron
filings located between them. The use of a high pressure air-jet to displace these
fibres produced a temporary solution.

2.

Depyrogenation of the Du Nouy ring was not possible due to its permanent
mounting to the galvanometer movement with adhesive. The use of adhesive to
mount the ring meant that each time a Du Nouy ring was detached and remounted
the new moment of inertia (MIN) had to be determined. The facility for ease of
detachment, depyrogenation and reattachement of the Du Nouy ring to the
galvanometer movement without affecting the MIN was a development priority.

3.

Transducer zero drift (TZD) was a significant problem requiring adjustment for
nearly every experiment. The programme (RES 81/6) allowed for a TZD check
before the reference run but not before the sample run. However, investigations
of TZD by escaping from the programme after completing the reference run and
re-entering RES 81/6 to check TZD revealed unacceptable drift.
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Poor coefficient of variation ( > 10'2) for the output amplitude measured during the
reference run was a common problem. The use of this value to determine the
reference amplitude which was used to calculate the sample viscosity meant that
a relatively high degree of accuracy (coefficient of variation < 10'3) was required.

5.

Vibrations in the sample dish radiating from the vibrating rubber tubes and glass
thermal jacket, as a result of water flow, were thought to be affecting the
reproducibility of the surface films formed. Stabilizers for the thermal jacket and
for the rubber tubes approaching the jacket had to be made.

6.

Direct monitoring of the sample temperature was not possible since it would have
interferred with surface film formation and heat depyrogenation of the
thermocouple probe would have caused damaged. The temperature in the sample
dish was checked randomly in between experiments using water as the sample.
Although this procedure was reasonably satisfactory it was necessary to adopt a
piece of apparatus or technique that could measure the temperature at any time
during an experiment. Since the reaction is enzyme dependent slight variations in
temperature could cause considerable variability in the measured parameters.

7.

Transfer of data from the BBC computer to the interface computer was performed
with each entry of the relevant information into programme RES 81/6. The routine
of experiment set up was delayed by the cumulative delay of each transfer. It was
necessary to speed up the process by transferring them in one communication.

8.

The ORSSR was expected to start the sample run tracking from the reference
resonant frequency (f0) established during the reference run, however, the sample
run appeared to start at a very low frequency (below that of the reference resonant
frequency) and track to the new resonant frequency of the sample for each
experiment.

9.

The ORSSR programme allowed control of the torque applied to the Du Nouy ring
via the attenuation factor setting. Although this value is entered separately for the
reference and sample runs the programmed calculation procedure does not allow
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for different values to be entered at each of the stages. This is disadvantageous
in LAL measurement since the torque required to effect a respectable sine wave
amplitude in the reference material is much lower than that required to effect a
similar sine wave amplitude during the course of sample measurement. Using the
torques that were ideal for sample runs in the reference run caused "clipping" of
the measured sine wave i.e. exceeding the voltage range of the A-D converter.

10.

Data file storage space was a limitation of the BBC disc filing system. Since only
a maximum of 31 files could be stored on a disc and with 15 files already being
occupied by ORSSR programme files the problems were exacerbated. Changing
discs from programme disc to data disc with the start of each experiment solved
the problem temporarily, but an improved and more efficient data storage system
was required to cater for the large number of data files being produced.

11.

The ORSSR programme (RES81/6) data handling subroutines, in several instances,
were not capable of compacting the large number of data obtained from a series
of runs. The large number of data points had also made analysis very tedious.
Ideally computer programmes that avoided the need for manual data entry, allow
for easy analysis and graphical printout were required.

The details of these developments will be discussed in Chapter 5.

4.4

OVERALL DISCUSSION AND CONCLUSIONS

The use of controlled stress rheometry and oscillating ring surface shear rheometry to
study the nature of the gel formed by the reaction of LAL with endotoxin generally
yielded poorly reproducible results. Although the numerical values obtained in nearly all
of the results are of little or no significance, the general trends appear to be characteristic,
particularly in the case of surface rheometry. A comparative study of the rheological
profiles obtained using the two techniques, as originally intended, was therefore not
possible. However, application of these techniques enabled critical consideration of their
relative merits and enabled evaluation of the developments required in order to achieve
better results.
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The CSL-500 conferred several operational advantages over the ORSSR. The CSL-500
equipment was mass produced with detection range specifications and standard materials
with which to test the equipment’s behaviour. The ORSSR was produced in small
quantities and used prototype software and had not been critically assessed for its
reproducibility of measurements.

Ideally the ORSSR should be characterized using

standard materials and benefit from the same advantages as that of the CSL-500; storable
operation details without need to re-enter information for repeated experiments, good
temperature control (±0.1°C) using a Peltier device, improved data analysis and storage
facilities, graphics programmes, easily cleanable measuring head and exact positioning of
the measuring head in the sample. The CSL-500 technique does not alter the proportions
of LAL and endotoxin recommended by the LAL manufacturer for the gel-clot test,
although larger volumes are used.

The ORSSR technique used very dilute solutions of lysate which reduced the lysate’s
sensitivity to endotoxins. The degree to which LAL sensitivity was reduced for each of
the dilutions studied was not known and needed investigation (Chapter 7). Even though
high dilutions of LAL were used the ORSSR was highly sensitive to rheological changes
that were occurring. In view of the high cost of reagents, endpoint detection techniques
that use high dilutions is an attractive propositiion for large scale users of LAL. The
CSL-500 investigations were limited to a large extent by the high cost of the reagents
required for each test.

The elasticity results obtained using the CSL-500 were

representative of the proposed biochemical mechanism whereas in the case of ORSSR
studies both surface elasticity and surface viscosity results were representative.

The disadvantage of higher reagent volumes required for the CSL-500 technique was itself
sufficient to invalidate its use in LAL testing, but was compounded by problems of gapsetting, solvent evaporation, depyrogenation and poor reproducibility.

The ORSSR

technique however had advantages over the CSL-500 technique and other LAL endpoint
techniques (Chapter 1). The principal advantages were that of low reagent volume per
test and applicability to a broader range of parenteral products (coloured, opaque, viscous
inclusive). The disadvantages of the ORSSR identified and discussed in this chapter
needed to be fully addressed before further LAL work was conducted (Chapter 5).

Developments to the Oscillating Ring Surface Shear Rheometer

Chapter 5:

Developments to the Oscillating Ring Surface Shear Rheometer
for application in LAL Testing.
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INTRODUCTION

The oscillating ring surface shear rheometer (ORSSR) was originally developed by
Sherriff and Warburton (1975). The ORSSR has since undergone several mechanical,
electrical and computer programme developments. These modifications have served to
improve the range of applications of the equipment, increase its accuracy and introduce
user friendly designs and procedures. As a result it is unlikely that any two rheometers
in commercial or academic use are likely to be identical in operational design. The major
developments and modifications to the ORSSR used at The School of Pharmacy
(University of London) have been reviewed by Kerr (1985) and Barnes (1988).

In order to apply the ORSSR for the detection of rheological changes occuring in LAL
during the presence of endotoxins, several major modifications were made.

Several

developments were also made with respect to improving the variable results and generally
deteriorating performance of the ORSSR, as discussed in Chapter 4.

5.2

MECHANICAL DEVELOPMENTS

The galvanometer movement used to suspend the oscillating Du Nouy ring in the
preliminary research was supplied by Ernest Turner Instruments Co Ltd. (High Wycombe,
Bucks.) Due to the company’s closure the development of the new movement was
contracted to Cammetric Instruments (Cambridge). The new movement commissioned
was required to have similar or better performance specifications to the old movement in
terms of natural frequency (approximately 4 Hz), low moment of inertia and the facility
for an easily detachable ring.

Cammetric Instruments built the movement illustrated in Fig. 5.1. The detachability of
the Du Nouy ring was facilitated by the attachment of two small light weight tubes to the
outer surface of the galvanometer coil. The two arms of the Du Nouy ring were inserted
into the two tubes and kept in position by frictional forces.

Detachment and

reattachement of the ring for cleaning was by physically overcoming the forces of friction
between the support arms and the inside of the tubes, while holding the ring with a pair
of tweezers. Reattachement of the ring was simplified by the tubes being splayed
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Fig. 5.1:

Oscillating Ring Surface Shear Rheometer Movement built by Cammetric
Instruments (1989).
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outwards at the ends where the ring support arms were inserted. The suspension of the
moving coil within the magnetic field was robust so as to withstand the frequent handling
of the ring. The resonant frequency was found to be lower than that of the previous head.
Although this was unsatisfactory it was considered that in order to conserve development
and manufacturing costs, performance tests would be carried out as far as possible using
this lower resonant frequency movement.

The Cammetric movement was slightly larger than the Ernest Turner movement, due to
the more bulky magnet employed. This required a larger perspex housing which was also
re-designed to facilitate easy maintenance of the movement. Maintenance of the previous
head was made laborious by the need to remove several screws and perspex pieces (one
for each side of the 5 sided box) in order to gain reasonable access to the movement. The
new box comprises of two pieces which slide into each other. The piece which was fixed
to the milling attachment had the galvanometer movement firmly mounted on it and the
piece which slid out exposing the movement had the proximity probe mounted on it. This
design allowed complete access to the movement by simply removing a protruding screw
which was finger tightenened.

Other developments involved incorporating anti-vibration devices. The vibration in the
movement and sample dish as a result of water being pumped through rubber tubing and
through the glass thermal jacket by a Gallenkamp water circulator was reduced
considerably by: (1) placing an anti-vibration mat under the water circulator, (2)
stabilizing the rubber tubing using wooden blocks with rubber glued to their base and (3)
a metal clamp for the glass thermal jacket with soft rubber being glued to the prongs of
the clamp, and a circular soft rubber base positioned underneath the glass thermal jacket.

In order to able to achieve continuous monitoring of sample temperature without
interfering with the sample surface film formation and to avoid contamination of the test
sample an identical second thermal jacket was connected in series with the water
circulation and positioned outside the ORSSR perspex cabinet. A sample dish containing
2 ml of water was placed inside the thermal jacket and a single thermocouple probe
placed in the water (without contacting the glass surface).

It was assumed that the

temperature indicated by the thermocouple in the second thermal jacket was representative
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of the test sample temperature.

5.3
5.3.1

TESTS ON THE CAMMETRIC MOVEMENT AND FURTHER
DEVELOPMENTS TO THE ORSSR
OBSERVATION OF THE INPUT AND OUTPUT SINE WAVES

This was made possible using the Signal Waveform option in the RES81/6 programme
menu which loaded a separate programme file called "2SINX" (Appendix II - written by
B. Carlin, SmithKline Beecham Pharmaceuticals, Welwyn Graden City, Herts.). The
Graphics Output option displayed the sine waves produced by the last input and output
signals performed in the last experimental or reference run.

The input signal is a repeated sine wave generated by the interface computer’s machine
code programme. The characteristics of this signal are no longer specified using the
external hexadecimal keyboard (Barnes, 1988) but entered directly using the BBC basic
host computer. The attenuation value entered determines the amplitude of the sine wave.
The digital signal generated by the subroutine is converted to an analogue sine wave using
an eight bit digital-to-analogue (A-D) converter and fed into the galvanometer movement.
The sine wave passage of current through the coil while suspended in a magnetic field
effects oscillation in the coil. This oscillation is monitored using an aluminium flag
mounted directly on to the coil’s suspending torsion wire.

Movement in the flag is

detected by a proximity probe and displacement transducer unit. The analogue signal
monitored by the probe is amplified to a voltage in the range 0 to 2.55 V and converted
to digital form using an eight bit A-D converter. The principle of normalized resonance
on which the ORSSR operates should ensure that the amplitude of the output sine wave
is maximal for the given torque (input sine wave) and not attenuated by deviations away
from the resonant frequency. When the ring is allowed to oscillate in air at resonance
there is a phase lag of 90° between the vectors representing the input and output sine
waves (Sherriff and Warburton, 1975).

Tests on the new galvanometer movement using several different driving torques all
achieved the input and output sine wave responses expected.
achieved the phase lag was 90°.

Where resonance was

High attenuations (low driving torques) had to be
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employed when oscillating the ring in the air because of high output amplitudes which
exceeded the converter voltage range (0 to 2.55 V). Excessive drive was identified by a
clipped output waveform (plateaus at peak displacement).

5.3.2

CHARACTERISATION OF THE GALVANOMETER DRIVE OUTPUT AND
THE FLAG’S PHYSICAL MOVEMENT W ITH RESPECT TO THE
TORQUE ZERO CONTROL

This investigation was conducted because of inexplicable variability in the amplitude of
oscillation in air and water. The original design of ORSSR incorporated a "Torque Zero
Control" (rotating potentiometer) so that it would be possible to produce an electrical zero
to the flag without any torque applied whatsoever.

The present design of interface

computer incorporates a "Tranducer Zero Control" (rotating potentiometer) which is used
prior to each experiment to re-zero any transducer drift. The replacement of the old
transducer unit and probe (Model KD-2400, Kaman Science Corporation, Colorado,
U.S.A.) by a more sensitive unit (Graham and White Instruments, St. Albans, Herts.)
improved the accuracy of this study by decreasing the transducer drift considerably. The
study tested the linearity between (1) current output from the galvanometer drive and the
transducer value and (2) the flag’s physical displacement and the transducer value. The
current output was measured using a Scalamp optical displacement galvanometer
connected in series. The flag’s displacement was measured using a travelling microscope
focussed on the top edge of the flag. Transducer values were observed on the VDU while
operating the transducer zero option on the menu in RES81/6 and adjusted using the
transducer zero control.

The study involved establishing an electrical zero by removing the proximity probe
connection from the interface computer and adjusting the transducer zero control until
zero was achieved while using the transducer zero option on the host computer’s
programme (RES 81/6). Mechanical zero was then achieved by connecting the proximity
probe to the interface computer and re-zeroing the transducer value by adjusting the
Torque Zero Control. The equivalence of electrical zero with mechanical zero was tested
by disconnecting and reconnecting the proximity probe with the interface computer and
observing for movement in the flag (monitored using an oscilloscope); any movement
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Characterization of the Electrical Input to the ORSSR Movement
with respect to the Transducer Value.
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signified inequivalence. Using the transducer value as the independent variable from +120
to -120 units in intervals of 10 unit (including +127 and -127) readings on the Scalamp
and travelling microscope were made. These results were interpreted graphically as (1)
flag’s physical displacement against transducer value (Fig. 5.2) and (2) optical
displacement against transducer value (Fig. 5.3). This indicates that there is good linearity
at each of the three external attenuation settings between the transducer value and both
the current output from the galvanometer drive and the galvanometer’s physical
displacment.

5.3.3

RESONANT FREQUENCY DETERMINATION

The ORSSR is made to operate at its resonant frequency by an external electrical feedback
network (normalised resonance) to avoid the problems of solving the second-order
differential equation of motion of a system comprising an instrument with an inertia,
viscous damping and elasticity coupled to a viscoelastic sample exhibiting a frequencydependent response. Operating the system at frequencies far from it’s resonant frequency
(f0) overcomes this problem but compromises the instrument’s sensitivity (Sherriff and
Warburton, 1975).

To obtain reproducible measurements when oscillating the clean Du Nouy ring in air or
o

water a consistent f 0 value is a basic requirement. It had not been possible to achieve
resonance using the prototype Cammetric movement. This was signified by the ORSSR
tracking continuously, via automatically repeated reference runs, from the entered
hexadecimal delay byte (FF-lowest frequency possible) to the highest frequency possible.
The frequency at which the ORSSR operates is determined by the digital sine wave
generating subroutine which incorporates a time delay "loop". The greater the number of
times (cycles) that this loop is executed in the generation of a sine wave the lower is the
frequency. The number of cycles ranges from 1 to 255, a limitation corresponding to the
number of delay bytes (00 to FF). The f 0 value is the hexadecimal delay byte entered
whereby the input and output sine waves are determined to be 90° out-of-phase with each
other.

Resonance achievement by the external electrical feedback network involves

tracking from the entered hexadecimal delay byte value, by removing one byte at a time
to delay bytes corresponding to higher frequencies, until the test for a 90° phase lag
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between the input and output sine waves is achieved. The ORSSR did not originally track
in the reverse direction.

The inference was that the resonant frequency (Hz) of this prototype was below the
operating range of the instrument, i.e. the frequency corresponding to the lowest
hexadecimal delay byte possible (FF) was not low enough to achieve the instrument’s
natural resonance. In order to test this inference modifications were made to the machine
code subroutine generating the sine wave to allow lower frequency tracking.

This

involved extending the time delay involved in executing one loop, by introducing a jumpout statement in the loop to another area of memory where a further delay was created.
The hexadecimal delay bytes which previously corresponded to specific frequencies in
hertz were no longer convertible to known frequencies.

The programme was also

developed to allow determination of the direction of phase difference between the input
and output waves. The test of direction allowed the ORSSR to track in the required
direction of the f 0, overcoming the limitation of monodirectional tracking that occurred
earlier.

It is no longer necessary to enter a hexadecimal delay byte value which

corresponds to a frequency lower than that of the expected f 0 value of the system in order
for the ORSSR to track to resonance.

These developments were successful and resonance was achieved. However there was
variability of the f 0 value. Studies showed that f 0 was reasonably consistent for a series
of runs in a day, but was found to vary between different days with no specific trend.
Variations in f0 also occurred when the Du Nouy ring was repositioned within the support
arms and when measurements were made with the ring in water. These findings were
contrary to theoretical expectations and inexplicable.

In view of the dissatisfaction with the ORSSR’s characteristics a series of experiments
were conducted whereby the period of oscillation of the galvanometer movement was
observed using an oscilloscope and measured using a hand held timer.

This was

performed for 38 predetermined (equally spaced) hexadecimal delay bytes (F8 to 5C).
The fixed frequency of oscillation was achieved by developing a new machine code
programme and modifying the TPROG1 programme to provide details of the Real and
Imaginary parts of the amplitude (F.TPROG1). The resonant frequency tracking facility
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was completely disarmed. The accuracy of the fixed frequency produced in response to
the entered frequency was validated by producing a graph of Period (hand timed average
of 50 complete oscillations) against the Preset oscillation frequency. The linear regression
was 0.9995, variation of the measured period about the regression line was 8.1 x 10'8,
standard deviation of slope and its intercept 2.25 x 10'3 respectively. From measurements
of the Real (RA) and Imaginary (IA) parts of the amplitude and the measured period of
oscillation for each of the 38 delay bytes the following graphs were drawn:

i.

Real and Imaginary amplitudes against frequency.

ii.

Ratio of the peak stress to peak strain (IG*I) againstfrequency.

iii.

Phase angle (a) against frequency.

where

|G*| = sjRA2+ IA2

and

= arccos

RA
sjRA2* IA1

The graphs for (i) and (ii) had illustrated sharp peaks not been seen before using the old
head and thought to be a result of lower inertial properties of the prototype Cammetric
head.

Graph (ii) demonstrated the Imaginary part of the amplitude (IA) to be at a

maximum and the Real part of the amplitude to be zero when operating at resonant
frequency. This was important to establish since the mathematical equations derived for
the ORSSR operating at resonance makes the assumption that the Real part of the
resultant waveform is zero. All the graphs demonstrated the expected trends and gave a
resonant frequency value of 1.86 Hz, which was unsatisfactorily low.

In view of all the problems of amplitude and resonant frequency reproducibility and the
low resonant frequency, the galvanometer movement was returned to Cammetric
Instruments and resuspended using a stiffer torsion wire and replaced with slightly
narrower support tubes for the arms of the Du Nouy ring. A repeated investigation of the
Real and Imaginary parts at fixed frequencies demonstrated very similar results to the first
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development prototype, the only difference being a higher resonant frequency (2.913 Hz)
and more smoothly defined curves.

Studies using the resonant frequency tracking

machine code programme across the original range of frequencies demonstrated relatively
good reproducibility of amplitudes and f 0 values, irrespective of Du Nouy ring position
and whether placed in air or water.

5.4
5.4.1

COMPUTER PROGRAMME DEVELOPMENTS
REFERENCE AMPLITUDE CALCULATION

The accuracy of the reference amplitude is important since it is used to calculate the
viscosity of the test sample. The reference amplitude is determined during the reference
run, when the resonant frequency is also determined.

The programme (TPROG1)

determined the reference amplitude by calculating the mean of all the amplitudes
measured for each experiment in the run and the corresponding coefficient of variation
and standard deviation.

The reference resonant frequency (in hexadecimal) was

determined to be that value which was obtained three times in consecutive experiments.
If three consistant resonant frequencies were not obtained by the end of the reference run
then the whole programme was automatically repeated until it was achieved. When the
ORSSR operated at frequencies away from that of resonance the amplitude achieved for
a given driving torque was not maximal, and as a result during tracking to the resonant
frequency the amplitude measurements were not representative of the amplitudes obtained
at resonance.

Where a reference run takes several experiments to achieve resonant

frequency the coefficient of variation of the mean amplitude is likely to be high (> 10 '3).
Another important consideration was that amplitudes took a few cycles of oscillation to
build up (as observed on the oscilloscope), therefore the mean amplitude is likely to have
inherent errors. The variability in the surface viscosity measurements was highlighted by
the negative viscosities obtained when measuring sample water against reference water.
This clearly indicated that the reference amplitude was lower than the sample amplitude.
The first three and last measurements of the amplitude were excluded from calculation of
the mean.

The exclusion of the first three experiments avoided the build-up of the

amplitude and in most cases was a sufficient number of experiments for resonance to be
achieved.

Reference runs which required more than three experiments to achieve

resonance were repeated using a more accurate approximation of the expected resonant
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frequency.

5.4.2

MULTIBYTE TRACKING OF RESONANT FREQUENCY

The principal by which the ORSSR maintains oscillation at the resonant frequency of the
system by tracking one delay byte at a time was discussed earlier. The speed at which
tracking occurs is therefore limited by the time taken to generate the output sine wave and
test its phase difference with the input sine wave for resonance (90°). This speed of
tracking is further attenuated by the Cycles o f Integration (COI) whose value is operator
controlled. The COI determines the number of complete oscillations that the ORSSR will
undergo and use to calculate one value for the amplitude. It will also determine whether
or not a single delay byte change is required to achieve the resonant frequency. The COI
value needs to be sufficiently large to obtain a reasonably accurate measurement of the
sample surface response to sinusoidal stress, but small enough to avoid problems of
violating the assumptions made in the measurement of non-stationary films.

Preliminary research on acacia films using the Ernest Turner movement used a COI value
of 20. The surface elasticity results appeared to faithfully represent the rate of the film
formed (first-order kinetics) as demonstrated by Barnes (1988). However, study of acacia
using the Cammetric movement produced unusual results which were similar in shape to
the surface elasticity measurements obtained when using a high concentration of LAL with
endotoxin (Fig. 4.6). The exponential increase in the surface elasticity-time curve was
identical for different concentrations of acacia above 0.75% W/V, but towards the longer
time periods what appeared to be increasing maximum surface elasticities were achieved
in order of increasing acacia concentration. The common exponentially increasing part
of the curve was attibuted to a slow rate of tracking. This was proved experimentally by
repeating the tests identically using a COI value of 10. By halving the COI the time
taken to track through one delay byte would be halved thereby halving the total time
required for the instrument to track to the true surface elasticity of the acacia. This was
perfectly demonstrated by the repeated experiments.

When studying acacia with the Ernest Turner movement this problem had not been
apparent because the resonant frequency of the movement was much higher and therefore
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had a faster rate of tracking, but not fast enough to adequately track the LAL reaction in
Chapter 4 (Fig. 4.6).

In order to obtain surface elasticity measurements that were

representative of the surface film at that instant in time it was necessary to increase the
rate at which the frequency of operation by the instrument could be changed. This was
done by incorporating a "Scaling Factor" (fs) adjustment in the tracking (Appendix III).
An estimate of the error in behaviour of the rheometer with respect to phase resonance
was made by calculating the change in the number of delay-bytes (An) using the
expression:

Directionality was established by the sign (±) of A (Real part of the output) and
depending on this the number of delay-bytes (An) was added or removed to the operating
delay-byte inorder to achieve resonance. The scaling factor value was kept under operator
control by introducing an extra input command in the TPROG1 programme. A high
scaling factor would produce large changes in the operating frequency and is advantageous
in tracking rapidly forming films. However for slow film formers it is necessary to enter
low scaling factors otherwise the calculation of the delay-byte change required could
produce an overshoot of the expected resonant frequency of the system. Studies have
shown that a scaling factor of 2 is sufficient to achieve f0 during a reference run without
overshoot, and values between 2 and 4 sufficient to faithfully track acacia, collagen and
LAL films.

5.4.3

DATA TRANSFER BETWEEN HOST AND INTERFACE COMPUTERS

In order to reduce the time involved in transferring experimental details entered into the
host computer to the interface computer, a programme subroutine was introduced into
RES81/6 called ,,PROCBLKLD,' (procedure for block loading of data). This procedure
stores data that were entered manually when setting up a reference or sample run into an
array (P(Z) array). The data is held in the array until the last input command containing
information necessary for the interface computer is entered. The information is then
transferred to the interface computer (CPU 8060) rather than transferring them one at a
time as they are entered into the host computer.
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Data from an experimental run stored in the RAM is retrieved using the same array set
up in RES 81/6.

The amplitude values which are used in the calculation of surface

viscosity occupy the largest memory space (256 bytes) and has the whole of RAM page
OA allocated for its storage. The 255 bytes (85 x 3) of information actually stored
correspond to 85 experiments. The triplet series of information used to calculate the
amplitude is stored in hexadecimal in the order of the most significant byte first and the
least significant byte last. The resonant frequency shift used in the calculation of surface
elasticity has one value (hexadecimal) relating to each experiment, all values being stored
in a maximum 85 bytes of memory space allocated in the RAM page OC.

Validation of the storage and transcription of data was achieved by writing two machine
code programmes, "CLR#AMand "CLR#C" which entered zero values into the data
storage areas on pages OA and OC respectively. These two programmes were stored on
floppy disc and entered into RAM via the host computer prior to each test. Information
stored in areas of the RAM were accessed directly using the host computer’s RES81/6
programme.

5.5

CALIBRATION OF THE INSTRUMENT

In order to be able to calculate values of surface viscosity and surface elasticity to a
reasonable degree of accuracy it is necessary to determine the following instrument
constants:

1.

Moment of inertia (MIN) of the movement.

2.

Instrument spring constant (K0).

3.

Damping constant of the movement (X).

4.

Du Nouy ring Geometry Factor (gf).

The Du Nouy ring has a high geometry specification and as such its g f is a known
constant which is unlikely to vary to any significant extent between instruments. It is
calculated using the following equation:

of -

4^

1
(V * i)(V * i)
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The other constants do vary and as such their accurate determination for each instrument
is important.

5.5.1

DETERMINATION OF MOMENT OF INERTIA

Previous research using the ORSSR had required that the MIN of the instrument’s
movement be determined each time that the Du Nouy ring was changed or remounted.
This was due to the change in the mass of permanent fixing adhesive used to secure the
ring to the support arms. Using the new interchangeable head design of movement the
MIN does not have to be calculated each time the ring is detached since its mass and
geometry when reattached is not altered.

The MIN determination method described here for the new movement is in principal
simpler than that used for previous movements and facilitated by the bi-directional
tracking facility.

However its determination was complicated by the delay byte

corresponding to the resonant frequency of the movement (F7) being too near the lowest
delay byte frequency possible (FF). The technique involves the application of fine metal
rods (inertia bars) of known mass symmetrically and diametrically across the Du Nouy
ring, and perpendicular to the diametric axis passing through the Du Nuoy ring support
arms. The ORSSR is then operated to determine the resonant frequency corresponding
to the six inertia bars.

According to the theory of the ORSSR (Sheniff and Warburton, 1975) the resonant
pulsatance ((Oq) of the system is related to its MIN (I) by the following equation:
(equation 5.1)

where K = elastic restoring torque of the instrument.

When using the inertia bars the MIN of the system
(equation 5.2)
where Ij is the inertia due to the instrument and IB is the inertia due to the inertia bar.
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The moment of inertia of a rod of mass, M and length, L, about its centre on an axis
through its centre and at right angles to the rod is given by the equation:

r

=

3

M L-

(equation 5.3)

12

By substituting equation 5.2 into equation 5.1 and rearrangement we obtain equation 5.4:
(b = K —r “ L
co0

(equation 5.4)

A graph of moment of inertia of the bars as a function of the resonant frequency of the
system produces a linear relationship with a negative intercept which directly corresponds
to the MIN of the instrument.

The IB value was calculated from accurate mass and length measurements. The resonant
pulsatance could not be determined from the delay byte value indicated by the ORSSR
because the resonant frequency tracking range of the instrument had been altered to be
able to accomodate the expected decrease in resonant frequency below the lowest delay
byte, when inertia bars were mounted.

The pulsatance (co0 = 27if0) was therefore

determined manually by timing one hundred oscillations twice and calculating the mean
period of one oscillation. The ORSSR was allowed to oscillate for at least 5 minutes
before timing the oscillations to ensure resonance conditions.

Table 5.1:

Determination of the ORSSR Moment of Inertia.

INERTIA BAR
LENGTH (cm)

MASS (g)

RESONANT
FREQUENCY
(Hz)

2.525

0.0450

2.7442

4.049

0.0724

2.4355

4.454

0.0800

2.3343

4.515

0.0811

2.3205

5.011

0.0901

2.1858

5.031

0.0903

2.1791
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The moment of inertia of the instrument (Ix) was found to be 0.263.

5.5.2

DETERMINATION OF INSTRUMENT DAMPING CONSTANT

The instrument damping constant (7^) was determined by studying the natural decay in
the amplitude of oscillation after the movement had been manually displaced by a small
angle (0). Measurements of the amplitude were made using a storage oscilloscope set to
a vertical scale of 0.02 volts/division and a time base of 1 second/division. The ring,
while positioned in air, was displaced and allowed to oscillate until the damping brought
the amplitude of the sine waves into the range of the scales set on the storage
oscilloscope. The storage scan was then activated and the resulting trace transferred onto
a transparency and the peak amplitudes (A) and their respective times measured (Table
5.2).

According to the theory of damped oscillations the damping constant (k^) is related to the
extent of oscillation (A) by equation 5.5.

A = i40 coso>f.e A°f

where

(equation 5.5)

co = pulsatance
A0 = initial voltage on oscilloscope
A = subsequent voltage
t = time base

Since

log^A = -X 0t + log, A0cos o f

(equation 5.6)

a graph of the natural logarithm of the amplitude against time indicates a linear
relationship whose gradient gives the damping constant, Xq (Fig. 5.5).
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Determination of the Instrument Damping Constant.

A
(volts)

TIME

2

-0.383

0.174

0.348

4

-0.367

0.522

+0.370

0.696

6

-0.358

0.870

7

+0.354

1.043

8

-0.348

1.217

9

+0.344

1.391

10

-0.337

1.565

11

+0.334

1.739

12

-0.330

1.913

13

+0.328

2.087

14

-0.321

2.261

15

+0.330

2.435

16

-0.311

2.609

17

+0.321

2.783

18

-0.303

2.957

19

+0.311

3.130

20

-0.297

3.304

21

+0.292

3.478

22

-0.287

3.652

23

+0.284

3.826

24

-0.280

4.000

25

+0.278

4.174

26

-0.273

4.348

27

+0.270

4.522

28

-0.263

4.696

29

+0.262

4.870

30

-0.254

5.044

31

+0.257

5.217

32

-0.247

5.391

34

-0.238

5.739

36

-0.232

6.087

38

-0.228

6.435

40

-0.222

6.783

A
(volts)

TIME

1

+0.389

0

3

+0.380

5

DISPLACEMENT
NUMBER

DISPLACEMENT No.

(s)

DISPLACEMENT
NUMBER

(s)

- Numbers allocated to the maximum displacements in order
of their occurrence above or below the time base.

A - Maximum displacement by the curve above (+) or below (-) the time base axis.
TIME - Time at which the maximum displacement was measured.

158

DAMPING

CONSTANT

Developments to the Oscillating Ring Surface Shear Rheometer

DETERMINATION

TIME

OF

THE

(seconds)

INSTRUMENT

M

o

c

n

o

^

c

u

m

^

|
I

I

I

I

i

n
k-\
I

t

D

rH
I

I

Developments to the Oscillating Ring Surface Shear Rheometer
5.5.3

159

DETERMINATION OF THE SPRING CONSTANT

Although the constant K^, is referred to as the instrument spring constant the new design
of head actually employs a tightly strung torsion wire. The method used to determine K^,
makes use of the operator variable attenuation which has been developed for the ORSSR.
The equation relating B (voltage equivalent to the amplitude at resonance) to the drive
attenuation was derived from the equation defining the angular displacement of a driven
oscillatory system at resonance 0° (Sherrif and Warburton 1975):

(equation 5.7)

(equation 5.8)

where

F0 = TJI
T0 = driving torque at resonance
I

= I0 = instrument’s moment of inertia

co0 = resonant pulsatance
co = pulsatance

(equation 5.9)

In the ORSSR manual it is given that:

r-icf

and
where

V = A-D converter voltage reading of the proximity probe.
Cp = proximity probe and attenuator sensitivity constant.
T = driving torque.
i

= current through the torque motor.

Cg = torque motor sensitivity constant.

(equation 5.10)
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Since the attenuation (driving torque) is now variable let:
T0 = iQCg

(equation 5.11)

By Ohm’s law VD= igR, where VDis the A-D reading of the drive voltage and R is the
effectiveelectrical resistance to the torque, therefore :
=

t

0

V C
D *
R

(equation 5.12)

Substituting equation 5.12 into 5.8 :
v» c g
IqR_______

eo ■

(equation 5.13)

^ ( o q - q 2)2 + 4>.Jg)2

Incorporating this into equation 5.9 :

IpR_______

V =
ft

If A0 =

g)

(equation 5.14)

J - o>2 ) 2 + 4 A J g>2

the instrument constant, then
A* y 2
V2 = A 2 + B2 =

(equation 5.15)
( g) q - co2 ) 2 + 4 A .Q 0 ) 2

where A and B are the angle and amplitude ratios respectively for the rotating vectors
representing the input and output wave forms.

When the ORSSR is operating at

resonance it can be assumed that A = 0 and c% = co thereby giving rise to the following

equation :

£ v i>
2 r, =---------4*o“ o

(equation 5.16)
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Given that the spring constant K0 = A0VD and now that the instrument operates at
differently attenuated driving torques VD should be redefined as

(maximum value of

the driving voltage), so th a t:
VD = VMX Atte™ f ° n

(equation 5.17)

Therefore equation 5.16 becomes
^ y
Attenuation
o m ax
256

(equation 5.18)

wo

and now since K0 = A0Vh^
B = ■ - K° - Attenuation
2 XQ(D0
256

(equation 5.19)

A graph of B against (Attenuation/256) should produce a straight line of slope {Ko^CDo).

Table 5.3:

Determination of the Spring constant from the amplitudes produced at
different attenuations of the maximum driving torque.

ATTENUATION (decimal)

AMPLITUDE, B (volts)

16

827

21

1550

26.5

2305

32

3150

37

3966

48

5455

53

6250

64

7374

69

8146

The study was performed with the ring oscillating in air and so relatively high
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attenuations were employed to reduce amplitudes to within the A-D converter range. A
graphical representation of the results (Table 5.3) is shown in Fig. 5.6. Calculation of K0
from the slope, assuming co0 = 18.096 and X0 = 0.2173, gave a value of 2.93 x 105.

5.6

DATA ANALYSIS AND GRAPHICS

Data files generated by the ORSSR contained the following information arranged in
columns :
( 1) number of the experiment,
(2 ) time at which measurements were made (minutes),
(3) surface elasticity (mN.m1),
(4) surface viscosity (mN.s.m'1).

A maximum of 84 experiments was stored in any one BBC basic file. The RES81/6
programme was used previously to process the data generated by the ORSSR. Facilities
included : (1) Viewing the data that had been stored on the disc one file at a time on the
VDU. (2) Where more than one file was stored it was possible to compact the results of
the two or more files into one file by simply attaching the data files from the subsequent
runs after each other (in chronological order). During this process of compaction only
experiments which demonstrated a change in the data were recorded in the new file,
thereby avoiding the presentation in certain instances of a stepwise increase or decrease
in the measured parameters. (3) the conversion of the data file from BBC basic to
standard ASCII characters (spooling) was also possible.

This allowed data to be

transferred to the Unix mainframe computer system for further processing.

With respect to the new application of the ORSSR modifications had to be made to the
data storage and file handling systems. Since high elasticities were being measured the
ORSSR achieved high operating frequencies relatively quickly (depending on the
concentration of endotoxin used) and as a result each experimental run consisting of a
maximum 84 experiments was executed over a relatively short period of time. Several
runs therefore had to be performed for any one investigation.

As a general rule

measurements using endotoxin activities of 100 EU/ml required at least 4 runs and
activities of 0.001 EU/ml required at least 8 runs.

This requirement posed several
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problems. The ORSSR stored data on drive 0 of a 5.25 inch floppy single disc drive.
The programme files required to operate the ORSSR also had to be present in this drive
(0). There were 15 programme files and with a maximum of 31 files that could be stored
on any BBC basic formatted disc it provided very little space for storage of data files.
Initially to overcome this limitation the programme disc was replaced with a data only
disc prior to the start of sample measurement.

This was possible since during the

execution of the subroutine (during sample measurement) no other programme files were
loaded into the computer. The switching of data and programme discs in the disc drive
led to human errors and so an audible alarm was incorporated in the programme which
sounded immediately before the execution of the sample measuring subroutine. While this
was satisfactory for the preliminary investigations the shear volume of data files being
generated during the latter stages of this project required a more economical data storage
system. To this end a Cumana Dual Disc drive (2 x 5.25 inch floppy disc) was employed.
The data storage disc was placed in drives 1 and 3, and the programme disc placed in
drive 0.

The data storage subroutine in RES81/6 had been modified by the use of

programming "flags” to store data files straight into drive 1 (Flag = 1). After a total of
31 data files had been stored in drive 1 the attempt to store a further file effected an error
message "CAT FULL". This error was trapped and used to reset the flag (Flag = 2)
directing this file and subsequent data files to be automatically recorded into drive 3
(reverse side of the data disc). Flags were set to 0 at the begining of the RES81/6
programme, set to 1 before data storage, set to 2 in the event of a "CAT FULL" error
being trapped and reset to 0 when the total number of runs had been executed.

With the greater number of data files for each investigation there was a correspondingly
greater number of experiments (data points) being stored in the compacted data file. In
order to accomodate up to a maximum of 250 experimental data points in any one
investigation the arrays set up to handle these were expanded. As a consequence the total
(limited) memory capacity of the BBC computer was exceeded and required that the
RES81/6 programme be broken down. This was done by removing all the data file
handling subroutines and reconstructing them in a new file named "COMPACT". The
Compact file cannot be accessed via the main programme RES81/6 and needs to be
loaded manually. The only functional option now on the data file handling menu in
RES 81/6 is to view a stored data file.
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The shear magnitude of the number of experimental data points made manual analysis a
tedious process.

In order to facilitate the data analysis a BBC basic programme

"DPLOT5" was written.

This programme loads compacted data files directly and

automatically performs calculations of inverse surface elasticity, inverse surface viscosity
and inverse time, the menu also allowed other mathematical functions to be performed on
the data.

After performing these calculations the user friendly software allowed the

compilation of a data file containing all the information required to construct a graph
(including data points, axes labels, title, symbols and lines).

A second BBC basic programme "GRAP7" had been written to accept data in the file
format produced by DPLOT5. GRAP7 was a graphics programme specifically written to
drive a Plotmate Plotter. The commercial graphics package purchased with the Plotmate
was not operative. The GRAP7 programme whose functions were enhanced beyond that
necessary for this project was written as a user friendly package for the computer unit.
The programme features were:

(1)

Manual or automatic (file) entry of up to 100 data points (expandable).

(2 )

Complete data editing facilities.

(3)

Choice of six symbols to represent a data set.

(4)

Choice of scales and scale intervals for X and Y axes.

(5)

Manual or automatic labelling of axes and titling.

(6 )

Complete manual control of Plotmate Plotter from the BBC Master series
computer.

(7)

Options to change the legend orientation, height and width.

(8 )

Facility to return to the beginning of the programme procedure without loss of
entered data.

(9)

Facility for drawing a line through the data points if the equation relating the X
and Y data points is known.

Although the Plotmate Plotter and associated programmes (DPLOT5 and GRAP7) had
served the initial stages of the research faithfully, the need for faster data handling,
statistical analysis of results, automated curve fitting programmes, enhanced and coloured
graphics led to the use of upto date commercial packages (Minitab series 7.1 - statistics
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and graphics programme, Technicurve - graphics programme used to drive a Colorpro
Hewlett Packard colour plotter).
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Chapter 6:

Validation of the Oscillating Ring Surface Shear Rheometer Developments
using Standard Film Formers
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INTRODUCTION

A common problem for scientists studying the rheological properties of materials is the
calibration of the rheometer and as a result the question of whether or not the data
obtained is correct in an absolute sense often lies unanswered. In order to overcome these
basic flaws in the rheometric technique much effort has been expended in finding well
characterized materials or formulating materials as standards for rheometers.

The

properties of these materials range from Newtonian to visco-elastic, or thixotropic.

In order to demonstrate the ORSSR’s ability to measure surface viscosity and surface
elasticity it has been necessary to investigate various materials for their film forming
properties.

The need for a standard surface film former for the ORSSR has been

particularly brought out in this project during the stages of ORSSR development (Chapter
5), where the sensitivity or behaviour of the equipment has had to be compared before and
after modification. In the case of oscillating ring surface shear rheometry the material
standard should ideally confer the following properties:
(1)

Non-stationary surface film - which will test the rheometer’s ability to execute the
basic resonant frequency tracking subroutine in the machine code programme, and
test the more advanced tracking using high scaling factors for fast film formers.

(2)

Elasto-viscous or visco-elastic surface film - the reproducible formation of such
films will make it possible to accurately calibrate the ORSSR in order to take
viscosity and elasticity readings whether for stationary or non-stationary films and
without the need for a reference.

(3)

At high dilutions the material should form infinitessimaly thin films at the surface
without any interference from the bulk.

(4)

Stability - a stable bulk solution in order to achieve reproducible and stable surface
films when high dilutions of the bulk are prepared.

(5)

High quality supplies - little or no batch-to-batch variation.

(6 )

Easy to prepare and handle - preparation should not be time consuming and should
not require trained personnel.

(7)

Inexpensive.
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In the past, three materials have been investigated for their suitability as standard film
formers for the ORSSR:
(1) Sodium alginate
(2) Acacia gum
(3) Cyclodextrin

Alginates find applications as stabilizing, thickening, emulsifying, deflocculating, gelling,
film - and filament-forming agents in the rubber, paint, textile, dental, food, cosmetic and
pharmaceutical industries. The formulation of creams, ointments, pastes, suspensions, gels
and tablets are examples of the last named industry (Trease and Evans, 1978). Sodium
alginate itself is a long chain polymer composed of the sodium salts of D-mannuronic and
L-glucuronic acids. It was proposed by Warburton (1970) and later confirmed by Kerr
(1985) that a result of the highly charged, long and unbranched chains formed by these
molecules in aqueous solution was the formation (at high dilution) of surface films with
low elastic properties. An aqueous solution of sodium alginate was therefore proposed
as a suitable material for determining the rheometer’s ability to detect viscous or elastoviscous surface films. Barnes’s (1988) work showed that with 0.5%, 1% and 1.5% W/V
solutions stationary elasto-viscous films were formed whose surface viscosity increased
as the concentration of sodium alginate increased.

Acacia gum was originally considered for use as a standard in oscillating ring surface
shear rheometry after it was found that aqueous solutions exhibited visco-elastic films at
the air/water interface (Shotton and Wibberley, 1959) which were time dependent (Sherriff
and Warburton, 1974). It was proposed that the nature of the polysaccharide constituents
of the gum conferred a low charge density on the overall polymer thus allowing sufficient
interaction of the molecules at the surface to form elastic type films.

Acacia is a dried

gum obtained from the stem and branches of Acacia Senegal willd. and from some other
species of Acacia (Fam. Leguminosae). It is a complex proteinaceous polysaccharide and
not just a copolymer of the polysaccharides D-galactose, L-rhamnose, L-arabinose and Dglucuronic acid residues, as defined in all extant international regulatory criteria of identity
and purity.

Acacia has in the past been treated simplistically and discussed in

authoritative chemical texts (Trease and Evans, 1978) purely in terms of classical
carbohydrate chemistry. Treatment of the gum purely as a polysaccharide has made it
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difficult to comprehend the unique functionality and industrial properties that have lead
to its long history of use as emulsifiers and stabilisers in foodstuffs and pharmaceutical
preparations.

Studies have shown that the protein content varies from 1.5% to 3% for

acacia samples from different producing areas (Anderson et al., 1985) and is clearly
characterized by the presence of large but variable proportions of the amino acids
hydroxyproline, proline and serine. These amino acids are known to be involved in
covalent linkages between the polysaccharide and the proteinaceous moieties (Selvendran
and O ’Neill, 1982).

The proportions of the other amino acids found to be present

(alanine, cystine, leucine, phenylalanine, isoleucine, methionine, threonine, tyrosine and
valine) are relatively constant (Anderson and McDougall, 1987). The use of aqueous
solutions of acacia in concentrations between 2% and 10% W/V has proved successful in
achieving non-stationary visco-elastic films which could be detected by the ORSSR (Kerr,
1985). An increase in the concentration of acacia brought about increases in both the rate
of film formation and the final strength of the film; measured in terms of surface
elasticity. As a result it was decided that acacia could serve as a suitable material to test
the ORSSR’s ability to track non-stationary films.

In view of the reported variability in the quality of the naturally occurring products
sodium alginate and acacia, and the obvious repercussions that it would have on the
reproducibility of the physicochemical properties of the surface films, the synthetic
polymer cyclodextrin had been investigated (Barnes, 1988). Cyclodextrins a , (3 and y are
simply cyclical structures of 6 ,7 or 8 glucose units respectively, linked via 1,4-glycosidic
bonds, and have been shown to be surface active (Szejtli, 1982). Surface rheological
studies by Barnes (1988) demonstrated that non-stationary (second order kinetics) visco
elastic properties were exhibited by a minimum concentration of 0.8% W/V

|3-

cyclodextrin at 23°C. This was attributed to the intermolecular hydrogen bonds formed
between the high concentration of hydroxyl groups on the outer periphery of adjacent
cyclodextrin molecules. Solutions of lower concentration did not produce any detectable
surface films and solutions of concentrations greater than 0 .8 % were difficult to prepare
due to the poor solubility of cyclodextrins.

After many years of developing the ORSSR’s mechanical design, electrical components
and computer programmes in pursuit of improved accuracy and sensitivity, the absence
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of a good standard surface film forming material has made it difficult in many instances
to identify whether the developments had effected an improvement. In order to be able
to study the LAL gel-clot reaction it was felt necessary to validate the ORSSR*s ability
to provide reproducible measurements and to this end another material called Collagen
was investigated.

Collagen, a principle protein in mammals, is essential in providing connective tissue
matrices with their stability and physicochemical properties. The distinctive property of
collagen in vivo is that it forms insoluble fibres that have high tensile strength. Collagen
in a soluble form is extracted from the tissues of young animals. The absence of covalent
cross-links in immature collagen makes it feasible to extract the basic structural unit,
called tropocollagen. Tropocollagen has a molecular weight of 285,000 and consists of
three polypeptide chains of the same size (Traub and Piez, 1971).

The surface Theological properties of collagen have already been investigated and found
to exhibit hydrogen ion concentration dependent visco-elastic film forming properties
(Warburton, 1978).

Although in vivo the triple-stranded collagen helix is rapidly

assembled and stabilized by the formation of covalent cross-links, in vitro the process
takes days (Tanzer, 1973).

Both intramolecular (within a tropocollagen unit) and

intermolecular (between different tropocollagen units) cross-links are important in
conferring mechanical properties. Since the ORSSR studies were performed over short
periods of time using very high dilutions of collagen the Theological properties cannot be
attributed to these covalent molecular associations at the surface.

Collagen is the major fibrous element of skin, bone, tendon, cartilage and teeth and it is
by modifying the basic structural motif of collagen that it can be made to meet the
specialized needs of particular tissues.

It is extracted commercially for its skin

moisturizing ability. It is also claimed that continued topical application of moisturizing
and nourishing creams that contain between 2 and 1% collagen prevents the loss of
cutaneous elasticity and skin tone (Gattefosse, Saint-Priest Cedex, France).

It was decided that acacia and collagen would be the most suitable materials to use in a
preliminary investigation of the ORSSR’s ability to measure Theological changes
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reproducibly. The effect of concentration on the surface film forming properties of both
these materials was investigated. The effect of hydrogen ion concentration on the surface
film forming properties of collagen was also investigated using the technique described
by Warburton (1978).

6.2

METHOD

Solutions of acacia were prepared from dry powdered acacia (B.P.) using water from a
reverse-osmosis system. Dissolution was difficult and so to avoid non-systematic errors
due to damage of the molecules it was decided that a magnetic stirrer be used. All
solutions were allowed to mix at room temperature at a constant rate for 60 minutes
before taking Theological measurements. It was decided from previous random studies
using acacia (during the ORSSR development) that concentrations of 0.5%, 1%, 2%, 3%
and 5% W/V acacia would be investigated and each concentration repeated at least eleven
times.

The collagen used was supplied under the name Pancogene S (Gattefosse, Saint-Priest
Cedex, France) as a 0.3% solution in dilute acetic acid. It was packaged to exclude long
term exposure to ultra-violet light and stored between 2° and 8 °C. Solutions of 3 x 10 "4,
0.0015, 0.003, 0.006 and 0.012% were prepared by withdrawing accurate amounts of
collagen from the stock solution and mnning it into a 100 ml volumetric flask half-filled
with purified water (reverse-osmosis), and then made upto volume. The solution was
mixed by inverting and swirling the solution 20 times immediately before taking
Theological measurements.

The different bulk pH solutions of 0.003% collagen were prepared by adjusting the pH
of the reverse osmosis water using hydrochloric acid, potassium hydroxide and a Phillips
PW9409 pH meter, before using this to dilute the collagen. All collagen experiments
were repeated at least seven times.

The purified water was used as the ORSSR reference for all measurements made. The
DuNouy ring was removed and cleaned by holding it under running hot water and then
rinsed with purified water between experiments. The sample volume of 20 cm3 used in
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each experiment was placed in a clean glass dish (diameter 52 mm) a few seconds before
the Theological measurements were started. This was so that the zero time recorded by
the ORSSR was as close as possible to the real zero time of film formation.

All

experiments were conducted at room temperature (approx. 19°C). Measurements of the
real part of the dynamic surface shear modulus were made over a period of 40 minutes
in the case of acacia and over 110 minutes in the case of collagen.

6.3
6.3.1

RESULTS AND DISCUSSION
ACACIA

The acacia demonstrates concentration dependent visco-elastic film forming properties
(Fig. 6.1).

Just from observation of the standard error it can be seen that the

reproducibility is rather poor. The graph (Fig. 6.1) does not show all the data points, only
data at time-intervals manually selected so as to reflect the surface elasticity’s (G1) time
dependence. The disappointingly high degree of error questions both the suitability of
acacia as a standard film former and/or the equipment’s ability to make reproducible
measurements. However, on comparing these results and other longer time studies (120
minutes) with results obtained by an independent scientist (B. Carlin, SmithKline
Beecham Lab., Welwyn Garden City, Herts.) conducting very similar experiments on
acacia, good similarities were noticed. There were encouraging similarities in the G 1
profile over short and long time periods.

More significant was the similarity in the

quantitative readings of G1, especially since two different ORSSR movement heads had
been used with completely different design specifications. There was also some degree
of similarity in the variability of the results.

Warburton, in 1978 derived the relationship:
G 1 = GL - G \. /(I + at)
where

G1 = surface rigidity modulus at infinity
a = 47iDRn0
D = diffusion coefficient for the molecules
R = capture radius for the molecules
^ = initial concentration of particiles
t

= time
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This theory suggests that a plot of 1/G1 against 1/t (referred to hereafter as a double
inverse plot) should give a straight line of slope l/CG^.a) and intercept 1/G1... Although
this theory was proved using collagen it was applied to the results obtained here (Fig.
6.2). Fig. 6.2 substantiates Warburton’s assumption when deriving the equation, that at
short periods of time the theory cannot be expected to hold due to the first and second
surface adsorption processes dominating the physical changes being measured. However,
at longer time periods (after 5 minutes) the points seem to show good linearity for all the
concentrations.

Worthy of particular note is that at lower concentrations of acacia

linearity is exhibited after longer periods of time. This could be explained by the less
concentrated macromolecules requiring longer to concentrate at the surface and achieve
the surface excess of higher concentrations. Fig. 6.3 illustrates the linearity, the differences
in gradients and the differences in intercepts more clearly towards infinite time.

The variability in the surface rigidity modulus between identically performed runs could
be accounted for by the complex nature of acacia. Acacia shows considerable variability
in the nature, location and biodegradability of the proteinaceous components which coexist
with the polysaccharides. Acacia has a remarkably fragile nature when subjected to heat
and undergoes autohydrolysis when exposed to U.V. light (Anderson and McDougall,
1987).

All these factors serve to highlight the possible variations in polysaccharide

branching and the consequent effects they could have on forming surface films with a
reproducible elastic modulus.

6.3.2

COLLAGEN
CONCENTRATION STUDIES

The effect of collagen concentration on the surface elastic modulus - time profile is shown
in Fig. 6.4. Collagen forms non-stationary visco-elastic films. The lower concentrations
clearly show a time lag at the beginning of the experiment which could be associated with
the gradual build-up of the surface excess. At higher concentrations the time lag is
reduced but the standard error increases significantly with increasing concentration. A
concentration of 3 x 10'4% was also studied but not illustrated since a maximum G 1 of 1.1
mN.m' 1 was achieved.

This could be attributed to an insufficient surface excess to

produce any significant cross-linking and entanglement. All other concentrations seem
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to tend towards a common G1^ This is substantiated by the double inverse plot (Fig. 6.5)
which shows G1^ to be approximately 8 mN.m'1. Concentrations 0.006% and 0.12% seem
to obey Warbuton’s theory, the non-conformity of the lower concentrations is probably
due to the surface adsorption processes limiting the kinetics of cross-linking and
entanglement. Generally, the results indicate that the difference between the concentration
of collagen that produces an insufficient surface excess and those concentrations that
produce maximum rate of G1 build-up is quite narrow.

The adsorption of collagen at the surface is the compounded result of various kinds of
interaction between the collagen, the surface, the solvent and any other solutes present.
The major driving force behind this adsorption is considered to be the resultant increase
of entropy. This increase is partly due to collapse or a alteration of the water structure
around hydrophobic parts of the polypeptide chain, and partly due to structural alterations
inside the molecules as they are adsorbed. The most important factors affecting structural
changes in the protein are: ( 1) variation in the number and kind of amino acid residues
(Dolz and Heidemann, 1986) exposed to the aqueous solvent, (2) changes in intra and
intermolecular van der Waals interactions, (3) disruption or formation of ion pairs, (4)
disruption or formation of hydrogen bonds involving peptide units, side chains and water
molecules and (5) the tendency of hydrophobic parts to orientate themselves so that they
project out of or away from the aqueous medium at the surface.

Since G1^ appears to be independent of the concentration of collagen it can be inferred
that the concentration which quickly produces a saturated surface lies between 0.003 and
0.006%. Higher concentrations probably result in the formation of surface multilayers
which seem to reduce the reproducibility of the strength of the surface film, as shown by
the increased standard error. This implies that sub-surface layers of collagen molecules
interfere with the cross-linking and entanglements between molecules in the surface.

pH STUDIES

The results clearly show that for surface films formed by collagen, G1 is dependent on the
hydrogen ion concentration (Fig. 6 .6 and 6.7). Proteins in aqueous solution will contain
both anionic and cationic groups. The charge due to those covalently bound, i.e. fixed
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ionic groups is referred to as the proton charge. The net number of proton charges on a
protein molecule is a function of the pH of its environment.

Since the net charge

contributes to a large extent to the conformational properties of proteins it is to be
expected that changes in pH will affect the surface film forming properties of collagen.
The pH determined for each test solution is that of the water used in diluting the collagen
and may not necessarily be the true bulk pH. Since a very high dilution was prepared it
is assumed that the small volumes of collagen (pH 4.0 to 4.5) used would not have had
a significant effect on the pH of the water. Furthermore the assumed pH is that of the
bulk and may not be representative of that at the surface.

The results obey the double reciprocal relationship (Fig. 6.8 and 6.9). As the pH of the
collagen environment moves away from pH 7.0 it takes longer for the double reciprocal
relationship to be obeyed, up to a maximum of 14 minutes in the cases of pH’s 4.2, 7.7
and 8.0. The G1^ value was determined in each case and plotted as a function of pH (Fig.
6.10). The G 1 which is dependent on the intra and intermolecular interactions as well as
the surface adsorption process is optimal (G1J when the bulk pH is in the region 7.0 to
7.2.

The drop in G1oa at pH’s deviating from pH 7.0 is interesting in that there is

symmetry in the peak between pH’s 6.7 and 7.3. On lowering the pH below the point of
symmetry to 4.2 a gradual drop in G1^ is observed, but when the pH is raised above the
point of symmetry an abrupt drop in GL is observed.

The point of zero charge (isoelectric point) for collagen is in the pH region 7 to 8 (Veis,
1978). If in the isoelectric state, the equal numbers of positive and negative charges are
more or less evenly distributed over the molecule, the net intramolecular Coulombic
interaction would be attractive and hence favour a compact structure (Norde and Lyklema,
1978).

At pH values deviating from the isolectric point the free energy of the

conformation is raised and the collagen molecule would be expected to assume a less
compact structure. If the pH at which maximum G1^ occurs is assumed to correspond to
the isoelectric point of collagen then it can be concluded that collagen as a compact
molecular structure gives rise to surface films with a larger surface elastic modulus.
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OVERALL DISCUSSION AND CONCLUSIONS

The new design ORSSR has proved to be extremely successful in determining the visco
elastic properties of acacia and collagen. The results obtained have compared favourably
in qualitative terms with those of independent scientists and therefore the equipment can
be regarded as being satisfactorily validated.

While the graphs demonstrate that acacia at different concentrations and collagen at
different pHs to be good at validating the ORSSR qualitatively, they do not seem to be
appropriate for use in more stringent quantitative validations. It is not clear from this
work whether the high degree of error obtained was due to the film forming properties
of the materials or due to the equipment itself. Inorder to investigate this matter further
it would be necessary to study materials with a better content specification and which are
known to have reproducible rheological properties.

Collagen at different concentrations, under the conditions used, do not serve much use as
a standard but the results are interesting and warrant further research.
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Chapter 7:

Evaluation of the Limulus Amoebocyte Lysate Surface Rheological Assay
for Endotoxins
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INTRODUCTION

In vivo, the contents of the Limulus amoebocytes are released into the environment of the
horseshoe crab’s open circulatory system in the presence of endotoxins.

A gel is

subsequently formed which immobilizes the endotoxins (Nachum et al., 1978). The nature
and concentration of the endotoxin determines the extent to which lysis of the
amoebocytes occurs and hence the extent to which coagulation/gelation occurs. In vitro
work has shown that the final degree of gelation is clearly related to the initial
concentration of packed amoebocytes. Concentrations of the cell lysate greater than 10%
were found to produce a solid gel in tubes containing a total volume of 1.0 ml (Levin and
Bang, 1968).

LAL is available commercially with different sensitivities (A,) 0.25, 0.125. 0.06 and 0.03
EU/ml. This sensitivity value relates to the minimum specified quantity of endotoxin
whose presence can be detected by the formation of a firm gel when reacted with the
LAL. Required sensitivities are prepared by mixing appropriate amounts of low and high
sensitivity lysate extracts (Gould, 1990). Product validation tests on drug products have
shown that the gel-clot endpoint variation varies according to the LAL reagent
manufacturer. Gels produced by LAL reagents obtained from Associates of Cape Cod
(via Atlas Bioscan, Bognor Regis, West Sussex) and Whittaker M. A. Bioproducts (via
CIS (U.K.), High Wycombe, Bucks.) have been shown to be firmer than those produced
by Haemachem and Difco supplied LAL reagents (Twohy et al., 1983). We can therefore
infer that Haemachem and Difco LAL reagents would be more susceptible to variation
when applying the gel-clot test. Since the surface measurements made using the ORSSR
tests the mechanical integrity of the surface films, the use of Atlas Bioscan LAL in this
project should provide greater sensitivity (through stronger mechanical film strength) to
lower concentrations of endotoxin and possibly better reproducibility.

The validity of surface rheological measurements using the ORSSR depends on the sample
surface consisting of a molecular monolayer or a thin molecular multi-layer.

It is

important in such measurements that the surface layer is sufficiently thin to avoid the
possibility of bulk effects, which if present could interfere with the surface. The LAL
gel-clot test procedure relies on a firm homogenous gel being formed throughout the bulk
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of the test volume which holds to the walls of its container upon inversion through 180°.
Since the gel-clot LAL is being used in surface rheological studies it is necessary to dilute
the lysate sufficiently to achieve surface effects only. The process of surface adsorption
has already been discussed (Chapter 4). The initial thickness of the adsorbed surface layer
will depend on the concentration of the lysate. Dilution of commercial LAL and the
effect on its sensitivity (A) has not been investigated/reported. This is probably because
techniques that have been developed which utilize less lysate per test than that
recommended by the manufacturers are techniques that do not change the dilution ratio
when adding lysate to test sample or endotoxin solution.

Since the effect on sensitivity (A) from the dilution of LAL prior to endotoxin testing was
unknown, it was deemed necessary to investigate this effect using approved standardized
techniques before using the ORSSR technique. The gel-clot technique could not be used
for such an investigation since any dilutions would not have allowed sufficient gelation
in the sample volume to produce a firm gel.

It was decided that a new kinetic

turbidimetric method called the LAL-5000 would be used.

7.1.1

THE LAL-5000 KINETIC TURBIDIMETRIC TECHNIQUE

The kinetic turbidimetric assay is based on and improves upon the turbidimetric method
(discussed in Chapter 1). The assay depends on the principle that the rate of turbidity
development in a LAL-sample mixture increases with higher endotoxin concentrations.
In the case of the LAL-5000 the time taken to reach a particular optical density threshold
is determined. This time is called the Onset Time. The onset time decreases with higher
endotoxin concentrations in the sample. The logarithm of the endotoxin concentration is
inversely proportional to the logarithm of the onset time.

The advantages of the kinetic turbidimetric assay are simplicity (given computerized
equipment), convenience, and quantitative and qualitative information about the LALendotoxin reaction in the sample. It is claimed that the LAL-5000 has a detection range
from 0.001 to 100 EU/ml and so when assaying samples of unknown endotoxin
concentration by the kinetic turbidimetric assay, the necessity for dilution to bring samples
into the detection range of the instrument is often eliminated, thus avoiding repeat assays.
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It should however be noted that in order to do this an appropriate reference standard has
to be specially prepared - the reference standard used in routine testing does not cover this
wide range.

The LAL-5000 is a microprocessor based, incubating optical reader designed to measure
changes in light transmittance every 10 seconds from each of its 32 independently
initialized sample wells (Fig. 7.1). Light is transmitted from a single broad spectrum
halogen lamp which maintains a constant light intensity via a feedback loop which
compares the output from a photodiode to the reference voltage. Analog readings of light
transmitted through the samples are received by photodiode detectors (one for each
sample) then converted to digital values and sent via an RS-232C port to an associated
computer where optical density values are determined. The sample wells are contained
in a thermostatically controlled (37 ± 0.5°C) incubator block. A mechanical switch is
located at the bottom of each sample well which can be operated by depressing the test
tube containing the sample at the start of data collection, and switched-off in the same
way at the end. The status of switch can be seen from a LED (Light Emitting Diode)
located next to each well. Each well position has an inside port for incident lamp light
and an external port for the photodetectors.

The assay is set up using an IBM-compatible personal computer which monitors the test,
continually informs the user of the status of each well and collects all the data at the end
of the test.

The LAL-5000 had only recently been launched by Atlas Bioscan (Bognor Regis, West
Sussex). The previous design sold by Atlas Bioscan was called the LAL-4000. The LAL4000 was similar in theory but poorly designed, leading to a large number of errors. It
was sold to many institutions established in routine pyrogen testing and/or research who
had later abandoned it (personal communication - Dr. S. Poole, National Institute for
Biological Standards and Control). Other kinetic turbidimetric machines working on
similar principles had also been available at the time, they too suffered problems in
operation (personal communication - Dr. J. Trethewey, Wellcome Foundation). As a
result of this poor past performance the LAL-5000 was given a cautious reception by
testing laboratories.
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32 W ells equally spaced around this circumference
which hold the test-tubes containing
the LAL and Endotoxin solution.

Photo-diodes
(next to each well around
the outer circumference)
Light Source
(positioned centrally)

Heating Block
(located in the base of the module)

Fig. 7.1:

THE KINETIC TURBIDIMETRIC LAL-5000 MODULE
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Extensive discussions and preliminary work conducted on the LAL-5000 revealed many
improvements in the overall design of the instrument and reproducibility of the results.
It was decided from this preliminary work that the LAL-5000 would be the best technique
to adopt as a quantitative measure of endotoxin presence. This technique would also
serve as a comparative standard with which to compare results obtained from the ORSSR.
It also gave the LAL-5000 the opportunity to receive an independent assessment of its
performance. The first stage of its use was to validate the equipment and test procedure.
Then it was used to study the effect of diluting the lysate on its sensitivity to endotoxins.

7.1.2

THE LAL SURFACE RHEOLOGICAL ASSAY (LAL-SRA)

The developments to the ORSSR, discussed in Chapter 5, were made to achieve the most
appropriate conditions under which to perform the LAL test and to achieve maximum
sensitivity. Having achieved a satisfactory mechanical status for the detection system it
was then necessary to determine the reagent quantities to be used that would achieve
optimal sensitivity to endotoxins. The lysate volume to be used in the total sample
volume of 2 .0 ml and their respective sensitivities to various concentrations of endotoxin
had to be determined. The lysate is an expensive reagent and so techniques that minimize
the volumes used per test are met with approval by its users and met with scorn by its
manufacturers. It is therefore important to determine the lowest concentration of lysate
that can be used per test without compromising too much of the lysate’s sensitivity.

A problem with the ORSSR technique is that a reference is required for each sample run.
The reference run is used by the rheometer to establish an average amplitude and resonant
frequency from which a relative zero for surface elasticity and surface viscosity can be
established. Measurements made during a sample run are changes in surface elasticity and
surface viscosity from their initial zero point of reference. For sample runs consisting of
reactions between 1 ml LAL (X dilution) and 1 ml endotoxin solution, an ideal ORSSR
reference would be 1 ml LAL (X dilution) mixed with 1 ml of pyrogen-free water (PFW).
Although this is theoretically the best reference, it doubles the lysate volume required for
each test since the reference LAL would have to be discarded and new lysate used for the
sample run. Only then could the same effective LAL concentrations (X dilution) be
achieved. In order to avoid the expense of discarding the lysate some other references
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were also investigated; one involved the use of pyrogen-free water (PFW) and the other
involved the use of LAL at twice the concentration of that used during the reaction of
LAL with endotoxin.

The temperature of the sample while measurements were being made was extremely
important since the reaction was enzyme dependent. The glass thermal jacket and water
circulator had been set to achieve the optimal bulk sample temperature of 37°C. Since
comparatively large sample volumes were being used the possibility of errors due to
variations in heat conduction to the sample, or differences between sample bulk and
sample surface temperatures had to be investigated.

7.2
7.2.1

METHOD
THE LAL-5000 KINETIC TURBIDIMETRIC METHOD

After initialization of the LAL-5000 module on power-up, the main computer programme
was executed and details of the test entered. The programme accepted information on
each of the sample wells and provided a continuous VDU display of this during the test.

The LAL used was specific to turbidimetric work (Pyrotell-T). It was reconstituted and
stored under the approved conditions. The endotoxin standard was similarly prepared, but
the standard dilution series encompassing the lysate’s sensitivity was prepared using
calibrated depyrogenated glass pipettes. 0.4 ml of the test sample (negative control,
endotoxin standard or unknown) was pipetted into 10 x 7 5 mm borosilicate reaction tubes
as appropriate for the assay set up on the VDU. For each tube in turn, 0.1ml of LAL was
added, vortexed for 1-2 seconds and then inserted in the LAL-5000 module. When
inserting the tube the switch at the bottom of the sample well was actuated by pressing
the tube down.

After an initial equilibration period, a zeroing period occurs where the mean optical
density (O.D.) is recorded and taken as zero. Any subsequent changes in O.D. were
relative to this initial reading. At the end of the zeroing period two values were displayed
on the VDU next to each well location that gave the status of the test: (1) time that the
test had been running and (2 ) optical density reading of the sample.
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Each series of experiments required a negative control consisting of lysate and PFW. The
readings from the negative control well were used to correct the measurements in the
other wells in the event of any Optical Density Drift (see section 7.3.1). The effect of
diluting reconstituted LAL on its sensitivity was investigated using 90%, 80%, 60%, 40%,
20%, and 10% V/V dilutions, prepared using pyrogen-free (LAL-5000 tested) water.
Hereafter references to these concentrations of LAL will be as 90% LAL, 80% LAL etc.
Each dilution was prepared immediately before use and tested using a broad range of
endotoxin concentrations (from 100 EU/ml to 0.03 EU/ml).

7.2.2

THE LAL-SURFACE RHEOLOGICAL ASSAY METHOD

The test procedure was essentially the same as that described in Chapter 4. However,
with all the developments to the ORSSR (discussed in Chapter 5) it was possible to make
certain improvements. The platinum Du Nouy ring was depyrogenated by removing it
from the galvanometer head, rinsing thoroughly under boiling hot water, rinsing with PFW
and then heating till red-hot in a bunsen burner for a few seconds. The ring was allowed
to cool before positioning on galvanometer head in order to minimize the possibility of
distorting the geometry of the ring. All endotoxin standard dilution series were prepared
every day from stock solutions. The water circulator thermostat was set to 37°C, unless
specified otherwise.

The reference standard programme was executed before each lysate endotoxin reaction
experiment and required details of the approximate value of the resonant frequency, the
attenuation (driving torque control), the number of cycles of integration (COI) and the
number of internal experiments to be performed. After having entered these parameters
the Du Nouy ring was placed in the surface of the material that was to act as the
reference and the programme started. The resonant frequency entered was an estimate,
the closer it was to the real resonant frequency, f ot that was to be determined by the
execution of the reference standard programme the more accurate would be the average
reference amplitude that was calculated. This was because while the rheometer operates
at frequencies away from /0, the amplitude of oscillation is greatly reduced (explained in
Chapter 5). Programme modifications were made to the calculation of the reference
amplitude in order to exclude the amplitudes obtained during tracking to the f0, and also
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to avoid the inclusion of amplitudes at the start of each experiment which were usually
quite variable. The attenuation value - 30 (hexadecimal) was based on previous work and
was used to lower the driving torque considerably to give suitable amplitudes of the ring.
The COI was kept constant at 20 for all the lysate work performed. The number of
internal experiments was also kept constant at 15. After the completion of the reference
programme the detected resonant frequency and the mean reference amplitude calculated
were displayed on the VDU and note was made of these values.

The second part of the programme was then executed by entering an attenuation of 100
(full driving torque) and entering all other constants before preparing the test sample
(lysate and endotoxin) and positioning the ring. The procedure for preparation of the test
sample depended on the reference material used.

A.

REFERENCE STANDARD FOR THE LAL-SRA

Part 1:

The "ideal reference" was prepared by mixing 1ml of LAL (diluted to the

same concentration as that to be used in the sample run) with 1ml PFW. Four lysate
dilutions (10%, 5%, 2.5% and 1.25%) were investigated. Each sample run involved
discarding the reference lysate and preparing a fresh lysate dilution with which to react
an endotoxin solution of 10 EU/ml (CSE) each time.

Part 2:

"Double-strength lysate reference" was prepared by simply diluting the

lysate to a concentration twice that to be used in the sample run. A total reference
volume of 1 ml was used so that the sample run could be started subsequently by adding
1 ml of the endotoxin solution (10 EU/ml) directly to it, without the need for discarding
any lysate. The addition of endotoxin dilutes the double-strength lysate to the required
sample concentration.

Four lysate dilutions (10%, 5%, 2.5% abd 1.25%) were

investigated.

Part 3:

The suitability of 1 ml of PFW as a reference was investigated using four

concentrations of lysate (10%, 5%, 2.5% and 1.25%). At the end of the reference run an
appropriate volume of PFW was removed from the reference sample, replaced with the
same volume of lysate and then reacted with 1 ml of endotoxin solution.
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Each of the test experiments performed 4 or 5 continuous runs. A constant concentration
of endotoxin solution was used (10 EU/ml), but different concentrations of lysate had been
investigated with each of the proposed reference standards.

B.

LAL DILUTION AND SENSITIVITY STUDIES

LAL concentrations 10%, 5%, 2.5% and 1.25% V/V of reconstituted lysate were prepared
by adding 0.1 ml, 0.05 ml, 0.025 ml and 0.0125 ml of reconstituted lysate to 0.9 ml, 0.95
ml, 0.975 ml and 0.9875 ml of PFW respectively. To facilitate this procedure 1 ml PFW
was used as the ORSSR reference standard and then the appropriate volume of PFW
replaced with reconstituted lysate to give the desired percentage. The sensitivity of each
of these lysate dilutions was determined with respect to the surface rheological response
when reacted with endotoxin solutions of activity 10, 1, 0.1, and 0.01 EU/ml.
Measurements were made at a sample temperature of 37°C. The experiment was designed
so that the highest concentration of endotoxin was first reacted with the different dilutions
of lysate in order of decreasing concentration, before proceeding to the next concentration
of endotoxin.

C.

TEMPERATURE STUDIES

The time taken for the reagents to heat up to the required temperataure of 37°C was
measured using a Comark electronic thermometer type 1604-single thermocouple probe
and a stopwatch. The probe was suspended, without contacting any surfaces, in the
middle of a sample dish contained in a thermal jacket. The reagents were introduced into
the dish in an identical way to that used in normal test procedures and with the materials
covering the probe, temperature and time measurements were made.

A thorough study on the effect of thermostat settings 20°, 25°, 30°, 35°, 40° and 45°C on
the rheological properties of the lysate reaction with endotoxin concentrations of 10 , 1,
0.1, and 0.01 EU/ml was performed. PFW (1 ml) was used as the reference standard and
10% lysate (0.1 ml) used in each sample test run. Consideration was given to heat lost
to the glass surfaces of the thermal jacket and dish.
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ANALYSIS OF DATA

A major task involved with using the kinetic turbidimetric and ORSSR techniques is the
processing of a vast quantity of data. In LAL work the ability to analyze raw data, draw
calibration standards, compare test results with standards and determine the level of
endotoxin contamination quickly is a significant asset

In order to achieve speed in

processing data, computer programmes were specifically written and used in conjunction
with commercially available statistics and graphics software packages.

7.3.1

THE LAL-5000 KINETIC TURBIDIMETRIC ASSAY METHOD

The mean of the initial digital values (within first minute) representing light received by
the photodetectors was taken to be 100% transmission (transmittance =1). Using this
mean as the point of reference (POR), all subsequent readings were converted to
transmittance and then to optical density before storage in a data file. The relationship
between transmittance (T) and optical density (0 .D., in absorbance units) is:

o . d . = -io g 10r

where

T =

DiSital Reading & Time, t
Lnitial Digital Reading (POR)

The data was then analysed by: (1) calculating and applying the baseline drift correction
(Fig. 7.2), (2) calculating the corrected onset time, and (3) calculating the line equations
for the standard curves (Fig. 7.3).

Baseline Drift Correction - This correction relates to the optical density readings taken
as a function of time from the negative control wells. Ideally a negative control should
show no drift, i.e. the data plot of O.D. against time should be flat (zero slope). Baseline
drift (as indicated by negative controls) is caused by factors other than endotoxin in the
sample. Evidence of drift in a data plot of O.D. versus time could be seen as a continual
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The plot does not curve up in a manner

characteristic of a LAL - endotoxin reaction but is a straight line at a slight angle to the
X-axis (time). A linear regression was performed on this line to calculated the slope (b)
and intercept (a) and the drift change in optical density from zero (8 Y) was calculated for
each time value (X), using 8 Y = a + bX. The measured optical density at time (X), of
the sample run was then corrected by subtracting the calculated drift (8 Y).

Onset Time Correction - The Onset Time is the time taken to reach the preset O.D.
threshold (0.02 absorbance units). It was determined using the three O.D. readings taken
before and the three readings taken after the threshold. The regression line for these six
points was calculated and used to estimate the time at which the threshold O.D. was
reached. This calculation was performed on each sample after correction for base zero
drift.

Standard Curve Calculation - The standard curve (Fig. 7.3) was calculated by regressing
the log10 corrected onset time against log10 endotoxin concentration. The standard curve
was defined by the slope, the Y-intercept and the range of onset times. A correlation
analysis was also performed to give the correlation coefficient. The standard curve should
ideally give a minimum correlation coefficient of 0.980 and a slope between -0.1 and 1.0.
The endotoxin concentrations of unknowns (estimates of X) were calculated by
substitution of the log10 onset time for the Y value in the equation for a straight line using
the slope and Y-intercept calculated from the standards. The anti-log10 of the resulting
value gave the endotoxin concentration of the unknown in the same units as that used for
producing the standard curve (EU/ml).

7.3.2

THE LAL-SURFACE RHEOLOGICAL ASSAY METHOD

The data generated by the ORSSR were processed to a large extent by BBC basic
computer to give information on the surface elasticity, surface viscosity and the respective
times at which these measurements were made. The data from each rheometer run was
stored on a floppy disc in BBC basic and since between 3 and 7 runs had to be executed
to cover the time periods required, the same number of data files were produced for each
experiment. The set of data files corresponding to each experiment were then compacted
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into a single file. The compaction process involved locating changes in the surface
elasticity and recording the set of data at that instant (elasticity, viscosity and time) into
a separate file. This way the data points which show the elasticity of the surface film to
be stationary are eliminated. The compacted data file was then converted into a standard
ASCII file and transferred to a UNIX mainframe system. The UNIX file editor was used
to change the format of the results to one that allowed direct loading into an IBM
compatible graphics software package {Minitab series 7.1) for analysis. The method of
analyzing these results to give qualitative and quantitative information about endotoxin
and lysate needs to be investigated and is discussed in the next section.

7.4
7.4.1

RESULTS AND DISCUSSION
THE LAL-5000 KINETIC TURBIDIMETRIC STUDIES

The studies were performed using LAL Lot No. 42-08-450-t and endotoxin (CSE) Lot
No.46.

An independent standard curve was produced for this series of experiments

(Fig.7.2) and used to compare the standard curves that were produced from standard
endotoxin solutions that were measured simultaneously with each lysate dilution study.
This method allowed any variations in endotoxin detection due to the environment,
apparatus, lysate, inaccurate standard endotoxin series concentrations or poor operator
technique to be detected. The standard curves that were produced for each lysate dilution
study have not been illustrated since they all closely resembled the independent standard
curve. However, the regression calculation performed on each of the standard curves (see
7.3.1 - Standard Curve Calculation) was used to calculate the concentrations of endotoxin
as detected by the respective lysate dilutions studied simultaneously. The use of a dot
matrix printer to represent the results in a graphical form had made it difficult to identify
the curves representing particular endotoxin concentrations, but when studied in
conjunction with the tables of results (Tables 7.1 to 7.7) it provides information on the
trends which are relatively easy to assimilate.

The independent standard curve (Fig.7.3) was produced from the graph of corrected
optical density against time (Fig.7.2), the latter illustrating the common trend.

The

baseline (thick line) running almost parallel with the X-axis (ideally parallel) in Fig. 7.2
represents readings given by the PFW (negative control). If the negative control line
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crossed the onset optical density threshold line (0.02 absorbance units) or approached
close to it, as had occasionally happened, the whole endotoxin series dilution was
discarded, a fresh dilution prepared and re-tested along with the respective lysate dilution.
The standard clearly illustrates the decrease in the onset time and the increase in the rate
of reaction (absorbance units per unit time) with increasing concentrations of endotoxin.

A table of results has been prepared for the independent standard curve (Table 7.1) and
for each set of the lysate dilutions (Tables 7.2 to 7.7). Each table provides information
on the endotoxin concentration used (Endotoxin Standard, EU/ml) in each sample well,
the

corresponding "Corrected Onset Time" obtained, and the quantity of endotoxin

(Measured Endotoxin) calculated from the corrected onset time using the slope of the
respective standard curve. The measured endotoxin was calculated for the independent
standard curve (Table 7.1) using the slope of an "Archived Standard Curve".

Data

relating to archived standard curves were stored on a hard disc when a particular Lot of
lysate, endotoxin, PFW, experimental technique or combination of these produced an
extremely accurate determination of endotoxin concentration and a good correlation
coefficient.

The results from the investigation of the effect of lysate dilution on its sensitivity to
endotoxins is illustrated graphically (Fig. 7.4 to 7.6) and in Tables 7.2 to 7.7. The results
vividly illustrate the reduction in the lysate’s sensitivity with increasing dilution of the
lysate. The reduction in sensitivity is manifested as an increase in the onset time and a
decrease in the rate of Optical Density (O.D.) build up. In order to avoid too much clutter
of data points on the graph only two lysate dilutions have been drawn on each of the axes.
To determine which of the curves in Figs. 7.4 to 7.6 represents a particular concentration
of endotoxin and dilution of lysate it would be necessary to refer to the corresponding
tables. A general observation of these three graphs however serves to illustrate the effect
of lysate dilution.

Fig. 7.6 shows two distinct curves with plateau O.D. regions which occur after the
threshold optical density had been achieved. The lower O.D. plateau corresponds to the
use of 10% V/V lysate and 10 EU/ml of endotoxin and the upper O.D. plateau
corresponds to 20% V/V lysate and 0.5 EU/ml of endotoxin. These plateau regions would
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TABLE 7.1: LAL 100% (Reconstituted, Undiluted)
ENDOTOXIN
STANDARD
(EU/ml)

CORRECTED
ONSET TIME
(seconds)

MEASURED
ENDOTOXIN
(EU/ml)

NEGATIVE
CONTROL

Not detected

Not detected

NEGATIVE
CONTROL

Not detected

Not detected

NEGATIVE
CONTROL

Not detected

Not detected

NEGATIVE
CONTROL

Not detected

Not detected

0.03125

1736.6

0.03489

0.03125

1822.1

0.02635

0.0625

1555.5

0.06633

0.0625

1615.2

0.05325

0.125

1357.5

0.1468

0.125

1443.8

0.1025

0.25

1203.8

0.2960

0.25

1228.0

0.2635

0.5

1038.1

0.7026

0.5

1093.7

0.5181

1.0

976.3
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LAL-5000 Results obtained using 90% and 80% V/V LAL with a Standard
Endotoxin Series - corresponds to Tables 7.2 and 7.3.
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LAL-5000 Results obtained using 20% and 10% V/V LAL with a Standard
Endotoxin Series - corresponds to Tables 7.6 and 7.7.

Evaluation o f the LAL Surface Rheological Assay for Endotoxins

aE L h -H u rr-j

G u i l i n h h - >-

x

h o

o o

210

ru LJ

Evaluation o f the LAL Surface Rheological Assay for Endotoxins

211

normally serve to indicate the complete activation of all the coagulable protein present in
the lysate. Since there are four definite curves that extend beyond these two plateau O.D.
regions and with the existence of other plateau regions at various O.D.s (not illustrated)
they probably account for poor/irregular development of network in the reaction mixture
through the limiting concentration of coagulable protein present and the passage of light
through a small part of the sample volume. This irregular network formation could almost
certainly account for the decrease in reproducibility obtained with higher dilutions of the
lysate (from 90% to 10% V/V.).

The percentage of original lysate sensitivity achieved was calculated for each endotoxin
concentration studied at the respective lysate dilutions using the following equation:

Average Measured Endotoxin Concentration x iQ0%
Standard Endotoxin Concentration

The percentages obtained for each concentration of endotoxin using a particular dilution
of lysate were then averaged. Where there had been a sufficient number of readings
within the range of endotoxin standards (Tables 7.2 to 7.5), only these values were used
in calculating the average percentage of original lysate sensitivity for each lysate dilution.
The readings outside the range of the standards were only used in the calculation of
average percentages in Tables 7.6 and 7.7.

The percentage of the original lysate’s

sensitivity as a function of the percentage of reconstituted lysate concentration is shown
in Fig. 7.7. The significant drop in sensitivity to endotoxins with dilution of the lysate
caused considerable concern with respect to surface rheological studies, since the
technique to be developed relied on endotoxin sensitivity being maintained at high
dilutions of the lysate.

7.4.2

THE LAL-SURFACE RHEOLOGICAL STUDIES

A.

REFERENCE STANDARD FOR THE ORSSR

For this area of research the reference standard or the zero point of reference should
ideally confer properties which achieve the same resonant frequency and amplitude as that
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achieved by the test sample at zero time. The test sample consists of lysate and endotoxin
and therefore does not allow any possibility of using this as a standard since endotoxin
triggers the change in the rheological properties of the lysate almost immediately, and
relatively long time periods are required to establish a reference.

The only way to

establish a reference is therefore to leave out the smallest contributor of these two
materials to the rheological properties of the test sample at zero time.

The surface

rheological properties of low and high concentrations of endotoxin using PFW as a
reference was studied and found to be undetectable. It was therefore decided that lysate
at the same concentration as the test sample lysate would be the "ideal" reference
standard. Although it is described as being the "ideal" reference it is in strict terms not
true since the aqueous solutions of endotoxins on their own may not confer surface
rheological properties but when mixed with lysate could affect the surface rheological
properties conferred by the latter, and hence affect the reference f Q and reference
amplitude. The results of this series of experiments using the "ideal" reference revealed
hexadecimal delay-byte values of F6 (2.891 hertz) and reference amplitudes of
approximately 2000 units. There was suprisingly little or no change in these values when
lower concentrations of lysate were investigated.

Using the "ideal" reference involves using twice the necessary volume of lysate in order
to perform one experiment since the reference lysate has to be discarded and a fresh lysate
sample prepared for the test run. To overcome this wastage double-strength lysate (twice
the concentration of that used in the test experiment) was investigated as a possible
reference standard. The f Qvalue and reference amplitudes recorded were D9 (3.240 hertz)
and approximately 4075 units respectively. This is obviously far from the theoretically
"ideal" reference since the higher concentration of lysate has, as expected, changed the
f Qand reference amplitude considerably.

The investigation of PFW as a possible reference material demonstrated a n ^ value of F9
(2.859 hertz) and an amplitude of approximately 3980 units. Close similarity of the f 0
values obtained using the PFW and "ideal" references was noted.

The results of this study are shown as surface elasticity against time graphs (Fig 7.8 to
7.11) and as surface viscosity against time graphs (Fig 7.12 to 7.15). Each of the graphs
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compares the three different references used when reacting 1 ml of endotoxin (10 EU/ml)
with 1 ml of the specified concentration of lysate.

Fig 7.8 and 7.12 - 0.1ml of LAL (10%) in 2ml test volume
Fig 7.9 and 7.13 - 0.05ml of LAL (5%) in 2ml test volume
Fig 7.10 and 7.14 - 0.025ml of LAL (2.5%) in 2ml test volume
Fig 7.11 and 7.15 - 0.0125ml of LAL (1.25%) in 2ml test volume

The experiment was designed so that the use of a particular reference standard was fully
investigated before studying the next reference standard.

Each of these reference

standards were tested by performing the experiments in order of decreasing lysate
concentration (10%, 5%, 2.5% and 1.25%). Repeating the experiments involved repeating
the concentration order, rather than performing all the repeats on the same concentration
of lysate before proceeding to the next lysate concentration. Such a design helped reduce
the error that could have been introduced through using a freshly prepared endotoxin
solution or freshly reconstituted lysate vial in the middle of a series of experiments. This
technique could not allow the study of all three reference standards using one endotoxin
dilution and one reconstituted lysate vial. Since the reproducibility of oscillating ring
surface shear rheometry had not been established the experimental design would have
been improved had each of the three reference standards been tested using the same
endotoxin preparation and lysate vial. However, this was not possible due to the limited
volume of lysate per vial (5 ml) and the limited number of experiments that could be
performed in a day (each day requiring a fresh preparation of endotoxin).

The graphs (Fig. 7.8 to 7.11) illustrate the first set of data obtained from each of the
ORSSR references and each of the lysate concentrations investigated.

The repeated

experiments generally gave very similar results with respect to lysate concentration curve
rank order and quantitative values related to the initial build-up of surface elasticity.
Towards longer time periods there were significant discrepancies in the surface elasticity.
Theoretically the pyrogen-free water (PFW) standard should have produced the fastest
initial rate (SGVSt) and therefore the highest surface elasticity - time curve profile since
its reference/, value was the lowest frequency of the three standards. The lo w /, (Hz)
value when using PFW would require the normalized resonant frequency tracking to
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change several bytes in its resonant frequency determining subroutine. The number of
bytes changed would be greater than that required by the other two reference f 0 values in
order to reach the f 0 value brought about in the initial stages of oscillation during the test
sample run. The fast initial rate of surface elasticity build-up (8G75t) would have, using
the old programme, been dependent on the maximum rate of tracking by the ORSSR and
hence limited by it. Using the new multibyte tracking programme takes advantage of the
"scaling factor" tracking (discussed in Chapter 5) which allows faster and hence faithful
measurement of changes in the resonant frequency of the system brought about by the
changing modulus of the surface film.

By the same normalised resonant frequency

tracking reasoning the next highest surface elasticity-time profile in the rank order of
curves should be shown by the "ideal" reference standard. Since the f 0 values recorded
for PFW and the "ideal" reference standards were very similar (2.891 and 2.859 Hz) the
two curves would have been expected to resemble each other closely throughout the
experiment. The use of double strength lysate as a reference standard (same quantities
of lysate as in the previous experiments but in half the volume) produced a high f 0 value
(3.240 Hz) which was reduced when lower concentrations of lysate were used. The
addition of endotoxin solution caused a dilution of the lysate concentration in the overall
test solution but the surface concentration of lysate would have been expected to remain
the same as that of the reference standard. Any differences would have been due to the
presence of endotoxins at the surface. Since surface concentrations of lysate should have
remained the same it is difficult to explain the discrepancy F6 and D9 values (2.891 and
3.240 Hz) obtained for f Qwhen using the "ideal" and "double strength" lysate respectively
as ORSSR references. This observation implies that surface concentration and/or network
formation is more pronounced in the presence of a smaller bulk volume.

The results (Fig 7.8 to 7.11) do not seem to illustrate a consistent rank order for the
reference standard curves when reducing the lysate volumes used.

The theoretical

prediction that the PFW reference standard will produce apparent G1 values which are
greater than the true values and greater than those obtained for the other two reference
standards seems to have only held true when using 1.25% lysate solution. The highest
curves produced for 10%, 5% and 2.5% lysate was when "double strength" lysate was
used as the reference standard. Again this was contrary to expectation since double
strength lysate produced the highest reference frequencies recorded and was predicted to
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give the lowest curves. This result seems to imply little or no correlation between the
reference f Qvalue and the rank order of curves obtained when studying the lysate reaction
with endotoxin.

Sudden significant increases ("jumps”) in G1 (last data points to: (1) the curve representing
PFW in Fig 7.8, (2) the curve representing the "ideal" reference standard in Fig. 7.10 and
(3) the curve representing PFW in Fig 7.10) can be observed occassionally (nonreproducible).

These "jumps" in G1 only occur at the beginning of a new run i.e.

immediately after the ring has been stationary for a period of time. During the stationary
period the modulus of the surface film had obviously increased significantly, at a greater
rate (5G75t) than that occuring while the Du Nouy ring was oscillating - an inexplicable
observation.

The time delay between runs (details discussed in Chapter 5) involves the transfer of
results from the ORSSR interface computer memory to a BBC basic format 5.25 inch
floppy disc file. During this transfer of results the Du Nouy ring remains completely
stationary in the test sample surface and starts oscillating again at a frequency determined
by the last frequency delay byte executed at the end of the previous run.

The data

transfer has to be executed since the programme does not allow any more results to be
stored ORSSR interface computer RAM without over-writing existing data . From all the
results it is evident that this time delay is causing significant problems in obtaining a
smooth G1 - time curve profile. The problem had not been encountered before since the
materials studied had relatively slow rates (5G7St) and hence during the data transfer time
lag the change in G1 was not significant enough to be manifested as a separate gradient.
In the results several separately identifiable gradients can be seen, each occuring at the
beginning of a run taking place during a high rate (6G75t). The separate gradient relates
to the fast tracking of resonant frequency from the ORSSR*s pre-data transfer delay byte
to the post-data transfer delay byte.

Maximum surface elasticities where obtained were variable and did not show any
consistent rank order. The curves which achieved a maximum showed a subsequent
decrease in surface elasticity in every case. Lower concentrations of LAL appear to give
lower maximum surface elasticity. The use of 2.5% LAL and the "ideal" reference
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standard in Fig. 7.10 demonstrates the formation of a weak surface film. The sudden rise
and fall in the G1 during the middle of a run indicates either film damage and a
consequent loss in modulus, or irregular network formation resulting in "slip-stick" effects
of networks adsorbed to the ring with smaller networks scattered around in the surface.

Surface viscosity measurements of the lysate-endotoxin reaction produced unusual trends
which were distinct from the trends obtained during preliminary studies conducted at the
start of this project (Chapter 4). Graphs of surface viscosity as a function of time are
illustrated in Figs 7.12 to 7.15, each corresponding to a particular concentration of lysate.
The graphs do not illustrate any easily identifiable trends with respect to the ORSSR
references that were compared. With the exception of Fig. 7.12 the reference that appears
to give the lowest viscosity is that of the "ideal" standard. Initially in each case there
appears to be a drop in the viscosity below that of the reference viscosity and is illustrated
in the results as a "negative" viscosity.

Since the term "negative" viscosity is

scientifically a non-existent parameter it is necessary to emphasize that the word
"negative" is being used in a relative sense, to indicate that the viscosity is lower than that
of the ORSSR reference viscosity.

The double strength lysate and PFW reference

standards do not appear to show a significant drop in viscosity during the test run. The
general trends in viscosity observed will be discussed in the next section.

B.

LAL DILUTION AND SENSITIVITY STUDIES

The experimental design was two pronged: first investigating the sensitivity of the ORSSR
to various concentrations of lysate (10%, 5%, 2.5% and 1.25% V/V) reacted with a fixed
concentration of endotoxin, and secondly determining the sensitivity of each of the lysate
concentrations to different concentrations of endotoxin. The results from this design of
work should give considerable information, not only on the ORSSR’s sensitivity and
behaviour but also on the rheological properties of the networks formed by the different
concentrations of lysate in the presence of different concentrations of endotoxin.

The results from this series of experiments were extremely encouraging. Each of the
figures from 7.16 to 7.19 make a comparison of the different lysate concentrations and
clearly indicate that higher concentrations of lysate (up to 10% V/V) generally give rise

226

■ ri

hig.7.16:

The

effect

of

LAL

TIMt

(minutes)

Concentration

on

Surface

Elasticity

Evaluation o f the LAL Surface Rheological Assay fo r Endotoxins

o
o
in

in

o

in

ro

o

m

in
(\j

o
cu

in

(ui/niu) Aiioiisvi 3 aovduns

in

227

Evaluation o f the LAL Surface Rheological Assay fo r Endotoxins

o
in

in

o
^T

•H

on

Surface

Elasticity

in
in

in
ru

i—1

•H
in
rri

The

effect

of

o
OJ

F i g . 7.17:

o

in

o
tH
rH

O
o

O
cn

o
CD

(UJ/NUJ)

O

o
CD

A ll□

1

o
in
1SV13

o

O
m

SD V dtinS

o
OJ

o

TIME

o
m

(minutes)

in
n

LAL

Concentration

rH

228

Evaluation o f the LAL Surface Rheological Assay fo r Endotoxins

Elasticity

o
CO

on

Surface

o
ID

ihe

effect

of

LAL

TIME

o
n

(minutes)

Concentration

O

•
o
cn
c
•H
cn
□
c
0)

<

o
c\j

_J
<

_l
as
<
ID as _J
C\J ID
•
•
as
T“! OJ in
<3> ►

<

□

o
vH

F i g . 7.18:

r*

_j
<
.j
as
o

J
O
O

o
0)

o
CD

O
N

(UI/NUI)

O
CO

O
ID

O
\r

A 1I3IX SV H 3

o
m
33V3dnS

o
OJ

o

o

229

Evaluation o f the LAL Surface Rheological Assay fo r Endotoxins

(minutes)
TIME

F i g . 7.19:

The

when

effect

using

of

0.01

LAL

EU/ml

Concentration

Endotoxin

on

Solution

Surface

Elasticity

o

o
o

in

o

in

(UJ/NLU)

o

in

A 1 I 3 I 1 S V 1 3

O

in
xH

3 3 Y d U n S

o

in

o

Evaluation o f the LAL Surface Rheological Assay fo r Endotoxins

230

to greater surface elastic moduli. Out of all the experiments only an endotoxin solution
of 10 EU/ml reacted with 10%, 5% and 2.5% V/V lysate demonstrates a maximum
surface elasticitiy within the time period of the experiment. Characteristically, having
reached a maximum surface elasticity similar to some of the reference standard results
(Figs 7.8 to 7.11) the curve subsequendy falls. It should be noted that this maximum
point of inflexion was not reproduced by the two identically repeated sets of experiments.
This discrepancy could be explained by the deterioration in the lysate since the vial used
in the first set of results was left over from preliminary studies, whereas the lysate used
in the repeated measurements had been freshly prepared. This would also serve to explain
the abnormally low maximum surface elasticity achieved.

A characteristic delay time (8T) is apparent in Figs 7.16 to 7.19 which represents the
delay between starting the ORSSR measurements and the manifestation of a surface
elastic modulus. The early stages of the reaction have also been detected by continuous
and sensitive measurements of alterations in the pH (Gaffin, 1977), optical density (Levin
and Bang, 1968) or by use of a synthetic substrate (Nakamura et al., 1977) for the
proclotting enzyme. It is noteworthy that each of the techniques has demonstrated a long
period between the addition of endotoxin to lysate and the detection of change in some
characteristic of the incubation mixture. Although not strictly correct it is assumed that
the start of ORSSR measurement is the start of the reaction between lysate and endotoxin.
The actual delay between mixing the lysate and endotoxin and starting the ORSSR
measurement is a matter of seconds and involves aligning the Du Nouy ring "precisely11
in the surface of the test sample and covering the measuring head with the perspex
cabinet. In terms of the biochemistry of the lysate-endotoxin reaction it is proposed that
8T represents the time period during which endotoxins activate the enzyme cascade series.
Activation of the pro-clotting enzymes results in a breakdown of high molecular weight
(150,000) macromolecules into active enzymes of lower molecular weight (84,000 and
43,000) which subsequently cleave the coagulable protein (Young et al., 1972; Tai and
Liu, 1977; Sullivan and Watson, 1975). It is also proposed that coagulogen, which has
a molecular weight of 19,675 is cleaved by the activated enzyme(s) into subunits A, B and
C (Nakamura et al., 1976b) during 8T. From the results Figs. 7.16 to 7.19 it appears that
5T increases when the concentration of lysate decreases, but higher magnification of these
graphs and those of the repeated measurements at the points at which surface elasticity
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is manifested have clearly illustrated 8T to be similar for the four different concentrations
of lysate. This finding appears to be in sharp contrast to the kinetic turbidimetric results
which demonstrate the time at which turbidity is manifested (8T) to be dependent on the
lysate concentration. Theoretically, the point at which surface elasticity or turbidity is
detected during the time period of the reaction signifies bonding between the A and B
peptide subunits of the coagulogen.

A turbidity measurement is obtained when a

sufficient concentration of A and B peptides cross-link to form a macromolecular structure
that confers sufficient opacity to interupt the transmittance of light through it. A surface
elasticity reading is first obtained when a sufficient concentration of A and B peptides,
concentrated in the surface, form a sufficiently strong network through intermolecular
bonding and entanglement to confer a modulus when subjected to the sinusoidal stress
(mN.m'1) exerted by the Du Nouy ring.

Since detection by both these endpoint

measurement techniques depends on the concentration of A and B peptides they would
both be expected to demonstrate similar lysate concentration dependence.

Although detection by ORSSR does not illustrate this concentration dependence this does
not infer the existence of a separate biochemical mechanism by which networks are
formed at the solution surface, since it has been shown conclusively that only A and B
peptides combine to produce the network structure (Nakamura et al., 1976b).

This

behaviour could be explained by surface adsorption processes which concentrate the dilute
aqueous solutions of protein macromolecules at the air/water interface. If the assumption
is made that a constant surface excess is achieved by all four concentrations of lysate then
the surface sensitivity of the lysate, which is directly related to 8T, would be expected to
be constant for these four concentrations of lysate.

However, this theory needs to be extended in order to account for the different slopes
(8Gj/8t) obtained. Figs 7.16 to 7.19 and their repeats have clearly shown the 8G78t
dependence on the lysate concentration. By making the assumption that a constant surface
excess is maintained irrespective of which lysate concentration is under investigation is
to assume that test samples containing lysate concentrations greater than 1.25% form
surface films consisting of multilayers of molecules. It is not possible to acetain from the
results whether the 1.25% lysate test sample surface consisted of a molecular multilayer
or a monolayer. The addition of a standard endotoxin solution to a series of these four
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lysate concentrations brings about the activation of enzymes with the subsequent cleavage
of coagulogen in the surface, the extent of activation being proportional to the
concentration of endotoxin present. Endotoxins being amphipathic molecules are likely
to be concentrated at the air/water interface, thus leading to optimal activation of enzymes
in the surface layer. The presence of a molecular multilayer would require the presence
of a sufficient concentration of endotoxin in the layers at a distance 8R beneath the
interface in order to achieve activation of pro-clotting enzymes that are present there and
hence achieve network formation. The action of surface activated enzymes on the sub
surface layers to achieve cleavage of the coagulogen can also enhance network formation.
Coagulogen molecules at the surface occupy a large area and on cleavage with the
subsequent exclusion of the peptide C fragment, and cross-linking of the A and B peptide
fragments they form more dense structures. As a result it is likely that peptide fragments
A and B cleaved in the sub-surface layers will be adsorbed into the surface layer and form
part of the network. It is possible that sub-surface networks of A and B peptides may
form in the case of molecular multilayers when using the high concentrations of lysate.
The net result of all these processes will be to increase the measured surface elastic
moduli when higher concentrations of lysate are used and is demonstrated quite clearly
in all the results.

The qualitative trends in the four slopes (8G7St) in Fig. 7.19 were observed reproducibly
and show an exception to the trends shown by the other graphs (Figs 7.16 to 7.18). Using
the above prediction of molecular events it is possible to conclude that the relatively
common slopes shown by 10%, 5% and 2.5% lysate are a direct result of the endotoxin
concentration (0.01 EU/ml) being a limiting factor. In the case of lysate concentrations
above 2.5% forming molecular multilayers the presence of a limiting concentration of
endotoxin results in only a limited number of layers becoming "activated" through
enzymatic cleavage of coagulable proteins i.e. the "surface layer zone of activation" is
limited.

The reduced slope when using 1.25% lysate indicates that endotoxin

concentration is not a limiting factor in this reaction, but the lysate concentration in the
surface film is limiting.

The 1.25% could be limiting in that : (1) the number of

molecular multilayers formed provide a surface film thickness (81) which is lower than
the surface layer zone of activation by the endotoxin, or (2) a complete surface monolayer
is formed, or (3) an incomplete surface monolayer is formed.
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Surface rheological measurement requires that lysate-endotoxin surface films formed,
whether they are molecular monolayers or multilayers, are infinitessimaly thin. In the
case of a molecular multilayer where the surface concentration fades exponentially into
the bulk, it is important that the film is sufficiently thin to avoid bulk interference during
surface rheological measurements.

In order to establish the bulk effects a series of

experiments had been conducted whereby the Du Nouy ring was positioned in bulk of the
test sample and measurements made. The reference amplitude and reference resonant
frequency were recorded for each test sample. The measurements were made with the Du
Nouy ring in exactly the same position in the bulk as that during the reference run . The
results showed a quantitative decrease in the surface viscosity measured and little or no
detection of surface elasticity. The relatively small rheological changes detected could
be attributed to the two platinum arms supporting the Du Nouy ring which penetrate the
surface layers. These observations give ample evidence of a fall in the concentration of
rheologically significant macromolecules towards the bulk of the test sample and gives
some credence to the asumption that the surface rheological measurements made are true
and independent of bulk interference.

Problems that became apparent during the course of the reference standard studies were
that of data storage and data transfer during the course of taking measurements, and that
of multibyte changes during f a tracking. This problem has also been demonstrated in
these results at the begining of certain runs. The cause of this problem was discussed
earlier (Section 7.4.2 A), but due to the interference that it is having on the results at
critical stages of the endotoxin-lysate reaction it is necessary to consider methods of
overcoming this problem.

Amplitude values calculated by the high speed arithmetic

microprocessor (AM9511), from the torque and the angular displacement of the ring, are
stored in the 255 bytes of memory space (0A00 to OAFF) available in page A of RAM
(interface computer). The result of each reading is stored in machine code (hexadecimal)
in sets of three and therefore the maximum number of readings and hence surface
viscosity results that can be obtained in any one run is (255/3).

If the ORSSR is

instructed to perform more than the maximum 85 experiments then overwriting of data
occurs from the start of page A (0A00). To avoid this a data transfer is effected from
Page A to a floppy disc via data processing by the BBC computer. During data transfer
no measurements are made by the ORSSR and the Du Nouy ring is stationary (seen as
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breaks, with no data points in the curve). At the end of data transfer the Du Nouy ring
is set into oscillation and measurements written again into page A of RAM. An ideal
method of overcoming the problem is to increase the memory space allocated in the RAM
for results, this would require a complete reorganization of the programmes controlling
ORSSR operation. But unfortunately there are only 6 pages available in RAM (0A00 to
OFFF) and since at least five runs are performed at a time (85 x 5 experiments) on any
test sample, it would be necessary to allocate 5 pages just to accomodate amplitude
measurements. Since this is not feasible, a suitable alternative store for this data would
have to be found. The controlling microcomputer (BBC) would have been a suitable
place for storage if sufficient memory space had been available and is worth considering
should high memory capacity controlling computers replace the BBC computer. Another
technique that was suggested (B. Carlin, 1991) involved transferring data in pages A and
C (page C containing resonant frequency measurements required for the calculation of
surface elasticity) direcdy to a floppy disc. The time involved in making this transfer is
small (few seconds) compared to the minutes required by the present programme which
processes all the results and displays them on the VDU before down-loading them onto
a floppy disk. Due to time constraints none of these suggestions were implemented but
are worth considering when proposing to use the ORSSR to measure non-stationary film
formation over time periods not catered for by the maximum 85 experiments per run.

The trends in the surface viscosity results (Figs. 7.20 to 7.23) were unexpected and
illustrated changes which were not consistent with the biochemical reaction mechanism,
surface adsorption process or network formation theory applied to the surface elasticity
results. Theoretically the initial surface viscosity measurements would be expected to
decrease as a result of the breakdown of proactive enzymes into lower molecular weight
active enzymes and with the subsequent cleavage of coagulogen into the three peptide
subunits A, B and C. This trend was clearly manifested when low concentrations of
lysate and/or endotoxin were used. If the viscous properties of the reference standard
surface film used for each of these measurements (PFW) was representative of the viscous
properties of the lysate-endotoxin reaction mixture at zero time as intended then, the
surface viscosity measurements would have initially decreased below zero to "negative"
values. Note that none of the reactions involving 10 EU/ml recorded an initial decrease
in viscosity and reactions involving the use of 10% lysate generally demonstrated lower
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initial decreases in viscosity than when using lower lysate concentrations.

The observation using 10 EU/ml could be explained by the high rate of reaction effected,
resulting in a rapid activation of enzymes and cleavage of coagulable proteins. The A and
B peptides start to react and associate early in the reaction, shown by a rapid build-up of
surface viscosity and it is against this background of viscosity increase that the short lived
decrease in viscosity is not manifested.

The dependence of surface viscosity rate (Srj/bt) on the concentration of endotoxin and
on the concentration of lysate is also clearly apparent from Figures 7.20 to 7.23. During
the course of a high rate (8n/8t), sudden sharp peaks can be observed in all the curves
except 0.01 EU/ml in Fig. 7.23 (1.25% LAL). Except for the first peaks of the 10 EU/ml
experiments in all the graphs, the peaks coincide with the end of a run and the start of a
subsequent run. This is best illustrated by comparing the peaks in the surface viscosity
results with the corresponding gaps in the data points in the surface elasticity results
Figures 7.24 to 7.27. The sudden jump in the surface viscosity with no intermediate data
points to a maximum peak is probably because of the ORSSR operating suddenly at a
frequency far away from the resonant frequency of the system and occurs at the start of
the subsequent run.

This discussion follows from the discussion earlier in this section

and in section 7.4.2 A on the reasons for breaks in data points on the surface elasticity
curve, and the reasons for the increase in the gradient (8GV8t) at the beginning of certain
runs. When the ORSSR operates at frequencies away from resonance the amplitude of
oscillation decreases significandy for an applied torque.

While taking amplitude

measurements the ORSSR in its present form is unable to differentiate between taking
amplitude readings at resonance and amplitudes away from resonance. As a result the
decrease in amplitude away from resonance is wrongly interpreted as being the damping
of the Du Nouy ring effected by a viscous surface film. The steady tracking of surface
viscosity data points from their peak to the general (true) trend of viscosity readings is
representative of the gradual tracking by the ORSSR to the resonant frequency of the
system and hence resulting in greater amplitudes.

The larger peaks as expected

correspond to curves with larger gradients (Sr|/St) since it is then that the greatest change
in the resonant frequency of the system is likely to occur during the transfer of data inbetween runs. The first peaks seen on the 10 EU/ml curves of Figures 7.20, 7.21 and
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7.22 are distinct in that they illustrate data point measurements on the upward part of the
peak and do not correlate with the end and start of a run. In fact these points correlate
with the rapid initial build-up of surface elasticity seen in the 10 EU/ml curves of Figures
7.24 to 7.27. This behaviour implies that during the initial stages of the reaction between
endotoxin concentrations of 10 EU/ml and LAL concentrations equal to or above 2.5%,
the rate of tracking by the ORSSR using a scaling factor of 4 is insufficient to keep up
with the changes in the resonant frequency brought about by the developing elastic
modulus in the surface film.

In order to complete the analysis of the results a direct comparison was made of the
surface elasticities conferred by different concentrations of endotoxin (Figs. 7.24 to 7.27).
Again, the figures illustrate the first set of results obtained.

The low peak surface

elasticities shown in each of the graphs using 10 EU/ml was an error (not reproduced by
subsequent repeats) and its occurrence explained earlier. However it needs to be reiterated
in this part of the discussion that although deterioration of the lysate is suggested this does
not infer a deterioration in the sensitivity of the lysate, as can be seen from the results.
The graphs clearly demonstrate an endotoxin concentration dependence; higher
concentrations of endotoxin bringing about a quicker surface elasticity build-up. Also
apparent is a reduction in the slope (5G75t) in the presence of lower concentrations of
endotoxin. These trends can be explained by applying the theories proposed earlier in this
section.

The concentration of endotoxin determines the extent of activation of

proenzymes, which in turn affects the extent of coagulogen cleavage and hence determines
the degree of network formation in the surface.

In vivo the localized activation of

amoebocytes by endotoxins results in localized gel formation and the subsequent
immobilization and inactivation of the offending endotoxins.

The concentration of

endotoxins at the test sample surface during rheological measurements will probably result
in their involvement in the surface network structure produced by activation of the lysate.
It is not possible to ascertain whether the presence of endotoxins during the cross-linking
of A and B peptide subunits in the surface enhances or inhibits the strength of the
network formed and thus influence the surface elasticity measurements. The results show
that using lower concentrations of lysate causes a pronounced deterioration in the
sensitivity of the lysate to particular concentrations of endotoxin.

Evaluation o f the LAL Surface Rheological Assay fo r Endotoxins
C.

245

TEM PERATURE STUDIES

The biochemical reaction involving the cleavage of the coagulogen protein chain into
three peptide subunits (A, B and C) goes through a "transition state" that has a higher
energy than either coagulogen or its cleaved subunits.

The rate of this reaction is

dependent on the temperature and on the energy difference between that of the coagulogen
and that of the transition state, which is called the "activation energy".

The rate of

reaction is proportional to the fraction of coagulogen molecules that have the necessary
activation energy to overcome the transition state.

The proportion of coagulogen

molecules that possess the minimum activation energy increases with temperature
(Maxwell-Boltzman distribution of velocities).

The presence of a proclotting enzyme lowers the overall activation energy barrier of the
reaction. This occurs by the proclotting enzyme and coagulogen binding together to form
what is called an "enzyme-substrate complex", creating a new reaction pathway with a
transition state of lower energy. Considering the effect of temperature on this enzymecatalyzed reaction, as the temperature is increased so the inherent energy of the system
is increased and more molecules obtain the necessary activation energy for the reaction
to take place. The rate of reaction therefore increases with temperature. However, as the
temperature is increased above a certain point the energy of the system is sufficient to
cause the breakdown of hydrogen bonding, electrostatic interactions, hydrophilic and
hydrophobic interactions and Van der Waals forces, all of which contribute to the stability
of protein structure. As a result the proclotting enzyme starts to lose its activity and
eventually becomes inactive (denaturation). The identification of the proclotting enzyme
presence and its heat labile nature was reported by Sullivan and Watson (1975). The
optimum rate of reaction has been shown to be consistent with the temperature at which
enzymes show optimum activity, 37°C. At temperatures below 37°C the rate of reaction
of enzymes generally doubles for every 10°C rise in temperature, whereas at temperatures
above this optimum the rate of reaction decreases rapidly to zero with the denaturation
of the enzyme.

It was in view of achieving optimal rates of enzymatic reaction that a glass thermal jacket
with fitting test sample glass dishes were specially made. The results of the temperature
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measurement during a typical test sample reaction as a function of time while using the
thermal jacket is shown Fig. 7.30. The test sample took a long time to achieve the
desired optimum temperature. The activation of the proclotting enzyme, the activation of
the enzyme cascade series and the subsequent cleavage of the coagulogen by the activated
enzymes take place during the lag time, 5T (discussed in this section, part B). Since the
lag time is affected by temperature, the 8T values obtained upto now would have been
slightly larger than the true lag time since the enzymes would not have been active at
their optimal rate until a few minutes into the reaction. Incubation temperature control
has been a problem with most techniques of lysate endpoint testing. It is recommended
that a ±0.5°C error is achieved about the optimum.

With the gel-clot technique of

endpoint testing where the tubes are incubated in a hot air oven for one hour the
temperature has been found to be not as critical as to require a ±0.5°C accuracy. With
quantitative detection of endotoxins however the temperature is important especially
during the 8T stage of intense enzymatic activity. The improvements to the LAL-4000
incubator block design in producing the new LAL-5000 substantiates this (LAL Update,
1987, Vol.5, No.3).

The results of the series of experiments conducted at different temperatures are shown in
Figs. 7.31 to 7.34, each figure representing a particular endotoxin concentration. The
changes in the rank order of curves for the different temperatures in passing from 10
EU/ml to 0.01 EU/ml shows a trend which can be explained by the delay in achieving the
optimum enzymatic temperature mentioned earlier. Ideally in all the figures the 35°C
setting should have produced the earliest and steepest surface elasticity curves since this
temperature was the closest to the optimum without causing denaturation of the enzyme.

The fact that the 40°C and 45°C settings have produced the largest responses in Figs. 7.31
and Fig.7.32 is probably due to the the delay in the test samples reaching their
temperature (40°C and 45°C). As a result the test sample enzymes were exposed to an
environmental temperature at or near to 37°C, the temperature of optimum enzymatic
activity, for a large part of the lag time (5T). The 45°C temperature setting should have
caused considerable denaturation of the enzyme and hence a very slow G1 build-up. This
denaturation would probably have occurred towards the end of the lag time (5T)
accounting for its G1 curves being lower than that for the 40°C curves. The other
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temperatures studied using 10 EU/ml and lEU/ml illustrated the expected rank order
throughout.

When studying lower endotoxin concentrations (0.1 EU/ml and 0.01 EU/ml) the lag time
(5T) is increased, allowing that much longer for the test samples to reach the set
temperatures and produce results that are more representative of enzyme activity at these
temperatures. Fig. 7.34 illustrates a considerable fall in the 45°C curve and to a less
extent a fall at 40°C, both representative of the increasing effects of temperature
denaturation through the eventual attainment of preset temperatures.

The 35°C

temperature eventually produced the expected optimum G1 curves when using 0.1 EU/ml
and 0.01 EU/ml. At 0.01 EU/ml the lag time (8T) was sufficient to cause the almost
complete denaturation of the enzymes at 45°C.

Biological kinetics can be differentiated from chemical kinetics by defining the former as
the study of the rate processes in systems where proteins assume the role of reactant or
catalyst.

A problem with studying the kinetics of the lysate-enzyme reaction is its

measurement. If the biological in vitro kinetic studies are to have any relevance in terms
of parent physiological state, the enzyme system should be purified to an extent that
preserves its original behaviour.

Unfortunately isolation procedures often purify and

concentrate protein at the expense of the prosthetic group, which splits off during the
treatment. The enzymes of the cascade sequence are all thought to be serine proteases
which has made it difficult to isolate these enzymes for investigation (M. Gould, 1990).

The following Arrhenius equation:

k = P . Z e RT

has been customarily employed to describe the kinetics of biochemical reactions. The
symbols have the following meanings for bimolecular reactions: k is the specific rate
constant, EA is the energy of activation, R is the gas constant, T is the absolute
temperature, P is a steric factor and Z is the collision frequency. Despite the customary
use of Ea biochemists prefer to use the alternate symbol p which is called the "critical
increment of temperature" which avoids any connotation of physical meaning attached to
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the phrase "energy of activation". The product of P and Z is the Arrhenius constant (A).
This equation can be rewritten as follows:

E

a

1

login k = ~ ------------+ C
610
23R T

Where C represents a function o f the product PZ (Arrhenius constant).

After k for a particular reaction has been measured at several temperatures, a plot of log10£
against 1IT fitted to the best straight line will provide a description of the reaction, k in
these studies can relate to one of several steps in the endotoxin-lysate reaction depending
on the technique employed in monitoring the reaction. It can represent: (1) the activation
of the proclotting enzyme by endotoxin, (2) the rate determining enzyme, if present, in
the cascade series, (3) the cleavage of coagulogen, or (4) the association of A and B
peptides to produce a network. Using the ORSSR technique any specific rate constant
measurements would relate to point (4). Specific rate constant determinations made would
make the assumption that, cleavage of the proportion of coagulable protein that is likely
to be cleaved as a result of the proportion of enzymes activated by endotoxins, occurs
before the association of A and B peptides. At high rates (8G78t) this assumption could
be correct, however, at low rates (8G75t) it is unlikely to be valid and any calculations
using this equation would be erroneous.

D.

REPRODUCIBILITY STUDIES AND QUANTITATION OF ENDOTOXINS

The results of the research programme investigating the reproducibility of the LAL-SRA
technique are shown in Fig. 7.40 and the quantity of lysate used (reconstituted according
to manufacturer’s recommendations) was 0.1ml per test.

This study has allowed an

analysis of the experimental method and the techniques used in order to produce a
protocol to quantitate endotoxin levels. Research upto now has demonstrated reasonably
consistent trends in surface elasticity and surface viscosity both as a function of time, as
a function of endotoxin concentration, and as a function of lysate concentration.
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Characteristics of the measured surface elasticity that could be used in establishing a
calibration standard are:

1. The lag time, ST.
2. The slope (5G75t)max of the steepest part of the curve.
3. The maximum surface elasticity, G1^

Theoretically, (1) the lag time (5T) is related to the rate of cleavage of coagulogen by
activated enzymes and the start of A and B peptide bonding which is signified by the start
of surface elasticity build-up; (2) the slope (8G78t)max of the steepest part of the curve is
related to the concentration of A and B coagulable peptide proteins present which in turn
is related to the rate of enzymatic cleavage of the coagulogen.

G1^

measurements should be constant for concentrations of endotoxin above the

threshold level at which cleavage of all the coagulable protein present occurs. G!max
values should be reduced at endotoxin concentrations lower than the threshold level
because of the incomplete cleavage of coagulable protein present. The relatively short
time periods over which the low endotoxin concentration experiments were conducted had
not allowed G1 values to be established any where near G!max. The requirement of
continuing an experiment until a G1^

is achieved is a significant disadvantage in the

quantification of endotoxins, since it prolongs the time required for each test.

This

coupled with the variability in the G1 values obtained towards the end of each experiment
at high concentrations of endotoxin resulted in the G1^ being considered as unsatisfactory
for an endotoxin quantitation protocol.

The slope (8G78t)max and lag time (8T) were suitable parameters for further consideration
but posed problems with respect to their determination. (8G78t)max was calculated for
each curve from the raw data. Raw data curves had several data points which made it
easier to identify the linear region of the curve and calculate (8G78t)max by eliminating
data either side of the linear region. Considerable care was taken to avoid including any
artifact results (tracking data points at the start of a run) when calculating (8G78t)max.
Determination of the exact point at which the G1 build up occurs in response to the
endotoxin presence is difficult to establish and extremely susceptible to variation as a
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result of subjective interpretation. It was found easier to determine the time taken to
reach a threshold surface elasticity. The threshold surface elasticity value was chosen to
be 15 mN.m'1 and the time taken to reach this threshold called the "Onset Time". It was
considered that when Gl readings were not available when crossing the threshold (e.g. inbetween runs) the equation for the straight line calculated when determining (5G78t)max
could be used to calculate the time at which G1 = 15mN.ni'1 (Onset Threshold).
Measurements of (5G75t)max and the onset time were made for each of the six repeated
experiments and summarized as shown in Table 7.8.

The determination of (5G75t)max was a labour intensive process which could not be easily
automated by writing computer programmes, even if artifact results were eliminated by
modifying the ORSSR controlling programmes.

The coefficient of variation for

(8G75t)max was unacceptably large and so the relationship between (5Gl/5t)max and the
concentration of endotoxin in order to establish a calibration standard curve was not
pursued.

The error in onset time determinations proved to be satisfactory under the circumstances
and could probably be improved, especially when testing higher concentrations of
endotoxin, by improving temperature control in the test sample and standardizing the time
between mixing the lysate and endotoxin solution through automation. These onset time
measurements, although based on a different parameter, can be considered to parallel the
onset time measurements made using the LAL-5000 kinetic turbidimetric technique. Since
both these onset times were considered to represent similar points in the overall
biochemical reaction it was assumed that the LAL-SRA technique results would obey the
same inversely linear log onset time - log endotoxin concentration relationship. Fig.7.41
confirms this assumption. Results of correlation coefficient calculations are as follows:

TABLE 7.9:

Correlation Coefficients calculated for the log onset time - log endotoxin
concentration graphs obtained using the LAL-SRA technique.

EXPERIMENT
CORRELATION
COEFFICIENT

1
-0.997

2
-0.998

3
-0.994

4
-0.997

5
-0.992

6

MEAN

-0.993

-0.996
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The correlation in every experiment exceeds the minimum required by the LAL-5000
technique (0.98) and has generally demonstrated better correlation than those obtained
when establishing endotoxin calibration standards using the LAL-5000 technique.

It

should be noted when making a comparison of these techniques that the LAL-5000 was
used to measure endotoxin concentrations over the narrow endotoxin concentration range
which bracket the lysate sensitivity (0.5 to 0.03 EU/ml) whereas the LAL-SRA technique
measured endotoxin concentrations over a much wider range (10 to 0.01 EU/ml) using
lysate at 10% of its original concentration.

The LAL-SRA results were considered satisfactory and the equation for the inversely
linear relationship between onset time and endotoxin concentration:
log jo onset time = -0.233 log10 endotoxin concentration + 123
used as an "archived standard".

This archived standard could be used to quantitate

endotoxin levels in future lysate inhibition/enhancement tests, product interference tests
and serve as a comparitive standard for future calibration standards that may be prepared.

Although surface viscosity results have not yielded the expected trends as a function of
time, due to interference from the tracking of the resonant frequency, consideration was
given to the possibility of using the average "plateau" surface viscosity as a parameter in
establishing a calibration standard for endotoxin quantitation. Although the term plateau
is used in the case of endotoxin concentrations 0.1 and 0.01 EU/ml it would be better to
describe them as viscosities achieved by the surface film at the end of a specified number
of runs. Fig. 7.42 illustrates the results of an investigation into the reproducibility of the
surface viscosity results and the approximate "plateau" surface viscosities are summarized:
TABLE 7.10: Summary of the accuracy of Plateau Surface Viscosity as an Endpoint.
ENDOTOXIN
CONCENTRATION
(EU/ml)

PLATEAU SURFACE VISCOSITY
MEAN
(mN.s.m1)

STANDARD
ERROR (mN.s.m1)

COEFFICIENT OF
VARIATION (%)

10

20336

329

3.96

1

34891

4073

28.59

0.1

36942

1650

10.94

0.01

14394

271

4.61
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The variability is clearly unsatisfactory. The cause of the variation is unknown but is
unlikely to be due to resonant frequency tracking variations which cause the variability
at the begining of each experiment when the rate of A and B peptide reaction is at its
greatest.

7.5

OVERALL DISCUSSION AND CONCLUSIONS

Several interesting points have been raised with respect to the two endpoint detection
techniques (LAL-5000 and LAL-SRA). The LAL-5000 proved itself to be a significant
improvement on its predecessor, the LAL-4000. Although the LAL-5000 had only been
tested for its capacity to measure standard endotoxin solutions made up in pyrogen-free
water, it was considered that any problems occurring with its use in product testing were
likely to be due to the inhibition/enhancement effects of the product on LAL or due to
significantly opaque products inhibiting the transmittance of light. From all the research
conducted using the LAL-5000 it was thought that any problems due to abnormally high
or variable endotoxin readings were a result of human error. Where the LAL-5000 is
most likely to suffer drawbacks in its application is when testing coloured, opaque and/or
viscous solutions like all other optical endpoint detection systems proposed for the LAL.
The LAL-5000 produced extremely useful although variable results with respect to the
effect of lysate dilution on its sensitivity to endotoxins.

The approximately exponential

decrease in sensitivity with lysate dilution has not yet been reported. Knowledge of this
relationship between dilution and sensitivity allayed much of the concern about using
diluted LAL in the LAL-SRA technique.

The developed ORSSR has proved to be a suitable piece of equipment for detecting the
surface rheological changes occurring during the reaction of LAL with endotoxins. The
technique has demonstrated itself to be sufficiently sensitive to quantitative endotoxin
concentrations in the range 10 EU/ml to 0.01 EU/ml using Atlas Bioscan lysate of gel-clot
sensitivity 0.03 EU/ml. Pyrogen-free water has proved to be a suitable ORSSR reference
material for each test without any apparent loss of sensitivity to the detection of
endotoxins. Although an endotoxin calibration standard curve has been established using
the ORSSR, it would be necessary to produce independent standard curves for future
work. The sample temperature control is at present a major problem which does not
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allow the LAL-SRA technique to operate at its full potential. Overcoming the time delay
in achieving the optimal enzymatic temperature should further improve the reproducibility
and achieve a better regression coefficient on the four point endotoxin standard curve.

The surface viscosity measurements are of no foreseeable use in the LAL-SRA technique
other than to serve as an indicator of ORSSR operating frequency deviation from the
resonant frequency of the system. From the surface elasticity curves it appears that both

(5G75t)max are quantitatively related to the
However due to present difficulties in determining (5G76t)m
ax

the surface elasticity onset time and the slope
concentration of endotoxin.

and the variability of such measurements it was considered to be an unsuitable indicator
of endotoxin concentration. The threshold surface elasticity (15 mN.ni'1) at which the
onset time was determined was found to be appropriate for the endotoxin concentration
range 10 EU/ml to 0.01 EU/ml being investigated.

The use of 0.1 ml of lysate (reconstituted to the manufacturers recommendations) per test
(10% LAL) has proved successful in achieving a sufficient degree of reproducibility. The
use of lower volumes of lysate (5%, 2.5% and 1.25%) have demonstrated detectable
surface elasticities but at the expense of LAL-SRA sensitivity, when using the prescribed
data analysis method.

There is a possibility of reducing the volume of lysate used per test even further without
sacrificing LAL-SRA sensitivity to endotoxins. This would involve reducing the test
sample surface area and bulk volume by designing a fixed concentric cylinder in the
sample dish.

The physical form and geometry in which this technique of increasing

ORSSR sensitivity could be applied could vary depending on the sample being
investigated. For the purposes of the LAL-SRA where surfaces coming into contact with
the test materials are required to be pyrogen-free, a concentric cylinder glass dish made
to a high standard specification would probably be the most suitable. The use of such a
design would require a recalculation of the geometry factor employed in the ORSSR
programme.

Better temperature control could be achieved by employing a "Peltier" heating device in
a specially designed base with a larger surface area of contact with the glass test sample
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dish. Temperature probes are ideally positioned in the test sample surface but this give
rise to problems of cross-contamination.

The data analysis design for achieving an endotoxin calibration standard curve does not
require changes to the ORSSR data collection programme. However in the interests of
other applications for the ORSSR and reproducibility studies it would be useful to
programme the equipment to take measurements at regular intervals of time. This would
alleviate the need for and the errors involved in manually selecting data at specific time
intervals when in fact the times at which data readings are taken rarely coincide in
identically reproduced experiments.

It is important that the time interval chosen is

suitable to define sudden rheological changes adequately and especially when accurate
onset time readings are required.

If we extrapolate the standard errors of the surface elasticity measurements obtained to
the crude bulk studies involving the gel-clot test it can be concluded that the Atlas
Bioscan lysate is produced to a high standard and that the probability of the gel-clot
endpoint varying from its specified sensitivity (0.03 EU/ml) is very small. It should be
noted that the recommended gel-clot test methods allow a two-fold endotoxin dilution
variation from the specified lysate sensitivity. Use of lysates which exercise the two-fold
dilution variation allowance in the LAL-SRA technique will almost certainly result in
considerable variations in the ORSSR results. Such variations can also occur as a result
of poor endotoxin standards or even poor experimental technique and in these cases
considerable variability is likely to be found when using the LAL-SRA.

Furthermore the reproducibility studies in this chapter serve as a corollary to Chapter 6,
in that the calibration standard achieved could be used as an ORSSR standard. Use of the
film formed during the reaction of lysate with endotoxin as the basis of an equipment
standard is not a practical proposition but it does exhibit some of the important physical
properties that are sought in an ORSSR standard, in particular the reproducibility of the
onset time during surface elasticity measurements.
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Chapter 8:

Endotoxin Standards and their Formulation for use in Pyrogen testing.
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INTRODUCTION

Endotoxins standards are required to establish uniformity in pyrogen testing, LAL research
and LAL test application.

This chapter reports on investigations conducted into the

suitability of certain endotoxin standards for use in the LAL-SRA technique and the effect
that particular formulation excipients could have on the technique’s senstivity.

When the rabbit pyrogen test was introduced in 1942 the levels of endotoxin that were
pyrogenic to the rabbit or man was not defined. It was not until 1956 that Westphal
demonstrated the minimal pyrogenic dose of purified Salmonella abortus equi endotoxin
on a per kilogram body weight basis to be comparable in rabbit and man. Research by
Keene et al. (1961) using Serratia marcescens endotoxin administered at 30 ng/kg
produced comparable threshold fever responses in four human subjects and in rabbits.
Greisman and Homick (1969) confirmed and extended these findings by determining the
relative sensitivities of rabbit and man to different endotoxin injections. They discovered
that if the total endotoxin dosage administered rather than the per kilogram body weight
dosage is considered, the rabbit responds to lower quantities than does man. A useful fact
that has served pharmaceutical industry since the rabbit test was designated as the official
test for pyrogens. Until the advent of the LAL as a suitable alternative test for endotoxins
the need for a proper international endotoxin standard did not exist, since the rabbit test
protocol (oudined in Chapter 1) did not require that a series of measurements be carried
out using known endotoxins as a control. The rabbit test correctly relies on the in vivo
response to pyrogenic substances to be reasonably reproducible from rabbit to rabbit,
especially when specific strains are used and controlled conditions are strictly applied.
The LAL test however is an in vitro test using a biologically active material that is
extracted using techniques that disturb its original biological activity. Furthermore the
activity of this extracted lysate is itself subject to considerable variability in vivo e.g.
horseshoe crab species, age, size, season, environment etc..

The principal offending substance during the preparation of pyrogen-free materials and/or
apparatus is the lipopolysaccharide (LPS) endotoxin derived from the cell wall of gramnegative bacteria. Structural studies have provided convincing evidence that most of the
biological activities of endotoxin are dependent upon the lipid-A region of the LPS
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The concept that preparations of

endotoxin derived from a single bacterial culture using different extraction procedures can
vary significantly in the their ability to initiate a response was clearly demonstrated by
Morrison et al. (1987). An evaluation of the activity of a variety of endotoxins using
different pyrogen test systems has documented substantial differences in activity between
the different categories of endotoxin (Weary et al., 1982; Case and Novitsky, 1982;
Noordwijk et al. 1987). The innadequacy of precise storage conditions, moisture content,
additives, container type, fill size, and filling method are the most likely causes of lot-tolot variation for a particular bacterial species.

In view of the considerable variability that existed in both the LAL and endotoxin
preparations it was understandable when scientists in this area of research reported their
results and discovered that they were unable to relate to the work of other scientists. The
reported sensitivites of LAL were based on the activity of the endotoxin used. Therefore
the need to standardize the scale upon which the LAL activity was based brought about
a phenomenal amount of research designed towards producing a Reference Standard
Endotoxin (RSE). The rabbit pyrogen test does not involve the use of endotoxin standards
since this in vivo test system, under controlled conditions, had been shown to produce
reasonably reproducible responses which mimicked those responses obtained in man.

8.1.1

REQUIREMENTS OF A REFERENCE STANDARD ENDOTOXIN

In order for international acceptance of a reference endotoxin there are seven suggested
criteria which should be demonstrated by that preparation:

1.

Representative o f the Typical Pyrogenic Endotoxin.

Several different endotoxins have already been used as in-house testing or national testing
standards for pyrogenic effects in rabbits and positive controls in LAL testing. Due to the
considerable variability that had existed in their endotoxic activity the regulatory
authorities found it difficult to define a standard pyrogen test - hence the variations in the
original pyrogen test requirements seen in the different pharmacopoeias.

However

endotoxins from E. coli, Shigella dysenteriae, Klebsiella pneumoniae, Proteus vulgaris and
Salmonella abortus equi have been used in both rabbit and LAL tests to demonstrate their
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positive response (Cooper, 1977; Fleishman and Fowlkes, 1982). The choice of endotoxin
should ideally represent the level of endotoxic activity likely to be encountered in the
environment.

Native endotoxin is in an unrefined state, consisting of a structurally

heterogenous macromolecular aggregate containing individual LPS subunits which vary
substantially in their relative amounts of lipid-A and polysaccharide (Palva and Makela,
1980; Goldman and Leive, 1980).

As a further complication, unrefined bacterial

endotoxins are generally in non-covalent association with various amounts of bacterial
protein derived from the bacterial outer membrane (reviewed by Hitchcock and Morrison,
1984).

It should be noted that the protein itself can sometimes manifest biological

activities, in some cases strikingly similar to those of purified LPS. As a consequence the
relationship between the LAL activity detected for a chosen standard and that of less
refined endotoxin will be relative and arbitrary (Munson, 1985). Themore

well known

it is and the more widely it is found as a contaminating endotoxin, thebetter it should
serve as a universal standard, providing the other criteria are met aswell.

2.

Properly Defined and Characterised.

Initially, the endotoxin activity or potency was defined in terms of the mass of endotoxin
required to give a positive response under specified conditions in a LAL test. But due to
the variability in lysate sensitivities it is necessary to define an internationally acceptable
unit of endotoxin activity (IU) using a well characterised endotoxin.

3.

Detectable Febrile Response in Rabbits.

Since the total minimum quantity of endotoxin that can produce a threshold pyrogenic
response is lower in a rabbit than in a man, the use of the threshold pyrogenic response
technique as a measure of the endotoxin activity should provide a several fold safety
margin in the testing and release of parenterals. However this is difficult to achieve due
to the variability between rabbits and with the increasing use of LAL as the official test
for pyrogens the need for this is rapidly decreasing. It is possible to define the potency
of the reference endotoxin with greater presicion in terms of the LAL test than in terms
of the response in rabbits.

4.

Quantitative Cross-Correlation with other Endotoxins.

A constant relationship in the gelling activity of a particular endotoxin to the chosen
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reference endotoxin when used with different lysates would be a great advantage. It
would allow testing laboratories to determine the activity of their own endotoxins and use
them as internal Control Standard Endotoxins (CSE) rather than be forced to use the
internationally agreed Reference Standard Endotoxin (RSE).

5.

Long Term Storage Stability.

The longer the period over which the assigned endotoxin activity remains constant the
greater acceptance it will receive.

Endotoxin standards which deteriorate over short

periods of time will be required to be replaced frequently by fresh standards. In such
situations it would not be possible to use the previous standard as a calibration for
determining the activity of the subsequent standard.

Any deterioration would cause

considerable confusion and the need for establishing new standards would prove time
consuming and costly.

6.

Produced in Sufficient Quantity.

The quantity required will have to meet the international demands made by regulatory
authorities, manufacturers, and other users. Remembering that the reconstituted endotoxin
solution is less stable than the lyophilzed preparation the unit quantities in which the
endotoxin is supplied should be sufficient to meet the needs of the user without too much
wastage.

7.

Reproducible and Reliable.

Probably the most important aspect in the choice and preparation of an international
standard. The preparation should be: (1) homogenous so that vial-to-vial variability is
avoided, (2) easily solubilized on reconstitution and easily dispersed on mixing,
(3) minimum of endotoxicity loss through adsorption onto container surfaces and (4) good
storage stability after reconstitution.

8.1.2 M AJOR ENDOTOXIN STANDARDS

There are five major endotoxin standards that have been used for validation of LAL
sensitivity and which have been used in conjunction with the LAL test for pyrogens as

Endotoxin Standards and their Formulation fo r use in Pyrogen Testing

270

a control :
(1)

Klebsiella pneumoniae endotoxin.

(2)

Escherichia coli 055:B5 endotoxin.

(3)

Escherichia coli 0113:H10:K negative endotoxin.

(4)

Shigella dysenteriae endotoxin.

(5)

Salmonella abortus equi endotoxin.

The lesser known standards are Escherichia coli 0111 :B4 used in conjunction with LAL
test kits as a CSE, and Escherichia coli 0127:B8 used as a CSE by the Upjohn Company.
The history of the development of these standards from the the first national standard
produced by the Bureau of Biologies (U.S.A) has already been discussed (Chapter 1).
The most recent extensive WHO International collaborative study on the choice of
international endotoxin standard was that reported by Poole and Mussett (1989). From
the results of this study the Expert Committee on Biological Standardization (ECBS) of
WHO established preparation 84/650 as the International Standard for Endotoxin for LAL
gelation tests with an assigned unitage of 14 000 IU (International Units) of endotoxin per
ampoule (WHO, ECBS Thirty seventh Report, 1987). The standard consists of 2 pg of
E.coli 0113:H10:K negative purified endotoxin and trehalose (3 mg/1 ml vial).

8.1.3

MEASURING ENDOTOXIN ACTIVITY

Endotoxin activity was originally based on the mass of the endotoxin and taken as an
absolute value. Scientists would therefore "select" an extremely sensitive LAL by using
a very potent endotoxin (Novitsky, 1987). By basing activity on mass it was difficult to
compare activities with the first reference endotoxin standard proposed. The Endotoxin
Unit (EU) was chosen by the American FDA (Food and Drug Administration Authority).
The endotoxin activity was assigned using the endotoxin standard EC-2 and the reference
LAL Lot #4. A collaborative study reported by Hochstein et al., 1983 established that Lot
#4 had a sensitivity of 0.2 ng/ml and this value was designated as 1.0 EU/ml. Thus the
conversion of ‘ng’ to ‘EU’ was more by chance than anything else. LAL sensitivity has
as much to do with endotoxin potency as potency has to do with LAL sensitivity i.e the
reaction can be extremely Lot specific. Rather than preparing a new unit of activity for
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the international endotoxin standard the WHO decided to adopt the U.S.A tried and tested
national standard, the ‘EU’. The WHO ECBS equated the International (endotoxin) Unit
(IU) with quantitative equivalence to the EU (1EU = 1IU). The need to define an IU
rather than accept the EU as a unit of measurement is unclear.

8.1.4

ENDOTOXIN STANDARDS FOR USE IN THE
LIMULUS AMOEBOCYTE LYSATE SURFACE RHEOLOGICAL ASSAY.

The Control Standard Endotoxin (CSE) that is used in LAL testing can be a matter of
personal preference irrespective of which end-point detection technique is used, provided
the criteria for accuracy, stability are met and that the endotoxin activity is determined
using an established Reference Standard Endotoxin (RSE).

Atlas Bioscan commonly

employs E. coli 0113:H10 as the CSE. The activity of the CSE is standardized against
the RSE (EC-5) using the gel-clot method. Upto this point all the research conducted
(unless specified) has involved the use of this CSE (Lot #33) with an activity of
approximately 5000 EU/vial.

Using the CSE in the LAL-SRA of endotoxins has so far proved successful. However the
CSE, RSE or other proposed major standards are not exactly representative of the type of
endotoxins that are likely to be encountered in the environment. E. coli is certainly not
the major contaminant of pharmaceutical process water, but work by several scientists has
shown that natural endotoxins are on the whole less pyrogenic than the purified standards
and therefore the latter serves to provide a several-fold safety margin in the testing and
release of parenteral products and medical devices. In LAL-SRA testing consideration
will have to be given to the fact that surface effects are being measured, and therefore it
is important to know the differing surface properties that are likely to be demonstrated by
solutions of different endotoxins and whether this, if present, is likely to affect the overall
results.

It was considered that the best way to investigate the effect of different endotoxins on
their detection using the LAL-SRA technique would be to use established endotoxin
standards of different bacterial origin.

This would confer the advantages that the

approximate endotoxin activity would be known, the relative reactivity of the chosen
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endotoxin to the RSE when used with different lysates would be constant and provides
considerable information on the validity of using the LAL-SRA as a technique to monitor
unknown naturally occuring pyrogens in process control.

To this end the following

endotoxin standards were chosen:

(1)

First International Endotoxin Standard fo r LAL Tests (Code 841650) :

containing approximately 2 pg of E. coli 0113: H10: K negative purified endotoxin and
approximately 3 mg of Trehalose.
(2)

Salmonella abortus equi (Code 84/691) :

containing approximately 2 pg of S.abortus equi endotoxin in 2 ml of distilled water.
(3)

First Internationally Recommended Pyrogen fo r Rabbit Tests (Code

79/502): containing 1 pg of Shigella dysenteriae endotoxin and 5 mg human serum
albumin (HSA).

The properties of these endotoxins have already been investigated through an international
WHO collaborative study using the LAL gel-clot assay, rabbit test, chromogenic peptide
assay and turbidimetric assay (Poole and Mussett, 1989). The turbidimetric assay had
only been performed by the Associates of Cape Cod using the LAL 4000 equipment

8.1.5

ENDOTOXIN FORMULATION

The use of non-endotoxin components in the formulation of endotoxin standards is a
contentious issue that has not been properly addressed. The endotoxin standard designated
EC was a relatively pure standard extracted from E.coli 0113:H10: K negative (Rudbach
et al., 1976) and replaced a previous reference standard prepared from a highly purified
lipopolysaccharide of Klebsiella pneumoniae (Castor et al., 1971). Of successive portions
of bulk EC, Lot EC-2 was prepared in 1979 by dissolving a sufficient quantity of bulk
endotoxin in a solution of 0.1% normal (human) serum albumin as the lyophilization
vehicle (Hochstein, 1981). Subsequent preparations, Lots EC-3 and EC-4 did not achieve
the same potency. This variation was thought to be due to differences in processing,
which included lyophilization and the use of albumin as the vehicle (Hochstein, 1981).
As a result of these difficulties the FDA was convinced of the need for excipents to
stablize EC during the freeze-drying process and also to make EC solubilize more easily.
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Hochstein (1983) employed 10,000 times more lactose and 1000 times more polyethylene
glycol 6000 (by weight) than endotoxin prior to bottling to achieve this successfully.

However, complete consideration was not given to the effect of these pharmaceutical
excipients on the LAL gel-clot technique employed at the time.

Research by the

Associates of Cape Cod on endotoxin standards containing normal serum albumin showed
that certain products when spiked with these albumin-containing standards exhibited
inhibitory properties (endotoxin was difficult to detect when measured with LAL) that
were not observed when a similar endotoxin-lacking albumin was used instead
(unpublished). More significantly they had found that the same bulk EC that went into
preparing EC-5 RSE showed that EC alone was extremely stable, required no additives
for successful freeze-drying,

and once freeze-dried went into solution in about 10

minutes.

Claims that the relative potencies of endotoxins in LAL assays were influenced by carriers
such as albumin, various sugars and other formulation excipients led to a suggestion that
an international reference standard should consist of a simple solution of endotoxin in
water (WHO, ECBS-1985-Unpublished Working Document WHO/BS/85). To this end
an international collaborative study of preparations 84/650, 79/502, 84/691 and ECS
(specified earlier) was conducted.

Initial studies on the ORSSR reported in Chapter 4 involved the use of the RSE EC5,
each vial containing 1 pg of E.coli 0113:H10:K negative endotoxin, 10 mg lactose and
lm g PEG 6000. In view of possible surface effects and interference with the overall LAL
sensitivity to endotoxins the CSE (containing 0.5 pg of E.coli 0113:H10:K negative only)
was used in all subsequent research. Investigations revealed the need for an independent
study of the effects of formulation excipients on the LAL sensitivity to endotoxins and
their effects on the surface rheological properties measured by the ORSSR. The study
involved the excipients, lactose, trehalose and PEG6000 and used the gel-clot, LAL-5000
and LAL-SRA techniques. The study was extended to include an investigation of the
effect of divalent cations (Calcium and Magnesium) on the surface rheological properties
of the reaction between LAL and endotoxin.
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METHOD
PREPARATION AND STORAGE OF ENDOTOXIN STANDARDS

The CSE-Lot 33 vial (Atlas Bioscan, Bognor Regis, U.K.) was reconstituted with 5ml of
pyrogen-free water and dilutions prepared by adopting the same procedure described
earlier (Chapter 3).

Preparations 79/502 and 84/650 were supplied as freeze dried

materials sealed at atmospheric pressure under an atmosphere of dry nitrogen.
Reconstitution of lyophilized preparations 84/650 and 79/502 involved tapping the
ampoule gently to collect material at the bottom (labelled) end and scoring all the way
round the circumference at the constriction of the ampoule using a sharp file. A heated
thick glass rod was then firmly applied to the file score until a crack appeared. The
ampoule was then held horizontally and the top (empty) portion broken-off. Care was
taken to avoid particles of glass falling into the ampoule and any loss of material from
the ampoule. The content of the ampoule (bolus of powder) was reconstituted using 1 ml
of PFW. The solution was then agitated at regular intervals (every 2 minutes) over a 20
minute period and used to prepare 10-fold series dilutions.

Preparation 84/691 was

supplied (Dr.C. Galanos, Max Planck institut, West Germany) as a 2ml solution and was
used directly to prepare 10-fold series dilutions. Preparations of CSE and 84/691 were
stored at 2-8°C whereas preparations 84/650 and 79/502 were stored at -20°C.

8.2.2

PREPARATION OF FORMULATION EXCIPIENTS

Depyrogenation of lactose, trehalose and PEG 6000 could not be achieved by the
recommended heat treatment procedures. 50ml solutions of 10% W/V lactose, 10% W/V
trehalose and 30% W/V PEG 6000 were prepared using PFW and depyrogenated
glassware. These solutions were then filtered using 0.22 pm membrane filters and each
transferred in 10ml aliquots to 5 test-tubes. Each test-tube was sealed with a double-layer
of parafilm-M and stored at room temperature. All stock solutions were used within five
days of preparation.

Calcium chloride dihydrate (AnalaR) and magnesium sulphate heptahydrate (AnalaR) were
used to prepare 2.5 M solutions of each. Depyrogenation was achieved by heating the
solid materials at 130°C for 3 hours and then at 250°C for approximately 8 hours before
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dissolving in PFW. Exact molar concentrations were determined using a Perkin-Elmer
A.A.S.280 atomic absorption spectrophotometer.

Solutions were stored in test-tubes

sealed with a double-layer of Parafilm-M. Appropriate dilutions were made using PFW.
The required dilutions of the prepared solutions were spiked with the appropriate amount
of CSE prior to preparing 10-fold series dilutions and 2-fold series dilutions which
encompass the LAL sensitivity (0.03 EU/ml).

Before ORSSR studies could be performed the individual endotoxin activities had to be
determined, for this the gel-clot method was employed.

The standard against which

calculations were made was the CSE supplied by Atlas Bioscan (activity 1000 EU/ml).
LAL Lot 99:50:393 (sensitivity 0.03 EU/ml) was used throughout this investigation. The
approximate activity specifications provided with the endotoxins were: S. abortus equi 4250 IU/ml, E. coli 0113 - 14000 IU/ml, S. dysenteriae - activity unknown.

8.3
8.3.1

RESULTS AND DISCUSSION
ENDOTOXINS OF DIFFERENT BACTERIAL O RIG IN

The approximate activity of the endotoxins of different bacterial origin was first obtained
using the LAL gel-clot procedure. All the endotoxins except Shigella dysenteriae (79/502)
were supplied with product specification documents indicating their approximate
endotoxin activity. Nevertheless it was necessary to confirm the activities of the known
endotoxins as well.

GEL-CLOT STUDIES

Two-fold endotoxin dilutions were prepared which encompassed the LAL sensitivity using
preparations 84/650 and 84/691, using the same dilution techniques employed previously,
and tested for "firm” gel formation.

Since the activity of preparation 79/502 was

unknown a series of seven ten-fold dilutions were prepared and tested to obtain the
approximate region in which the cross-over from positive to negative gel-clot response
could be measured.

This result was then used to prepare a two-fold dilution series

encompassing the lysate sensitivity and then tested in quadruplicate using PFW negative
controls. The gel-clot endpoints of the two-fold dilution series were used to calculate the
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concentration of endotoxin in the vial/ampoule by multiplying the LAL sensitivity by the
reciprocal of the dilution at the endpoint (see Chapter 3 section 3.3). The concentration
for the replicate assays has been expressed as the geometric mean (GM) in the following
table which summarizes the results:

Table 8.3.1:

Endotoxin activities determined using the Gel-clot technique for
lipopolysaccharides of different bacterial origin.

ENDOTOXIN
PREPARATION CODE

ENDOTOXIN ACTIVITY (EU/vial)
SPECIFIED

MEASURED (GM)

RSE

10000

NOT TESTED

CSE

5000

5000

84/650

14000

11773

84/691

8500

9600

79/502

UNSPECIFIED

625

After reconstitution of 79/502 (Sh. dysenteriae) many thin fibres were found suspended
in the solution and a froth produced during agitation. The RSE was used to confirm the
sensitivity of the LAL used throughout the tests to be 0.03 EU/ml. These approximate
endotoxin activites were used to prepare the appropriate standard endotoxin dilution series
for LAL-5000 kinetic turbidimetric testing.

KINETIC TURBIDIMETRIC (LAL-5000) STUDIES

The endotoxin activity quantitation using the LAL-5000 technique was made using RSE
as the calibration standard. The CSE was not tested or used since its activity when used
in the LAL-5000 instrument had been confirmed many times before. The endotoxin
dilution series had been prepared using calibrated glass pipettes. Using the same two-fold
dilution series as that used for the gel-clot technique, the results shown in Table 3.8.2
were obtained. It should be noted that for this investigation the two-fold endotoxin series
was prepared with respect to endotoxin activity (EU/ml) in the case of preparations 84/650
and 84/691, and with respect to mass of endotoxin per unit volume (ng/ml) in the case of
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79/502. The latter method is usually employed when using the LAL-5000 to determine
unknown activities. Using the ng/ml technique for all the endotoxin preparations would
have produced a wide range of optical density-time curves, where the shortest onset time
curve would have been expected to be produced by the most active endotoxin per unit
mass; 84/650 followed by 84/691, followed by the CSE and then 79/502. In order to use
this technique it would be necessary to produce a very broad calibration standard using
the RSE, from which the activity in EU/ml of the unknown endotoxins could be
calculated. However, use of the gel-clot technique to determine approximate endotoxin
activities avoided the need to use this method.

Linear equations for the log10 mean onset time against log10 endotoxin concentration
graphs drawn and their repective regression coefficients (r) were calculated.

Table 8.3.3:

Details of the log10 mean onset time against log10 endotoxin concentration
graphs obtained using the LAL-5000 technique.

PREPARATION

SLOPE

INTERCEPT

r

84/650

-0.207

2.938

0.988

79/502

-0.2867

2.986

0.992

84/691(a)

-0.1259

3.1654

0.868

84/691(b)

-0.1708

3.1729

0.942

The values obtained in Table 8.3.3 were acceptable except for the regression coefficients
calculated for preparations 84/691 (a) and (b). Preparation 84/691(b) was an identically
repeated set of dilutions and measurements to 84/691(a), performed as a result of the poor
correlation coefficient in 84/691(a).

The activity (EU/ml) of each endotoxin at each

dilution (Table 3.8.2) was calculated from the RSE calibration standard using respective
onset times. The equivalent activity (EU) per vial was calculated from the measured
activity (EU/ml) by multiplying it with the dilution factor relevant to the endotoxin
measured. The mean activity per vial was calculated from the ten measurements made
for each of the preparations 84/650, 79/502, 84/691(b) and from the nineteen
measurements made for preparation 84/691(a) (see Table 8.3.4). The first reading
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obtained using 84/691(a) i.e. 110160 EU/vial was omitted from the calculation as there
was an unusually high degree of error associated with it.

SURFACE RHEOLOGICAL (LAL-SRA) STUDIES

The previously described procedure of preparation, measurement and calculation was
conducted similarly using the ORSSR (LAL-SRA technique). The exceptions were that
each dilution of each endotoxin was measured three times and the CSE, as opposed to the
RSE, was used to establish a calibration standard. The onset times were determined in
each case from graphs drawn of surface elasticity against time, and the measured
endotoxin activity (EU/ml) calculated from the standard curve of log10 onset time against
log10 endotoxin concentration. The activity per vial was again calculated by multiplying
the measured activity (EU/ml) with the appropriate dilution factor. These measurements
and calculations have not been illustrated like in Table 8.3.2 inorder to avoid presenting
reams of data. However have been conveniently summarized to indicate the respective
endotoxin activities determined for each preparation using the LAL-SRA technique (Table
8.3.4).

The overall results of endotoxin activity determination for each of the endotoxins of
different bacterial origin have shown variation depending on the endpoint technique used.
The gel-clot technique has detected the lowest endotoxin activity by the three preparations
(84/650, 84/691 and 79/502). Excluding 79/502 the highest activities were detected by
the LAL-5000 technique. The activity of 79/502 detected by LAL-5000 and LAL-SRA
techniques were similar. The activity of 84/691 and 84/650 obtained using the gel-clot
and LAL-SRA techniques respectively were the most similar to the specified endotoxin
activities.

The endotoxin activities quoted by the product specification documents were those that
had been determined by a WHO international collaborative study (WHO/BS/86.1539).
This study was extensive, involving thirty-five laboratories which used gel-clot,
turbidimetric, chromogenic and rabbit tests to quantitative endotoxin levels. Seventeen
of these laboratories used the rabbit test, four used the chromogenic test and only one
used the turbidimetric test.

Poole and Mussett (1989) reported the results of this
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collaborative study and revealed a considerable amount of difference between the
endotoxin activities obtained using the three different techniques for the three different
endotoxins used in this investigation (84/650,79/502 and 84/691). Although their findings
showed a considerable amount of variability in activity according to the measurement
technique used, it had been decided that a geometric mean of the gel-clot endpoint results
would be established as the overall activity of the preparation since it was the gel-clot
technique that was commonly used by testing laboratories. The mean of the activities of
preparations 84/650, 84/691 and 79/502 determined by the rabbit test were found to be
approximately 25385 EU per ampoule, 19049 EU/ampoule and 2629 EU/ampoule
respectively.

These results alone contrast significantly with the product specification

activities. The results of chromogenic and turbidimetric tests had not been combined to
give mean activities since different laboratories had employed different testing techniques.
The variation in activity obtained using these techniques as reported by Poole and Mussett
(1989) could be summarised as follows:

Table 8.3.5:

Summary of the endotoxin activities reported by Poole and Musset (1989)
for preparations 84/650, 84/691 and 79/502 using Chromogenic and
Turbidimetric techniques.

ENDOTOXIN ACTIVITY RANGE (EU/vial)
PREPARATION

CHROMOGENIC

TURBIDIMETRIC

84/650

14450 - 30200

17670 - 30200

84/691

7038 - 36310

21250 - 36310

79/502

177 - 912

534 - 912

The results obtained using the LAL-SRA technique for preparations 84/650 and 84/691
(Table 8.3.4) compares more favourably with the chromogenic range than the
turbidimetric range. The activity of preparation 79/502 obtained using LAL-5000 and
LAL-SRA compare reasonably well with the chromogenic and turbidimetric results (Table
8.3.5). The turbidimetric results presented by Poole and Mussett (1989) were obtained
by the Associates of Cape Cod (A.C.C) using the LAL-4000 instrument which is now
obsolete.
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The high degree of variability in endotoxin activity measured when using the LAL-5000,
LAL-SRA and in the reports by Poole and Mussett (1989) are unacceptable.

The

acceptance of the gel-clot test endotoxin activity determination as the international
standard of activity confers a significant safety margin in the testing of parenteral products
if any of the other techniques are used instead. However, the problem of variability needs
to be addressed and it suggested that the different amounts of carriers in the preparations
may affect the potency of endotoxins in LAL tests (WHO Expert Committee on Biological
Standardization, 1978). The effects of lactose, trehalose and polyethylene glycol 6000
were worthy of particular investigation since they had been used in the most recent
endotoxin standard preparations (84/691 and 84/650) studied by the WHO.

8.3.2

INTERFERENCE OF LACTOSE AND TREHALOSE
W ITH LAL SENSITIVITY AND THE LAL-SRA TECHNIQUE

The specific reasons for which lactose and trehalose have been employed in the
formulation of endotoxin standards is unclear. It has been suggested that it helps to
reduce the quantity of endotoxins adsorbed to the surfaces of the glass container and
enables faster solubilization during reconstitution. The bulk properties of these sugars
enable users to "see" that there is endotoxin present in the unreconstituted vial. The
research conducted so far that has involved the use of several vials of purified E.Coli
0113:H10:K(-)ve endotoxin, without the presence of other formulation excipients, has
proved reasonably adequate for achieving the activities claimed by their product
specification documents.

It could be inferred therefore that the need for lactose and

trehalose sugars in the formulation of the RSE (EC5) and preparation 84/650 respectively
is questionable and warrants further investigation. The incorporation of additives in EC5
does have a precedent, the use of normal (human) serum albumin in the preparation of the
EC2 standard (Hochstein, 1981). When lactose was first used in the formulation of the
RSE (EC5) by Hochstein et al. (1983) there was considerable concern about the
uncharacterized inhibition/enhancement effects that it may have on the LAL sensitivity.

In view of subsequent claims that the relative potencies of endotoxins in LAL assays are
influenced by sugars (Unpublished working document, WHO/BS/85.1495) and the
proprietary information that appears to exist with regard to the use of sugar additives in
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LAL testing, it was decided that these effects would be investigated using the gel-clot,
LAL-5000 and LAL-SRA techniques.

It is important to note that in the ensuing discussions the concentrations of lactose and
trehalose specified in %W/V represent the concentrations of these sugars as they would
have been in the original reconstituted endotoxin vial. Discussions on the effects of these
sugars at two-fold and/or ten-fold dilutions, which were prepared as a consequence of
diluting the endotoxin activity, will refer to the sugar concentrations as they would have
been in the original CSE vial, unless specified otherwise.

GEL-CLOT STUDIES

Stock solutions of 10% W/V lactose and trehalose were prepared using depyrogenated
apparatus and pyrogen-free water (PFW).

The solutions had been filtered through a

0.22pm Sartorius membrane filter before use. A six point standard endotoxin dilution
series (0.25 to 0.0075 EU/ml) had been prepared for each sugar on four separate occasions
(repeats). Each occasion investigated four different concentrations of each sugar 1.5%,
1%, 0.5% and 0.1% W/V) as they would have been present in the original reconstituted
endotoxin vial, and each six point standard endotoxin dilution series representing a
particular concentration of sugar was repeated four times.

Although the "inverted tube"

test (Gel-Clot tecnique) was applied to determine whether the endpoint was positive or
negative, it was not as easily applied as it had been in previous gelation tests. Earlier the
sensitivities of the LAL were well defined and clearly within one of the two-fold dilutions
that had been prepared in the standard endotoxin dilution series thereby giving rise to
reproducible results. The unpredictable nature of this investigation inevitably gave rise
to considerable difficulty in identifying whether some tubes were actually positive or
negative. Drawing the fine line between the two results gave rise to some variation, but
this was well within the ± 1 two-fold dilution allowed by the lysate manufacturer. The
results were summarized (Table 8.3.6) by taking the geometric mean of the sixteen
endpoint replicates, having established that there was no significant variation between the
sets of experiments performed on separate occasions.
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Geometric mean of the LAL gel-clot endpoints obtained when using
E.coli 0113:H10:K(-)ve in the presence of different concentrations of
lactose and trehalose.

CONCENTRATION
OF SUGAR (% W/V)

GEOMETRIC MEAN OF ENDPOINTS (EU/ml)
LACTOSE

TREHALOSE

0.1

0.03125

0.03125

0.5

0.03125

0.03125

1

0.028

0.03125

1.5

0.0205

0.03125

Sensitivity o f LAL = 0.03125 EU/ml

This investigation shows lactose (a reducing sugar) to have LAL gel-clot sensitivity
enhancement effects when present in concentrations of at least approximately 1% W/V
in the original endotoxin vial of activity 1000 EU/ml. There was difficulty in identifying
the exact endpoint between 0.03125 and 0.015625 EU/ml in the six point endotoxin
standard series (0.25 to 0.0075 EU/ml) when using 1% and 1.5% W/V lactose. This was
probably brought about by the LAL sensitivity enhancement effects. The use of trehalose
at concentrations upto 1.5% W/V clearly shows no inhibition or enhancement effects on
the LAL gel-clot sensitivity to endotoxins. It is not clear from this work whether the
lactose enhances the sensitivity of the test by enhancing the activation of the enzyme
cascade series or by contributing in some way to the stability/strength of the gel that was
formed.

The use of several negative controls consisting of a wide range of lactose

concentrations (1 x 10‘5% to 1.5% W/V) and 0.1 ml of LAL indicated that lactose alone
was unable to effect activation of the LAL proclotting enzyme. However it needs to be
reiterated that the non-quantitative nature and poor sensitivity of the gel-clot negative
controls would have been unable to detect any activation of the LAL by lactose if its
enhancement effects were not equivalent to at least 0.03 EU/ml.

Such enhancement

effects if present could be best detected using a high sensitivity, quantitative technique
such as the LAL-5000 technique.
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KINETIC TURBIDIMETRIC (LAL-50001 STUDIES

Fresh Stock Solutions of 10% W/V lactose and 10% W/V trehalose were used to
investigate the effect of 10%, 1% and 0.1% W/V of these sugars on the LAL sensitivity
when present in the original vial containing purified endotoxin. Five point endotoxin
standard dilution series were prepared for each sugar at each of the concentrations. All
measurements of lactose and trehalose using the LAL-5000 instrument were carried out
in triplicate, except for the calibration standard measurements which were duplicated. The
two independent calibration standard curves (one for each sugar) achieved acceptable
straight line equations and correlation coefficients which were used to calculate endotoxin
activities in those standard dilutions containing lactose or trehalose. Negative controls had
also been performed and found not to produce any LAL activation during the 60 minute
test. This result reaffirms the negative control results obtained using the gel-clot test and
its conclusions. Although the threshold absorbance (0.02 units) had not been achieved by
the negative controls, there was some concern about the greater increase in optical density
per unit time when compared with normal PFW negative controls. This could be the
result of extremely low levels of endotoxin contamination of the lactose and trehalose
stock solutions. In such an event it is unlikely that this would cause enhancement of
endotoxin activities in the standard dilution series since it would have undergone three
ten-fold and between one and five two-fold dilutions before measurement. The endotoxin
concentrations were calculated from the optical density readings after correction for drift.

The means of the measured endotoxin concentrations were calculated and used to
determine the approximate mean measured activity as a percentage of the expected
activity (Table 8.3.7). At concentrations of 0.1%, 1% and 10% W/V, lactose clearly
shows enhancement of the LAL sensitivity to endotoxins. The extent of enhancement
appears to be sufficient to effect a measurable decrease in the geometric mean calculated
by the gel-clot technique, however this is not apparent from the 0.1% and 0.5% W/V
lactose gel-clot results.

These percentage increases in activity do not show any obvious trends as a function of
lactose concentration or as a function of endotoxin concentration.

It should be

remembered that the two-fold decreases in expected endotoxin activity are accompanied
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by corresponding decreases in sugar concentration. With the exception of the percentages
with the superscript * in Table 8.3.7, it would appear that the measured activity as a
percentage of the expected activity decreases with increasing expected endotoxin activity.
Such an observation implies that the enhancement effects of lactose on LAL sensitivity
are increasingly apparent when present in endotoxin solutions with activities which
approach the labelled sensitivity of the lysate (0.03 EU/ml).

The trehalose results (Table 8.3.7) indicate some enhancement of the LAL sensitivity to
endotoxins. The degree of enhancement appears to be proportional to the concentration
of trehalose present and proportional to the endotoxin activity in the two-fold dilution
series; the latter resembling the trend obtained with lactose. Although the 0.1% W/V
trehalose formulation indicates a small enhancement and small inhibition at the lower and
higher endotoxin concentrations respectively, they could be regarded as insignificant if
account is taken of the average variation in the measured activity (EU/ml) from the mean
result at each of the endotoxin dilutions using the LAL-5000 technique.

The same

insignificance could be attached to the 1% W/V trehalose results at endotoxin
concentrations between 0.5 and 0.0625 EU/ml inclusive.

The relatively constant

percentage increases in endotoxin activity brought about by 10% W/V trehalose at
endotoxin concentrations upto 0.25 EU/ml suggests a maximal enhancement effect on
LAL sensitivity. The gel-clot results, which inferred no enhancement by the trehalose at
any of its concentrations could be explained by the fact that the maximum percentage
enhancement of activity (assumed to be approximately 144%) was not sufficient to raise
the activity of the 0.0156 EU/ml solution to above that of the sensitivity of the LAL (0.03
EU/ml).

A development of this investigation to substantiate these observations would be to extend
the number of two-fold endotoxin dilutions to 1.563 x 10'2 and 7.81 x 10'3 EU/ml and to
repeat the whole procedure using LAL of different labelled sensitivities (0.06, 0.125 and
0.25 EU/ml).This would determine if the enhancement effect of the sugars continues to
increase at lower endotoxin activities and whether the enhancement is influenced by the
endpoint sensitivity of the lysate used.
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SURFACE RHEOLOGICAL (LAL-SRA) STUDIES

Stock lactose and trehalose solutions had been prepared as described earlier and used to
prepare five ten-fold standard endotoxin dilutions (10 to 0.001 EU/ml). The effect of
1.5%, 1%, 0.5% and 0.1% W/V sugar presence (in the unreconsituted endotoxin vial) on
endotoxin activity when diluted was investigated. Since the ORSSR could only perform
one test at a time the experimental procedure involved performing the LAL-SRA on a
particular concentration of sugar (starting with 1.5% W/V) at all five endotoxin
concentrations within one day. All four sugar concentrations were completed within four
consecutive days using the same vial of LAL. The test procedure was repeated twice
using the same concentration of sugar at intervals of approximately five to seven days,
each repeat using a fresh vial of LAL. Fresh vials of CSE were only prepared if supplies
were inadequate to test a complete range of sugar concentrations over a four day period.

The results were processed to obtain the onset time (time at which G 1 = 15 mN.m'1) for
each measurement. The onset times were then used to calculate the endotoxin activity
using a standard calibration curve (log10 onset time against log10 endotoxin activity). The
arithmetic mean of the triplicate measurements of endotoxin activity are shown in Table
8.3.8.

The measurements obtained were very variable and were reflected by the

inconsistent trends in endotoxin activity.

The lactose appears to demonstrate significant endotoxin enhancement when it is diluted
from a 1.5% W/V lactose containing stock endotoxin solution of activity 1000 EU/ml
down to an expected activity of 0.001 EU/ml. The 1%, 0.5% and 0.1% preparations at
the same expected activity did not show the same significant endotoxin activity
enhancement. The endotoxin activity enhancement as a function of lactose concentration
that was expected (based on previous techniques) was generally best illustrated by the
arithmetic means obtained at expected endotoxin activities 0.001, 0.01 and 0.1 EU/ml,
although it has to be acknowledged that the poor reproducibility obtained may have given
rise to discrepancies in the trend. At expected endotoxin activities of 1 and 10 EU/ml
however there is a sudden and significant inhibition of the endotoxin activity.

The

inhibition at 10 EU/ml appears to be greater at the higher lactose concentrations. The
trehalose results at all concentrations of endotoxin and trehalose showed considerable
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variation interms of inhibition of endotoxin activity.

The variability of these results and as a possible consequence the absence of clearly
apparent trends is cause for concern. These results are not entirely consistent with the
results obtained by the gel-clot technique and the LAL-5000 technique and therefore
consideration needs to be given to the effect of these sugars on surface film formation as
well as on LAL or endotoxin reactivity.

OVERALL DISCUSSION

The three different endpoint techniques with their relative advantages and disadvantages
gave rise to slightly differing results. The gel-clot and LAL-SRA techniques investigated
lactose and trehalose in concentrations (0.1%, 0.5%, 1% and 1.5% W/V) which closely
encompassed those used for preparations 84/650 (0.3% W/V) and EC5 (0.2% W/V).In the
LAL-5000 investigation the chosen concentration encompassed concentrations used in
84/650 and EC5 by factors of ten (0.1%, 1% and 10% W/V). The comparison between
the LAL-5000 and the LAL-SRA results would have been made easier had the same
endotoxin dilution series (i.e. two-fold or ten-fold series) and the same sugar
concentrations been used. The ten-fold dilution series was chosen for the LAL-SRA
technique since it would give a better understanding of the lactose and trehalose effect
across a broad range of dilutions especially in the event of these sugars interfering with
the surface film formation.

This was not possible using the LAL-5000 technique due to

the limitation in constructing a satisfactory standard calibration curve covering such a
wide range of endotoxin concentrations.

It is generally apparent from the three techniques that lactose does enhance the endotoxin
activity. However the inhibition observed during the LAL-SRA measurements at low ten
fold dilutions raises some interesting considerations such as, at high concentrations
whether lactose actually interferes with surface film formation, whether it interferes with
LAL activation and/or whether it interferes with the LAL coagulation process.

The

interference with LAL bulk gelation and LAL activation by these high lactose
concentrations was disproved by employing the gel-clot technique; endotoxin solutions of
activity 0.125, 0.06 and 0.03 EU/ml each containing 0.015% W/V lactose (equivalent to
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concentration of lactose present in the 10 EU/ml dilution tested by LAL-SRA) when
reacted with LAL did not show any inhibition of LAL sensitivity.

The trehalose only showed an enhancement when present in high concentrations (10%
W/V in original CSE vial) and tested using the LAL-5000 technique.

The level of

enhancement however was not sufficient to be manifested in the gel-clot geometric mean
results even if the 10% W/V preparation had been tested. The inhibition by trehalose of
the surface film formed in the LAL-SRA technique is clearly apparent.

It is unlikely that lactose and trehalose will be present in future proposed endotoxin
standards and certainly not in the high concentrations that have been tested and therefore
it is unlikely that LAL-SRA surface film formation problems would arise, even when
using preparations 84/650 and EC-5 (RSE). However the variability in the results brought
about the presence of these sugars does cause some concern about the viability of the
LAL-SRA technique when testing products that contain compounds that could interfere
with surface film formation.

8.3.3

INTERFERENCE OF POLYETHYLENE GLYCOL 6000
W ITH LAL SENSITIVITY AND TH E LAL-SRA TECHNIQUE

Polyethylene glycol 6000 (Empirical formula: HOCH2(CH2OCH 2)n CH2OH is a synthetic
polymer with a molecular weight of between 5400 and 6600. It is widely used in the
pharmaceutical industry as a suppository base, solvent, tablet and/or capsule lubricant and
ointment base.

It has been employed by the FDA in formulating the EC5 Reference Standard Endotoxin.
The depyrogenation of solid polyethylene glycol 6000 (PEG 6000) for use in preparing
an endotoxin standard causes problems since the recommended heat treatment
depyrogenating procedures will induce oxidation and the formation of acidic degradation
products.

From a practical point of view, endotoxin can be considered to have a

molecular weight of 106 daltons (0.1 pm) in an aqueous environment in the absence of
divalent cation sequestering agents or surfactants which decrease the average molecular
weight. Studies by Sweadner et al. (1977) indicate that vesicles and lipid bilayer sheets
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will pass through a 0.22 pm membrane filter but will be retained by a 0.025 pm pore size.
In the presence of surfactants LPS (lipopolysaccharide) molecules are reduced to their
smallest subunits and therefore present a greater problem with respect to their filtration.
The filtration of the PEG 6000 aqueous solution using a 0.22 pm membrane filter
(Sartorius) is justified here on the basis that: (1) PEG does not support microbial growth
and therefore is unlikely to contain significant concentrations of endotoxins, (2) autoclave
sterilization of an aqueous solution is unlikely to depyrogenate sufficiently and (3) the
quantity of PEG 6000 to be used in each endotoxin standard preparation is so small that
any endotoxin activity, if present, is unlikely to contribute significantly to the activity of
the endotoxin standard.

GEL-CLOT STUDIES

This endpoint technique was used to produce evidence of any inhibition/enhancement
effects on the LAL reagent’s sensitivity to endotoxins by the presence of PEG 6000.
Two-fold endotoxin dilution series encompassing the sensitivity of the LAL were prepared
from CSE vials and prepared with PEG 6000 in such a way that the original lyophilized
vial would have contained 2%, 1%, 0.5% and 0.2% W/V PEG 6000. This was done by
adding the appropriate amount of PEG 6000 to the first ten-fold dilution of endotoxin
(CSE). This ensured that the PEG and endotoxin would have undergone the same ten-fold
and two-fold dilution procedures as the RSE (EC5). Each of the five point standard
endotoxin solutions (0.25, 0.125, 0.06, 0.03, 0.0015, EU/ml) prepared were tested in
quadruplicate and a geometric mean activity determined using the technique described in
Chapter 3. This was repeated for four independently produced solutions of the two-fold
endotoxin dilution series themselves prepared from independently produced stock
endotoxin solutions containing 2%, 1%, 0.5% and 0.2% W/V PEG 6000.

The results (Table 8.3.9) show conclusively that endotoxin standard vials containing upto
1% W/V PEG 6000 do not demonstrate any inhibition/enhancement of LAL sensitivity.
Endotoxin standards containing 2% W/V PEG however have shown inhibition of the LAL
sensitivity. Therefore it is important when specifying the PEG concentration limits to
specify the minimum concentration of endotoxin activity (1000 EU/ml) that should be
present.

This is necessary to ensure that the dilution of the PEG effected here in
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preparing the endotoxin dilutions encompassing the LAL sensitivity should be performed
as a minimum. The presence of 1% W/V PEG 6000 in vials of lower endotoxin activity
could result in higher PEG concentrations being present in the final dilution series thereby
causing inhibition of LAL sensitivity. The absence of LAL sensitivity enhancement in
the presence of PEG 6000 indicates that at that the concentrations studied, PEG 6000 does
not cause direct activation of the LAL, does not cause enhanced activation of the LAL as
a result of an increased tendency for LPS disaggregation, and validates the assumption
that filtration of PEG 6000 with a 0.22 pm membrane filter is sufficient since any
endotoxins present were likely to be of very low (undetectable) activity.

Table 8.3.9:

The inhibition/enhancement of LAL sensitivity to E.coli 0113:H10:K(-)ve
in the presence of PEG 6000, as measured by the gel-clot technique.

EXPERIMENT
NUMBER

GEOMETRIC MEAN OF ENDPOINTS (EU/ml) USING
PEG 6000 CONCENTRATIONS
2% W/V

1% W/V

0.5% W/V

0.2% W/V

1

0.051

0.03

0.03

0.03

2

0.042

0.03

0.03

0.03

3

0.051

0.03

0.03

0.03

4

0.051

0.03

0.03

0.03

MEAN

0.049

0.03

0.03

0.03

Inhibition/enhancement studies were also conducted on prepared stock endotoxin solutions
containing 2%, 1%, 0.5% and 0.2% PEG 6000 that had been stored at a temperature
between 2 and 8°C for 25 days. The results were exactly the same as Experiment No. 1
in Table 8.3.9. Although endotoxins had not been stored with PEG before use in any of
the experiments conducted in this project, these results allayed any concerns over the
possible reactivity of the two terminal hydroxyl groups in the PEG, which could be
esterified or etherified, and the possible oxidizing activity due to the presence of peroxide
impurities and secondary products formed by auto-oxidation.
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KINETIC TURBIDIMETRIC (LAL-50001 STUDIES

The first programme of work using this technique investigated the effects of using CSE
stock solution containing 10% and 1% W/V PEG 6000. The standard stock solutions
were prepared as described in the previous section (adding reconstituted CSE to an
appropriate amount of PEG 6000 (30% W/V) to give an endotoxin solution of activity 100
EU/ml and PEG concentration one tenth of that intended to be present in the original CSE
reconstituted vial. The CSE used was of a different batch (Lot 46) to that used in the gelclot test (Lot 33). A validation of the endotoxin activity in Lot 46 using the LAL-5000
technique revealed a considerably lower activity (620 EU/ml) than expected (1000
EU/ml). Although there was a discrepancy in the activity, the volumes of endotoxin used
to prepare the first solutions containing PEG were adjusted so as to produce an overall
activity of 100 EU/ml. By adopting this procedure it is possible to correlate the results
obtained using this technique with that of the gel-clot and LAL-SRA techniques.

A standard endotoxin dilution series encompassing the LAL sensitivity was prepared using
PEG 6000 so as to mimick the presence of 1% and 10% W/V PEG 6000 in the endotoxin
stock solutions.

The LAL-5000 technique involved reacting 0.4ml from each of the

endotoxin solutions in the standard dilution series containing PEG with 0.1ml of LAL.
For each set of measurements two negative controls were used, one containing 0.4ml of
water (PFW) and the other containing 0.4 ml of 1% PEG . Ideally the negative control
should contain all the constituents present in the endotoxin dilution series, in exactly the
same concentrations, but devoid of the endotoxins. Since the PEG concentration is halved
in each consecutive two-fold dilution it would be necessary to produce a negative control
for each dilution. This was not practically possible given the limited number of wells
available. The use of 1% PEG as a negative control was to observe the possible baseline
drift relative to the water negative control and to detect any significant endotoxin
contamination present in the PEG stock solution. Any baseline drift by the PEG negative
control was not used to correct the optical density readings.

The results are illustrated in Figs. 8.3.1 (PEG 1%) and 8.3.2 (PEG 10%). To compare the
extent of the drift in the negative controls containing 0.4ml of 1% PEG with the negative
controls containing 0.4ml PFW see Fig. 8.3.1. Baseline drift corrections made using the
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The 1% PEG negative control does exert a

baseline drift which is not acceptable for baseline correction purposes since it crosses the
threshold optical density during the test period. Observation of the endotoxin standard
series in Fig. 8.3.1 indicates no drift from the water negative control baseline prior to their
optical density increase as a result of LAL reaction with endotoxin. This indicates that
the use of water as a negative control was satisfactory for this series of experiments and
that the PEG concentration present in the PEG 1% W/V endotoxin dilution series were
unlikely to cause any significant drift.

The log onset time against log endotoxin

concentration graphs have notbeen illustrated but their linear equations are as follows:

1% PEG

y = -0.1945x +

2.952

(Correlation Coefficient = 0.9885)

10% PEG

y = -0.1889x +

2.981

(Correlation coefficient = 0.9827)

(N.B. 1% PEG and 10% PEG refer totheconcentrations in the original stock endotoxin
and the concentrations used in the reaction with LAL were dilutions prepared from them).

Table 8.3.10: The percentage inhibition/enhancement of LAL sensitivity to
E.coli. 0113:H10:K(-)ve in the presence of PEG 6000, as measured by the
LAL-5000 technique.

PEG 6000
CONC"
(W/V)

MEAN ENDOTOXIN ACTIVITY AS A PERCENTAGE* OF THE
EXPECTED ACTrVITYEU/mI
0.03125EU/ml

0.0625EUAnl

0.125®*“

0.25EU/“

0 5 mj/nJ

1%

88%

107%

113%

82%

89%

10%

100%

104%

118%

87%

114%

The endotoxin activity measured in the presence of PEG was calculated as a percentage
of the expected activity (Table 8.3.10).

The variation in measured activity from the

expected (100%) is not significant. From this analysis of data it is apparent that when
PEG 6000 is present in endotoxin stock solutions in concentrations upto 10% W/V it does
not have any measurable effect on the sensitivity of the LAL when using the LAL-5000
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These findings contrast sharply with the results of

inhibition/enhancement obtained when using the gel-clot technique.

Endotoxin stock

solutions containing as little as 2% W/V PEG 6000 were found to reduce the endpoint
sensitivity of the technique by approximately 63%. The inference was that PEG inhibited
the sensitivity of the LAL gel-clot technique. But from the LAL-5000 results it can be
concluded that the inhibition observed was not a result of interference with LAL
activation by endotoxins or interference with LAL enzyme activity.

Based on the relative inertness of PEG 6000 in the presence of LAL at the concentrations
studied, a second series of experiments were conducted exploring the possibility of
enhancing the LAL-5000 sensitivtity by making use of the protein precipitating effect of
PEG.

PEG is widely used as a fractional precipitating agent for the purification of

proteins (Hao et al., 1980). It has been shown conclusively (Miekka and Ingham, 1978)
that the protein precipitating action of PEG is dependent on the molecular size of the PEG
and the protein; the larger molecular size producing a greater precipitating effect. The
precipitation process is primarily due to excluded volume effects, whereby proteins are
sterically excluded from regions of the solvent occupied by the inert synthetic polymers
and are thus concentrated until their solubility is exceeded and precipitation occurs. The
dependence of protein solubility, S, on PEG concentration, C, is strictly exponential
generally conforming to the equation (Atha and Ingham, 1981):

log10 S = p C + constant

The preliminary experiments conducted here involved reacting 0.4ml of each of the
concentrations of PEG 6000 (1%, 5%, 10%, 15%, 20%, 25% and 30%) separately with
0.1ml of LAL and left to stand at room temperature for 60 minutes. The solutions were
visually observed for turbidity. The results showed a faint homogenous turbidity with
10% PEG increasing in concentration with higher concentrations of PEG . PEG 1% and
5% did not show obvious signs of turbidity. The theoretical premise on which these
experiments were conceived was that, if the concentration of PEG which just effects
precipitation of unreacted LAL could be found, then a concentration of PEG slightly lower
than this precipitating concentration when present in a LAL - endotoxin reacting solution
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should result in the extensive cross-linked and entangled protein matrix formed being
precipitated out of solution quicker. This should in turn lead to quicker turbidity. From
the results obtained it would appear that PEG 6000 concentrations below 10% present in
the LAL-endotoxin reaction would be near to the critical PEG concentration required.

PEG concentrations 3%, 5% and 7% were therefore chosen for further detailed
investigation. Their effects in enhancing the LAL-5000 sensitivity to endotoxins were
studied. The endotoxin dilution series containing PEG at the appropriate concentration,
encompassing the LAL sensitivity, was prepared by mixing equal volumes of endotoxin
and PEG after they had been suitably diluted (e.g. 1 EU/ml endotoxin + 6% W/V PEG
in equal volumes produced a 0.5 EU/ml solution containing 3% PEG). The five endotoxin
concentrations (0.5, 0.25, 0.125, 0.06 and 0.03 EU/ml) were prepared independently for
the 3%, 5%, and 7% PEG solutions. Again 0.4 ml of each of these solutions were reacted
with 0.1 ml LAL in the LAL-5000 over a period of 90 minutes. An independent standard
curve was also prepared. The results of this study are shown in Figs. 8.3.3 to 8.3.5. In
comparison, endotoxin dilution series prepared from stock endotoxin solution containing
3% PEG (Fig. 8.3.3) showed less reproducibility but after correction for significant
baseline drift they showed onset times that were, on average, the same as that obtained
for the independent standard curve. There is a significant positive Y-axis shift in the
optical density readings which increases with increasing concentrations of PEG (Figs.
8.3.3 and 8.3.5). According to the proposed theory for the biochemical mechanism of
reaction between LAL and endotoxin this was expected, but it was hoped that 3% PEG
would allow LAL proteins to stay completely in solution and react with the endotoxins.
The activation of the LAL enzymes and the subsequent cleavage of coagulable proteins
was expected to continue in solution. The linkage between the A and B peptides and
other factors leading to the formation of larger protein aggregates or dense matrices were
expected to result in the protein being precipitated out of solution, by exclusion volume
effects. However, the results show a relatively high turbidity prior to endotoxin activation
which could only be explained by a limited precipitation of LAL out of the aqueous
solution by PEG. The extent of this limited precipitation appears to increase with higher
concentrations of PEG. On activation by endotoxins, the LAL that is left in solution
reacts in the proposed way to form a highly turbid solution. As a result of this the 0.02
optical density threshold is no longer suitable for the determination of onset times. When
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this threshold was used to calculate the onset times, after a major baseline correction for
the specific PEG concentration used, it was found that these times were longer than the
standard curve onset times (without PEG). Using this technique it was found that as the
concentration of PEG increased the onset times also increased. Use of these onset times
to calculate the measured endotoxin concentration would give lower than expected values.
This indicates that PEG is slowing down the reaction pathway. PEG is a benign reagent
which has been shown to have little or no tendency to interact with proteins. Therefore
it is probable that the longer onset time is the result of exclusion volume effects. The
higher baseline was explained earlier on the basis of an initial limited precipitation of
LAL proteins. In such a case it would result in a lower concentration of enzymes and
coagulable proteins available for reaction with endotoxins and a consequent loss in
sensitivity. Alternatively or in addition to this, the steric hindrance by the PEG on the
activation of the pro-clotting enzymes, the cleavage of coagulable proteins into A, B and
C subunits by the activated enzymes and/or the coagulation by linking of A and B
subunits can cause an increased onset time. It is also important to note that endotoxin
concentration calculations made using these onset times were considerably innaccurate and
variable thus lending some support to the steric interference of LAL-endotoxin reaction
theory.

SURFACE RHEOLOGICAL (LAL-SRA1 STUDIES

Ten-fold standard endotoxin dilutions of activity 1 x 10'3, 1 x 10'2, 0.1, 1 and 10 EU/ml
were prepared for each of the four control standard endotoxin stock solutions containing
0.02%, 0.5%, 1%, 1.5% and 2% W/V PEG 6000. Information about the concentrations
of PEG present in each of the endotoxin solutions tested is provided in Table 8.3.11. 1ml
of each of these solutions was reacted with 1ml of 10% V/V LAL using the LAL-SRA
technique described in Chapter 7.

The results of this investigation are illustrated in Figs. 8.3.6 to 8.3.10. All the sets of
experiments were repeated three times.

Quantitative reproducibility had only been

achieved by the 0.02% PEG curves containing endotoxin activities 1 x 10r3, 1 x 10'2, 0.1
and 1 EU/ml and whose onset times were the same as that of the endotoxin standard at
the same activity without any PEG present. All the other PEG concentrations when

CONCENTRATION OF POLYETHYLENE GLYCOL 6000 (% W/V) IN
THE ENDOTOXIN DILUTION SERIES
ENDOTOXIN
CONCN.(EU/ml)
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present in endotoxin solutions of activity 1 x 10‘3, 1 x 10'2 and 0.1 EU/ml demonstrated
poor quantitative reproducibility but showed qualitative reproducibility in terms of their
rank order upto 1 EU/ml. The rank order of curves in the 3 graphs, Figs. 8.3.6 to 8.3.8,
was an unusual trend. The addition of increasing concentrations of PEG from 0.5% to
1.5% caused a gradually increasing suppression of the surface elasticity build-up. This
could be explained by the presence of PEG interfering with the surface film formation by
either being present in the surface and breaking up the regular cross-linked and
entanglement network of proteins or, by inhibiting/slowing-down the concentration of
reacting subunits in the surface from the bulk. According to this explanation the 2% PEG
solution for these three graphs should have produced the most significant suppression of
surface elasticity build-up, whereas it had actually produced a surface elasticity build-up
greater than the 0.02% PEG and greater than the independent endotoxin standard. It is
difficult to predict from the theory of the LAL-endotoxin reaction and PEG effects on
proteins how the 2% PEG series of solutions could produce an enhanced surface elasticity
build-up.

Figs. 8.3.9 and 8.3.10 illustrate a change in the trend but repeated measurements (not
shown) produced differing rank orders probably as a result of variability.

The one

exception to this was the 0.02% PEG in the 1 EU/ml solution which demonstrated similar
curves and reproducible onset times consistent with the endotoxin standard without PEG.
It is difficult to relate these trends more specifically to the concentrations of PEG actually
present in the reacting endotoxin solutions as shown in Table 8.3.11, but it appears that
endotoxin solutions containing PEG at a concentration equal to or greater than 5 x 10^%
W/V results in poorly reproducible surface film formation.

It is important to note that although an endotoxin stock solution (1000 EU/ml) containing
0.02% W/V PEG was prepared in order to mimick the PEG concentration in the RSE
(2000 EU/ml), the latter would undergo a greater dilution to achieve solutions containing
the same endotoxin activities that were measured in this series of experiments.
Consequently it results in a greater dilution of the PEG present in the reacting solutions
and therefore the PEG present in the RSE is even less likely to interfere with the
sensitivity of the LAL-SRA technique for endotoxins.

Endotoxin Standards and their Formulation fo r use in Pyrogen Testing
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IN TERFEREN CE OF DIVALENT CATIONS
W ITH TH E LAL SENSITIVITY AND LAL-SRA TECHNIQUE

Activation of the LAL proenzyme by an endotoxin depends on the presence of divalent
metal cations such as calcium, magnesium, manganese, strontium, barium (Liang et al.,
1980; Tai and Lui 1977; Lui et al., 1979). It was Levin et al. (1968) that first reported
the inhibitory effects of ethylene diamine tetra-acetic acid (EDTA) on the LAL reactivity
and suggested that the chelating effects were responsible. This was later contested by
Young et al. (1972) who had not measured any inhibition by EDTA in a buffered solution
(pH 7.5) of the reactants and attributed Levin et al.’s finding to the significant lowering
of pH by the EDTA. Subsequent research using the gel-clot and chromogenic techniques
has proved that the inhibitory effects of EDTA and DTPA (diethylene triamine - N, N,
N \ N", N" - pentaacetic acid) are due to their chelation of divalent ions (Kobayashi and
Yamamoto, 1974; Guyomard and Darbord, 1985). The lowering of pH resulting from
chelation further strengthens the lowering of LAL sensitivity and complete inhibition is
observed with this marked lowering of pH. The reported optimum concentration of ions
for the lysate test varies.

The variations could be accounted for by the use of poor

endpoint quantitation techniques and the different sources of lysate (Limulus polyphemus
and Tachypleus tridentatus) used. LAL saline was formulated on the basis of the ionic
composition of Limulus polyphemus blood and contained 4.54 mM Nacl, 10 mM KC1,
lOmM Cacl2, 32 mM MgCl2, 14mM M gS04, 20mM HEPES (N-2-hydroxyethyl
piperazine-N-2-ethane sulphonic acid). Details of the divalent cations and their respective
concentrations in the preparation of LAL used in these experiments (ACC) are proprietary.

In the isolation and purification of LPS, regardless of the method used, it always contains
low molecular weight substances, most common being metal cations like Ca2+ and Mg2+.
These substances are present in ionic linkage with acidic carboxyl groups of the LPS
molecule and they influence not only the physicochemical but also the biological
properties of LPS. Although it is certain that Ca2+ ions are required for the activation of
LAL proenzymes by endotoxins, the nature of their involvement is uncertain.

When applying the LAL-SRA technique the optimum concentration of divalent cations,
which can only be established by following manufacturers recommended reconstitution
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procedures, is altered. Using LAL at upto a twentieth of its recommended concentration
by diluting with PFW causes considerable dilution of essential ions and should result in
a further loss of sensitivity to endotoxins.

However when investigating optimal

concentrations, consideration needs to be given to the possible concentration of these
essential ions at the solution surface where it has been proposed that lysate and endotoxin
also concentrate and react.

The LAL-SRA sensitivity to endotoxins in the presence of different concentrations (1 M,
0.1 M, 0.01 M, 0.001 M and lxlO"4 M) of calcium chloride and magnesium sulphate was
investigated. The choice of calcium and magnesium as potential enhancers of LAL-SRA
sensitivity was made not only because of their significant presence in the blood of the
horshoecrab but also from the comparative studies on the activity of different metal
divalent cations. Japanese scientists (Kobayashi and Yamamoto, 1975) demonstrated,
using LAL (as opposed to their local lysate obtained from T.tridentatus), that the presence
of Mg2+ or Ca2+ at a concentration of 10'1 M as an additive produced five hundred times
more sensitivity than that of the original lysate, and that Ba2+ and Sr2+ had a comparatively
lower sensitivity enhancing effect.

Liu et al. (1979) reported that of the three ions

calcium, strontium and manganese, the LAL enzyme was activated maximally by Ca2+ and
minimaly by the others. Zinc has also demonstrated enhancement but to a less extent than
Ca2+and Mg2+ (Guyomard and Darbord, 1985).

The results of this investigation show that the LAL-SRA sensitivity to endotoxins is
clearly dependent on the concentration of magnesium and calcium (Tables 8.3.12 and
8.3.13). The molar quantities mentioned refer to the concentrations of the respective
compounds present during the reaction of LAL with the endotoxin and does not refer to
concentrations present in the stock endotoxin solution prior to dilution.

Each set of

experiments was repeated three times and found to demonstrate similar qualitative trends.
At concentrations of 1 M and 0.1 M, calcium ions had a severe inhibitory effect on the
LAL-SRA sensitivity, so much so that the threshold surface elasticity (15 mN.m'1 ) was
not achieved in their presence. The 1 M magnesium sulphate was also inhibitory enough
to prevent threshold surface elasticities being achieved. Inhibition was also shown by
magnesium sulphate at concentrations down to lxlO‘3M, which was not shown by calcium
chloride. Another observation is that at all the concentrations of the two compounds
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investigated and in the presence of endotoxin of activity 0.01 EU/ml there is an inhibition
of the LAL-SRA sensitivity which decreases with the decreasing concentration of the two
compounds. The lower inhibitory effect of 1 M magnesium compared with 1 M calcium
was apparent from the relatively lower surface elasticities achieved by the latter. The
inhibitory effect of these ions at high concentrations was reported by Kobayashi and
Yamamota (1975) using the gel-clot technique and by Guyomard and Darbord (1985)
using the chromogenic technique. The greater inhibitory effect of Ca2+ than Mg2+ at
specific concentrations is also apparent from their reports. The inhibiton of the LAL-SRA
sensitivity by both these ions at 1M and 0.1M concentrations correlate very well with the
results obtained using the chromogenic technique. The results of the gel-clot technique
demonstrated good correlation with the LAL-SRA when using the 1 M concentrations.
However when using 0.1M solutions the gel-clot technique produced optimum sensitivity
to endotoxins whereas the LAL-SRA and the chromogenic techniques produced significant
inhibition. This discrepancy is a significant one which is difficult to explain.

The significant decrease in the sensitivity of the LAL-SRA technique to LPS in the
presence of high concentrations of CaCl2 and M gS04 could be accounted for by
thermodynamic and electrical considerations. The LPS molecule consists of a hydrophilic
polysaccharide chain attached to an endotoxically active hydrophobic lipid A part. Lipid
A devoid of its polysaccharide attachment is known to be biologically inactive (nonpyrogenic) due to its insolubility in the aqueous environment. In order for a LPS to
manifest its biological properties the lipid A part must be able to interact with the active
site of the LAL proenzyme. The amphiphilic nature of the LPS confers surface active
properties at the air/water interface. During the reaction of LPS with LAL the solution
surface contains both LPS and amino acid chains. At a particular concentration when LPS
molecules are unable to align at the surface due to its molecular saturation they tend to
aggregate forming micelles. The existence of LPS molecules in micellar form does not
allow the lipid A part to demonstrate endotoxicity.

The aggregation and eventual

formation of micelles is determined by:
(1)

the extent of thermodynamic instability i.e. the magnitude of the surface free
energy as a result of the product of the interfacial tension (y) and the interfacial
area (A) between the lipid A and the aqueous environment,

(2)

the kinetic stability of the LPS dispersion,
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(3)

the balance of electrostatic charges, and

(4)

the van der Waals forces of attraction.
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The addition of CaCl2 or M gS04 in high concentrations is likely to result in the attraction
of the ions Ca2+, Cl', Mg2+, S 0 42' by the charged groups of the polysaccharide part. The
existence of these dehydrating ions in a layer around the hydrophilic part of the LPS
brings about dehydration of the polysaccharide and hence precipitation of the LPS
molecule with consequent loss in endotoxic activity.

In general the precipitation of

hydrophilic colloids requires high concentrations of electrolytes, the process known as
"salting out". This could explain the sudden and severe decrease in surface elasticities
that were measured and could explain the drop in LAL sensitivity observed with the gelclot and chromogenic techniques when using high concentrations (1 M) of these
electrolytes. The effectiveness of the various ions in precipitating hydrophilic colloids is
largely independent of the colloid concerned. The Hofmeister (or lyotropic) series for
anions and cations in order of decreasing precipitating power is as follows:

Anions - tartrate > sulphate > acetate > chloride > nitrate > iodide > thiocyanate
Cations - magnesium > calcium > strontium > barium > lithium > sodium > potassium
(Cations are less effective than the anions)

From this series it would appear that 1 M M gS04 would have a greater precipitating effect
leading to a greater inhibition of surface elasticity build-up than 1 M CaCl2. Although
the results obtained using the LAL-SRA technique concur with those of other scientists
using different techniques, they do not agree with what is expected from the Hofmeister
series and therefore questions whether the precipitating effect wholly accounts for the
observation of inhibition. It has been suggested (Rietschel et al., 1987) that lipid A, as
an amphiphilic molecule, behaves similarly to phospholipids which are known to assume
different structures depending on ambient conditions such as temperature, pH and charge
state. Although the results obtained using the LAL-SRA technique did not use buffers to
counteract the lowering of pH caused by using high concentrations of Ca2+ and Mg2+,
previous research (Kobayashi and Yamamoto, 1975) has shown that the same loss of LAL
sensitivity is achieved even when pH buffers are used. It is possible that changes in the
charge state could have effected structural changes to the endotoxically active sites.
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Consideration also needs to be given to the effect of the salts CaCl2 and M gS04 on the
LAL proteins.

The solubility of most proteins is reduced on addition of high

concentrations of any salt and therefore the "salting-out" effect could also account for the
suppressed sensitivity to endotoxins.

The results indicate that the LAL-SRA sensitivity to endotoxins can be enhanced or
inhibited by M gS04 or CaCl2 depending on their concentrations and the activity of the
endotoxins. A graph of onset time against concentration of divalent cations was drawn
for the four endotoxin concentrations studied (Figs. 8.3.11 and 8.3.12). In both cases the
addition of increasing concentrations of divalent ions to solutions of 0.01 EU/ml caused
increasing inhibition of LAL-SRA sensitivity. When measuring endotoxin solutions of
activity 0.1 EU/ml and above the optimum sensitivity appears to be achieved in the
presence of 0.001M CaCl2 or 0.0001M M gS04.

As mentioned earlier the threshold

surface elasticity (15mN.ni1) was not achieved in the presence of 1M M gS04, 0.1M CaCl2
and therefore are not represented in the graphs. The mechanism by which the divalent
ions enhance LAL sensitivity is uncertain.

As a result of the considerable similarity

between the mammalian clotting system and that of the horseshoe crab, it has been
speculated that the divalent ion enhances the conversion of the LAL pro-clotting enzyme
to the active enzyme, in the same way that Ca2+ ions enhance activation of the mammalian
pro-clotting enzyme (prothrombin). However, the only discrepancy being that Ca2+ is
essential for the conversion of prothrombin to thrombin, but divalent ions are not always
necessary for the LAL proenzyme activation.

It has been reported that Ca2+ acts in

conjunction with fibrin-stabilizing factor in mammals to stabilize the fibrin clots (Laki,
1968).

Several types of interaction i.e. electrostatic, van der Waals interactions, or

chemical bonding leads to clot formation.

Since clot formation involves a balance

between the attractive forces tending to form a rigid network and the thermal motion of
polymer chains, gelation processes will be markedly dependent amongst other factors on
the electrolyte concentration, which will affect the former. In the case of charge stabilized
dispersions above a certain concentration, addition of electrolyte often leads to gelation
rather than the formation of distinct floes. It is therefore possible that the metals calcium
and magnesium act in this way when added to the LAL-endotoxin reaction solution to
enhance and stabilize the gel-clot formed by the LAL coagulation proteins.
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The Limulus Amoebocyte Lysate (LAL) test for endotoxins has advanced considerably
since it was first introduced by Levin and Bang in 1968. Developments have not only
involved refinements to the extraction and formulation of these reagents, but recently has
involved the proposal of exacting conditions and experimental technique for the proper
handling of these reagents. Scientific interest during the past decade has focussed on the
wider application of the LAL test, its limitations as a complete substitute for the rabbit
pyrogen test and automated LAL reaction endpoint detection techniques which provide
quantitative information on endotoxin levels.

The classic endpoint detection technique for the LAL is the semi-quantitative gel-clot test.
Several other techniques have been proposed but their use is sometimes limited to the
scientists or institutions that have proposed them. A problem that was apparent at an
early stage was the difficulty in applying these endpoint tests to coloured, opaque and/or
viscous products. Overcoming this limitation necessitated the measurement of a parameter
of the LAL reaction that would not be influenced by optical changes. The rheological
measurement of the LAL reaction appeared to offer a solution to this problem.

The preliminary studies in this project evaluated the bulk and surface rheological
properties of the gel. Due to the bulk rheometer’s (Controlled Stress) poor sensitivity and
apparatus limitations the results were unsatisfactorily variable. The increased reagent
volumes required for this technique was itself sufficient to invalidate its potential
application as a routine test. The results of the research demonstrated poor reproducibility
but it was possible to conclude that the gel produced by the reaction of LAL (undiluted
and reconstituted according to manufacturer’s instructions) with concentrations of
endotoxin greater than the minimum sensitivity of the LAL (k) were pseudoplastic in
nature and underwent irreversible shear breakdown. The bulk oscillatory studies provided
a valuable comparison with the surface oscillatory studies conducted using the Oscillating
Ring Surface Shear Rheometer (ORSSR). The preliminary surface rheological research
revealed unprecedented kinetic profiles with poor reproducibility, the latter due to
technical problems with the ORSSR. These problems were identified during the course
of controlled studies (Rees, 1988) and the necessary mechanical, electrical and computer
programme developments were made. The re-designed ORSSR movement, the detachable
Du Nouy ring, a low drift transducer unit and scaling factor adjustment for increased
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speed of tracking were the more significant developments.

Since the ORSSR measurements were not absolute (determined with respect to a
reference) the developments were validated using the two materials gum acacia and
protein collagen. A critical assessment of the instrument’s reproducibility by studying the
effect of the concentration of these materials on surface film formation and the effect of
hydrogen ion concentration on the surface films formed by collagen, revealed a significant
degree of variability. The results provided qualitative trends which were comparable to
those of other scientists and sufficient to validate the developments made.

Although

acacia had been used previously to study the ORSSR behaviour it is not an ideal choice;
the quality of acacia supply is known to be extremely variable and the parameters used
to define its quality are not sufficiently rigid to be able to expect reproducibile surface
film formation. Although collagen is produced to a better specification, the cumbersome
nature of investigating the effect of pH on surface film formation, the poor reproducibility
of surface film formation and variable trends in the films formed at different
concentrations make it unsuitable for use as a standard.

In order to propose a LAL-surface rheological assay (LAL-SRA) it was necessary to
investigate the ideal conditions and reagent volumes required for the assay. A study of
three materials for use as a reference in the ORSSR concluded that pyrogen-free water
was suitable for establishing a reference resonant frequency and reference amplitude,
against which rheological changes in the LAL during its reaction with endotoxin could
be calculated. An evaluation of the effect of temperature on the LAL-SRA technique
when using various concentrations of endotoxin revealed deficiencies in the device
employed for temperature control. The delay in the test sample achieving the optimum
enzymatic temperature due to poor heat conduction is an important factor when testing
high endotoxin activities. The system needs updating by employing more responsive
devices, such as the Peltier element in the Cammed controlled stress rheometer, and a
more closely fitting heating block and test sample dishes. These modifications will serve
to increase the sensitivity of the LAL-SRA technique. Due to the unpredictable effects
of diluting LAL reagent on its sensitivity to endotoxins, parallel studies on the effects of
dilution on LAL sensitivity to endotoxins were conducted using the LAL-5000 Kinetic
Turbidimetric technique. The conclusive result was an approximately exponential decay
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in the LAL sensitivity with dilution. Although this decay caused considerable concern,
studies on the LAL-SRA technique were continued on the premise that the surface
concentration of the LAL and endotoxin was sufficient to confer a measurable surface
rheological change.

To determine the optimum dilution of LAL for the LAL-SRA technique, the effect of
LAL dilution on the technique’s sensitivity to a broad range of endotoxin concentrations
was investigated.

A decrease in sensitivity to endotoxins was generally apparent.

However when an endotoxin solution of minimum activity 10 EU/ml is reacted with less
than 5% V/V LAL the latter limits the sensitivity of the technique.

Since endotoxin

concentrations upto 100 EU/ml were to be studied it was inferred that 10% V/V LAL
would be a more suitable dilution. Although 10% V/V LAL was the most concentrated
solution studied using the LAL-SRA, the total volume of reconstituted LAL used per test
was equivalent to that used in the gel-clot and LAL-5000 kinetic turbidimetric test
(0.1ml). Therefore the increased test sample volume required by the LAL-SRA (2 ml)
does not incur any additional cost per test. The total sample volume and hence the LAL
volume could be reduced by employing a concentric cylinder device within the platinum
ring; lowers the surface area over which adsorption of reagents could take place.

A

concentric cylinder permanently fixed to the lower stationary part of the ORSSR
movement cannot be depyrogenated and therefore concentric cylinder glass dishes, made
to a high specification, which could be positioned with the walls accurately concentric
with the Du Nouy ring would be ideal.

A critical comparison was conducted of the LAL-SRA, LAL-5000 and gel-clot sensitivity
to endotoxins of different bacterial origin (Shigella dysenteriae, Salmonella abortus equi
and Escherichia coli) each formulated differently, some preparations using the excipients
lactose, trehalose and/or polyethylene glycol.

The significantly different activities

measured by all three techniques highlights a difficult area in the use of LAL for
endotoxin testing. Since the gel-clot technique detected significantly lower activities in
the endotoxin solutions that had been prepared identically to those used for the other
techniques, it is most appropriate that test standards are set against the gel-clot test. The
use of the LAL-SRA and LAL-5000 techniques in the endotoxin testing of
pharmaceuticals and medical devices should provide a several fold safety margin over the
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The differences in formulation of the endotoxins disallowed any

comparisons between the sensitivity of LAL-SRA to endotoxins of different bacterial
origin. An interesting extension of this work would be to test purified endotoxins of
different bacterial origin without any additives present. Although the relative endotoxin
activities would be different, the preparation (by appropriate dilution) of the different
endotoxins to confer the same activities would allow an investigation of any differences
in the surface adsorption properties of endotoxin; as a result of the different amphiphilic
properties.

An investigation of the effect of the pharmaceutical excipients lactose, trehalose and
polyethylene 6000 (PEG 6000) was conducted. The measured effects on LAL itself and
on the gel-clot, LAL-5000 and LAL-SRA techniques concluded that the sensitivity
enhancement effect of a specific percentage of lactose generally increased when the
activity of endotoxin present decreased by two-fold dilutions to 0.03125 EU/ml. Lactose
demonstrated a greater enhancement of LAL sensitivity than trehalose. Inhibition by these
bulking excipients was only evident in the LAL-SRA technique at higher endotoxin
concentrations. The trehalose (0.1% W/V) had a significantly greater inhibitory effect
than lactose (0.1% W/V). These excipients conclusively demonstrate interference with
surface elastic film formation.

Although endotoxin preparation 84/650 contained

0.3%W/V trehalose the endotoxin activity was almost fourteen times greater than that of
the controlled standard endotoxin (CSE - 1000 EU/ml) used to include 0.1% W/V
trehalose, it would therefore have undergone a greater dilution, substantially reducing or
nullifying the interference on LAL-SRA sensitivity. The activity of preparation 84/650,
determined by the LAL-SRA to be 11894 EU/ml lower and 1067 EU/ml higher than those
determined by the LAL-5000 and gel-clot techniques respectively, should be true.

The presence of 2% W/V PEG 6000 in the CSE stock solution (1000 EU/ml) caused
inhibition of the gel-clot test when using LAL of sensitivity 0.03 EU/ml. The maximum
sensitivity was reduced to approximately 0.049 EU/ml. The presence of upto 10% W/V
PEG 6000 in the CSE when using the LAL-5000 technique was devoid of any inhibitory
effects on the sensitivity of the technique. The LAL-SRA of CSE containing more than
0.02% W/V PEG 6000 produced surface films of variable elasticity, the rank order of
elastic film strengths which corresponded to specific PEG concentrations was unusual and
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qualitatively reproducible.

Divalent cations are important for the LAL reaction to take place but the mechanism of
action is unknown. An investigation into the effect of the divalent cations (calcium and
magnesium) on the LAL-SRA senstivity to endotoxins demonstrated that an optimum
sensitivity could be achieved using 1 x 10'3 M CaCl2 or 1 x 10-4 M M gS04. Severe
inhibition of sensitivity was achieved by 1 M M gS04 and 0.1 M CaCl2.

To propose the ORSSR for use in routine LAL-SRA it is necessary to implement
important electronic, computer program and mechanical developments. Although several
LAL endpoint testing techniques have been proposed in the past, the choice of technique
by manufacturers of parenterals and medical devices, for use in routine testing for
endotoxins is governed by a suitable balance of the factors that contribute to cost and
achieving legislative demands.

To meet basic criteria the LAL-SRA should perform

multiple tests. The development of a multi-movement ORSSR is technologically viable;
the present single movement only permitting one test at a time. Automation of labour
intensive processes and those processes which require technical accuracy is an added
advantage. Detachment and reattachment of the Du Nouy ring from and to the support
arms, and lowering the ring into the surface of the test sample requires a considerable
degree of precision and patience. To leave these two processes under operator control
could lead to an unattractively cumbersome method, especially when a multi-movement
ORSSR is employed, but more importantly a Du Nouy ring distorted by mechanical
handling, positioned with its plane unparallel with the plane of the test sample surface
and/or positioned inaccurately in the test sample’s surface will lead to poor
reproducibility. The methods to achieve these developments were considered but not
implemented.

The following computer programme modifications would be advantageous:

1.

Use of an IBM-compatible host computer confers considerable memory, high
speed processing of data and high resolution graphics. This avoids the present
time delays in loading programmes (e.g. TPROG 1) by the host programme
(RES81/6), calculation of surface elasticity and surface viscosity from resonant
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frequency shift and amplitude values. The added memory would allow significant
advantages with respect to data handling, statistical analysis of data and graphical
observation of results, as currently available with the LAL-5000 kinetic
turbidimetric instrument.

2.

Increase the number of experiments that can be performed in a "run" to avoid loss
of data during data transfer from interface computer to storage disc inbetween
"runs", or effect faster data transfer, processing and storage. This development
resolves the resonant frequency tracking problem that arises at the start of repeated
runs, especially during rapid film formation.

3.

Determination of the measured parameters at specific intervals of time would
allow ease of data analysis but is difficult to achieve using the current ORSSR
operational procedure.

The investigation of factors that affect reproducible surface film formation is important
before operational and design modifications to the ORSSR, which are specific to LALSRA application, are implemented. This should include the study of several parenteral
products and pharmaceutical excipients used in their formulation. While inhibition or
enhancement of film formation is expected the reproducible interference, by achieving
reproducible surface elasticity and surface viscosity, is the important criteria for successful
validation of the LAL-SRA for endotoxins.

Throughout this research the LAL-5000 kinetic turbidimetric technique has performed
extremely well and provided a good standard against which to test the LAL-SRA
technique. The LAL-5000 module has advanced considerably from its predecessor, the
LAL-4000 module. The kinetic turbidimetric technique is relatively easy to adopt and
provides quantitative values, however, the accuracy of the technique depends on the
equipment used. The radial arrangement of test-tube wells around a common radial light
source and an accurate heating block with uniform heat distribution in the LAL-5000 has
gone a long way towards achieving reproducibility. The controlling computer program
which is run from an IBM-compatible computer allows statistical and graphical analysis
to be performed, and provides continuous information on the status of each test-sample
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during the incubation period.

Although many of the LAL endpoint detection techniques increase the LAL sensitivity
beyond that achievable with the standard gel-clot technique and quantifies endotoxin
levels, the manufacturers of parenterals do not require this. The detection of minute levels
of endotoxin is usually academic and is also of use in the quality assurance process. In
quality control it is only necessary to establish whether a parenteral product or medical
device has passed or failed pharmacopoeial test standards.

However, some of the

alternative endpoint detection techniques allow for automation and with modification to
the data analysis in the computer programme a simple report of a pass or fail could be
obtained.
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APPENDIX I
TH E UNITED STATES PHARM ACOPOEIA (XX) PYROGEN TEST

The pyrogen test is designed to limit to an acceptable level the risks of febrile reaction
in the patient to the administration, by injection, of the product concerned. The test
involves measuring the rise in temperature of rabbits following the intravenous injection
of a test solution and is designed for products that can be tolerated by the test rabbit in
a dose not to exceed 10 ml per kg injected intravenously within a period of not more than
10 minutes. For products that require preliminary preparation or are subject to special
conditions of administration, follow the additional directions given in the individual
monograph or, in the case of antibiotics or biologies, the additional directions given in the
federal regulations (see Antibiotics <1011>, and Biologies <1041>).

A pparatus and Diluents - Render the syringes, needles, and glassware free from pyrogen
by heating at 250° for not less than 30 minutes or by any other suitable method. Treat
all diluents and solutions for washing and rinsing of devices or parental injection
assemblies in a manner that will assure that they are sterile and pyrogen-free. Periodically
perform control pyrogen tests on representative portions of the diluents and solutions for
washing or rinsing of the apparatus.

T em perature Recording - Use an accurate temperature-sensing device such as a clinical
thermometer, or thermistor probes or similar probes that have been calibrated to assure
an accuracy of +0.1° and have been tested to determine that a maximum reading is
reached in less than 5 minutes. Insert the temperature-sensing probe into the rectum of
the test rabbit to a depth of not less than 7.5 cm, and, after a period of time not less than
that previously determined as sufficient, record the rabbit’s body temperature.

Test Animals - Use healthy, mature rabbits. House the rabbits individually in an area of
uniform temperature between 20° and 23° and free from disturbances likely to excite them.
The temperature varies not more than +3° from the selected temperature. Before using
a rabbit for the first time in a pyrogen test, condition it not more than seven days before
use by a sham test that includes all of the steps as directed under Procedure except
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injection. Do not use a rabbit for pyrogen testing more frequently than once every 48
hours, nor prior to 2 weeks following a maximum rise of its temperature of 0.6° or more
while being subjected to the pyrogen test, or following its having been given a test
specimen that was adjudged pyrogenic.

Procedure - Perform the test in a separate area designated solely for pyrogen testing and
under environmental conditions similar to those under which the animals are housed and
free from disturbances likely to excite them. Withhold all food from the rabbits used
during the period of the test.
restricted during the test.

Access to water is allowed at all times, but may be

If rectal temperature measuring probes remain inserted

throughout the testing periods, restrain the rabbits with light-fitting neck stocks that allow
the rabbits to assume a natural resting posture. Not more than 30 minutes prior to the
injection of the test dose, determine the "control temperature" of each rabbit: this is the
base for the determination of any temperature increase resulting from the injection of a
test solution.

In any one group of test rabbits, use only those rabbits whose control

temperatures do not vary by more than 1° from each other, and do not use any rabbit
having a temperature exceeding 39.8°.

Unless otherwise specified in the individual monograph, inject into an ear vein of each
of three rabbits 10 ml of the test solution per kg of body weight, completing each
injection within 10 minutes after start of administration. The test solution is either the
product, constituted if necessary as directed in the labeling, or the material under test
treated as directed in the individual monograph and injected in the dose specified therein.
For pyrogen testing of devices or injection assemblies, use washing or rinsings of the
surface that come in contact with the parenterally administered material or with the
injection site or internal tissues of the patient. Assure that all test solutions are protected
from contamination.

Perform the injection after warming the test solution to a

temperature of 37 + 2°. Record the temperature at 1, 2, and 3 hours subsequent to the
injection.

Test In terp retation and Continuation - Consider any temperature decreases as zero rise.
If no rabbit shows an individual rise in temperature of 0.6° or more above its respective
control temperature, and if the sum of the three individual maximum temperature rises
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does not exceed 1.4°, the product meets the requirements for the absence of pyrogens.
If any rabbit shows an individual temperature rise of 0.6° or more, or if the sum of the
three individual maximum temperature rises exceeds 1.4°, continue the test using five
other rabbits.

If not more than three of the eight rabbits show individual rises in

temperature of 0.6° or more and if the sum of the eight individual maximum temperature
rises does not exceed 3.7°, the material under examination meets the requirements for the
absence of pyrogen.

RADIOACTIVE PHARMACEUTICALS
Test Dose for Preform ulated. Readv-to-use Products Labelled with Radioactivity

AGGREGATED ALBUMIN AND OTHER PARTICLE CONTAINING PRODUCTS
For the rabbit pyrogen test, dilute the product with Sodium Chloride Injection to not less
than 100 pCi per ml, and inject a dose of 3 ml per kg of body weight into each rabbit.

OTHER PRODUCTS
W here Physical Half-life of Radionuclide is G reater T han 1 Day - Calculate the
maximum volume of the product that might be injected into a human subject.

This

calculation takes into account the maximum recommended radioactive dose of the product,
in pCi, and the radioactive assay, in pCi per ml, of the product at its expiration date or
time. Using this information, calculate the maximum volume dose per kg to a 70-kg
human subject.

For the rabbit pyrogen test, inject a minimum of 10 times this dose per kg of body weight
into each rabbit. If necessary, dilute with Sodium Chloride Injection. The total injected
volume per rabbit is not less than 1 ml and not more than 10 ml of solution.

W here Physical Half-life or Radionuclide is Less T han 1 Day - For products labelled
with radionuclide having a half-life of less than 1 day, the dosage calculations are
identical to those described in the first paragraph under Other Products. Those products
may be released for distribution prior to completion of the rabbit pyrogen test, but such
test shall be initiated at not more than 36 hours after release.
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Test Dose for Pharm aceutical Constituents o r Reagents to be Labelled

The following test dose requirements pertain to reagents that are to be labelled or
constituted prior to use by the direct addition of radioactive solutions such as Sodium
Pertechnetate Tc 99m Injection, i.e. "cold kits".

Assume that the entire contents of the vial of nonradioactive reagent will be injected into
a 70-kg human subject, or that 1/70 of the total contents per kg will be injected. If the
contents are dry, constitute with measured volume of Sodium Chloride Injection.

For the rabbit pyrogen test, inject 1/7 of the vial contents per kg of body weight into each
rabbit. The maximum dose per rabbit is the entire contents of a single vial. The total
injected volume per rabbit is not less than 1 ml and not more than 10 ml of solution.
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APPENDIX IIA
RES81/6 HOST COMPUTER PROGRAM (1989 VERSION)

The RES81/6 program is the main host for ORSSR operations. It is used to transfer
experiment operation details (attenuation, cycles of integration, delay byte, number of
experiments) to the interface computer, enter constants (moment of inertia, spring
constant, geometry factor) and to re-zero transducer d rift The data analysis option on the
main menu is not fully operational. It was deleted to create memory space for more
important program developments. Using the sub-menu it is possible to access, by chain
loading, programs TPROG1 and 2SINX.

10 REM RESULTS CALCULATION SURFACE RHEOMETER
12 REM 18/3/91 VISCOSITY EQUATION LI. 4650 GLOBAL APPLICATION FOR
ATTENS.
15 ONERROR GOTO 8000
18 R$=""
20 CLS
25 IF F%=6 THEN DRVFLG=0
30 @%=&90A
40 DIM W(300)
50 DIM SELAS(260)
60 DIM SVISC(260)
70 DIM SUREL(200)
80 DIM SURVI(200)
90 DIM Z(260)
100 DIM B (l)
110 DIM N (l)
120 DIM T (l)
130 DIM D (l)
140 TIMF=0
150 DIM TIM(200)
160 B=1
165 RD=0
170 QT=0
180 QN=0
190 DBO=0
200 PRINT
210 PRINT
220 PRINT,,FREQUENCY FINE ADJUSTMENT PROGRAMME WITH S.VISC
CALC. CORR. FOR DEFF ATTEN."
230 PRINT"APRIL 1990"
240 PRINT
250 PRINT
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260
270
280
290
300
310
320
330
340
350
360
370
374
375
380
390
400
410
420
430
440
441
442
443
450
460
465
466
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670

PRINT
PR IN T’CHECK DRIVE NO. IS CORRECT”
REM INCLUDES TREATMENT OF RESULTS
REM PRINTER TO BE ARMED BY VDU2!
REM Q,750,G for rheometer control.
LET VC=1
DIM P(260)
DIM ALT(260)
CD=0
GOTO 370
CLS
PRINT
C=0
IF F%>=5 THEN PROCSURF
PRINT
PRINT'DO YOU WANT TO
PRINT
PRINT'A) OPERATE THE RHEOMETER"
PRINT
PRINT"B) HANDLE DATA FILES"
PRINT
PRINT"C) RETURN TO BBC MONITOR"
PRINT
PRINT
INPUT E$
IF E$="B" THEN 5030
IF E$="C" THEN END
DRVFLG=0
CLS
PRINT "ENTER ONE OF THE FOLLOWING"
GOTO 550
CLS
PRINT
PRINT
PRDNTTUSE G,M,Q,OR T ONLY!"
CLS:PRINT
PRINT
PRINT " F FOR FREQUENCY CONVERSION "
PRINT
PRINT " G FOR GO "
PRINT
PRINT " M FOR MEMORY"
PRINT
PRINT " P FOR ENTRY OF A BLOCK OF DATA"
PRINT
PRINT " T FOR TERMINATE (DATA ENTRY MODE)"
PRINT
PRINT " Z FOR TRANSDUCER ZERO"
PRINT
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680 PRINT " I TO INITIALIZE SURFACE RHEOMETER”
690 PRINT
700 PRINT " S FOR SURFACE RHEOMETER"
703 PRINT
705 PRINT " X FOR SIGNAL WAVEFORMS"
710 LET C = INKEY(10000)
720 IF C=83 THEN PROCSURF
730 IF C=70 THEN GOTO 3600
740 IF C=80 THEN PROCBLKLD
750 K=0
760 IF C=71 THEN LET K=1
770 IF C=77 THEN LET K=2
775IFC=88THEN CHAIN "2SINX1"
780 IF C=84 THEN K=4
790 IF C=73 THEN PROCSURF
800 IF C=90 THEN GOTO 3030
810 IF K=0 THEN GOTO 500
820 LET K=16*K
830 IF K=32 THEN PROCPROMEM
840 PRINT
850 INPUT "ENTER HEXADECIMAL ADDRESS:- "CHFOU$
860 N=EVAL("&"+CHFOU$)
870 IF N <= 65535 THEN GOTO 920
880 PR IN TTO O HIGH PLEASE RE-ENTER"
890 GOTO 840
900 CD = 0
910 DEFPROCADDRESS
920 H=INT(N/256)
930 L=N-256*H
940 H=H+K
950 LET Y=H
960 PROCECHO
970 *FX21,1
980 *FX21,2
990 *FX15,1
1000 LET Y=L
1010 FOR R = 1 TO 3400
1020 NEXT R
1030 PROCECHO
1040 IF CD = 1 THEN GOTO 1990
1050 IF CD =2 THEN ENDPROC
1055 IF CD=4 THEN ENDPROC
1060 IF K=16 THEN GOTO 540
1070 IF K=32 THEN PROCMEM
1080 IF K=64 THEN PROCENTRY
1090 *FX5,1
1100 *FX3,0
1110 H=H-K
1120 A=(256*H)+L
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1130 NR=A
1140 PRINT
1150 INPUT "ENTER ’1* FOR A PRINTOUT:- "PRI
1160 IF PRI <> 1 THEN GOTO 1180
1170 VDU2
1180 FOR 1=0 TO NB
1190 IF P(I)<121 THEN GOTO 1250
1200 J=I+1
1210 PRINT~A;"....";~P(I);~P(J)
1220 1= 1+1
1230 A=A+2
1240 GOTO 1270
1250 PRINT~A;"....";~P(I)
1260 A=A+1
1270 NEXT I
1280 VDU3
1290 PRINT’TO R REPEAT ENTER Y/N"
1300 INPUT W$
1310 IF W$="Y"THEN PROCREPEAT
1320 INPUT" IF A DISC RECORD OF THIS BLOCK IS REQUIRED, THEN PRESS
R: "A$
1330 IF A$="R" THEN GOSUB 3690
1340 IF W $o"Y "T H E N GOTO 540
1350 VDU3
1360 END
1370 DEFPROCECHO
1375 IF CD<>4 THEN PRINT "HEX";~Y
1380 VDU2
1390 *FX2,2
1400 *FX21,2
1410 *FX21,1
1420 *FX3,3
1430 *FX7,4
1440 *FX8,4
1450 *FX5,2
1460 PRINT CHR$(Y)
1470 *FX3,4
1490 DEFPROCRECEIVE
1500 *FX5,2
1510 *FX5,1
1520 *FX2,0
1530 *FX21,1
1535 IF CD=4 THEN ENDPROC
1540 *FX2,1
1550 LET Q = INKEY(2)
1560 LET G=INKEY(1000)
1570 IF G o - 1 THEN GOTO 1660
1580 PRINT
1590 PRINT" SURFACE RHEOMETER BUSY-"

Appendix IIA - RES81/6 Host Computer Programme
1600 PRINT
1610 PRINT” DIALOGUE INTERRUPTED
"
1620 PRINT
1630 FOR J=1 TO 200
1640 NEXT J
1650 GOTO 1390
1660 *FX2,0
1670 VDU3
1680 *FX3,4
1690 ENDPROC
1700 DEFPROCMEM
1710 *FX15,0
1720 *FX15,1
1730 *FX21,0
1740 *FX21,1
1750 *FX21,2
1760 *FX21,3
1763 IF CD=10 THEN 1770
1765 IF VC=1 THEN NB=EN ELSE NB=EN*3
1770 FOR 1=0 TO NB
1780 PROCRECEIVE
1790 IF VC=1 LET P(I)=G
1800 IF VC=2 LET ALT(I)=G
1810 IF CD=10 THEN PRINT "TRANSDUCER ZERO VALUE:- ”;G-128
1820 NEXT I
1830 ENDPROC
1840 DEFPROCREPEAT
1850 GOTO 1120
1860 ENDPROC
1870 DEFPROCENTRY
1880 PRINT'ENTER DECIMAL DATA"
1890 INPUT Y
1900 LET NB =Y-1
1910 PROCECHO
1920 IF CD =1 THEN ENDPROC
1930 GOTO 540
1940 DEFPROCPROMEM
1950 LET CD =1
1960 LET N = &0B01
1970 LET K = 64
1980 GOTO 920
1990 PRINT "NUMBER OF BYTES TO BE ACCESSED ?"
2000 PROCENTRY
2010 K=32
2020 LET CD = 0
2030 GOTO 840
2040 ENDPROC
2050 DEFPROCSURF
2052 CLS:INPUT" RUN SAMPLE WITH NEW REFERENCE (Y/N): "Q$
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2054
2055
2060
2065
2070
2071
2072
2073
2074
2075
2080
2090
2100
2110
2120
2130
2140
2145
2150
2160
2170
2180
2190
2200
2210
2215
2220
2222
2225
2230
2240
2245
2250
2305
2306
2310
2320
2330
2400
2405
2410
2420
2430
2440
2490
2500
2502
2505

IF Q$="N"THEN F%=6
IF F%=6 THEN DBO=R%:CO=3520:PROCATTEN:GOTO 2250
CD=2
IF F%=5 THEN R$=”R ”:K=64:EN=E%:GOTO 2720
IF C=83 THEN 2130
N=&B1A
K=64
PROCADDRESS
Y=0
PROCECHO
N=&200
K=16
PROCADDRESS
FOR R=1 TO 10000
NEXT R
CLS
CO=3520
IF C=73 THEN 540
GOTO 2210
QN=QN+1
IF QN=QT THEN 4950
LET DBF=DBO
LET DBF=P(EN)
GOTO 2250
PRINT
NB=15:RD=1
INPUT” ENTER FREQUENCY :-”CHTW$
EN=0
PROCATTEN
DBF=EVAL(”&”+CHTW$)
R%=EVAL(”&”+CHTW$)
P(8)=DBF
CD=2
IF F%=6 THEN R$="M”
IF QN=0 THEN 2400
P(9)=ATL:P( 10)=ATH
P(11)=NC:P(12)=EN
P(13)=M%:P(14)=IXP
EN=E%:CLS
REM PRINT” EN "EN;" P(EN)"~P(EN):INPUTZZ$
IF QN>0 THEN 2730
PRINT
INPUT” ENTER NO OF CYCLES OF INTEGRATION:-"NC
P(11)=NC
PRINT
PRINT” ENTER NO OF EXPERIMENTS IN RUN:- ”
INPUT” ( Maximum 84 expts. )”EN
E%=EN
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2510 CLS
2520 IF R $ o " M " THEN INPUT" IF THIS IS THE STANDARD THEN ENTER R
"R$
2523 IF R$="R" THEN X%=ATL+256*ATH
2525 IF R$="R" THEN 2720
2530 CLS
2532 INPUT" ENTER SCALING FACTOR FOR FREQ. CONTROL (DEC FPT): "X
2533 M=65536*X:I=-16
2534 REPEAT
2535 1=1+1 :M=M/2
2536 M%=256*M
2538 UNTIL M%<256
2540 PRINT" EXPONENT= ";~I;" MANTISSA= ";~M%
2542 P( 13)=M% :P( 14)=I
2544 IXP=I
2548 INPUT" ENTER MOMENT OF INERTIA "MIN
2550 PRINT
2560 INPUT" ENTER GEOMETRY FACTOR "GF
2570 PRINT
2580 INPUT" ENTER Ko "KO
2590 PRINT
2595 AW=W%+(V%/1000)
2600 PRINT" AMPLITUDE AT THE"
2610 PRINT" AIR/WATER INTERFACE "AW
2620 PRINT
2630 INPUT" NAME OF EXPERIMENT "N$
2640 PRINT
2650 INPUT" DATE "D$
2660 PRINT
2670 INPUT" TIME OF RUN "T$
2680 PRINT
2690 INPUT" TEMPERATURE "TEMP
2700 PRINT
2702 ATFS=ATL+256*ATH
2705 ENVELOPE 2,0.1,2,-2,2,10,20,10,1,0,0,-1,100,100
2707 SOUND 1,2,10,50
2710 INPUT" NO.OF RUNS "QT
2720 PRINT
2730 IF R$="R" THEN P(13)=&E0
2735 IF R$="R" THEN P(14)=2
2736 IF QN=0 THEN P(8)=R%
2737 IF Q N o O THEN P(8)=P(EN)
2738 RD=1
2739 REM PRINTDELAY BYTE: "~P(8):INPUT ZZ$
2740 PROCBLKLD
2745
2750 FOR 1=1 TO 600
2760 NEXT I
2890 K=16
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2900 N=&10
2910 PROCADDRESS
2920 GOTO 3439
2930 PRINT P(14)
2940 PRINT'JOB FINISHED"
2950 IFP(14)>2 THEN GOTO 2970
2960 GOTO 2920
2970 LET N=&0C20
2980 LET K=16
2990 LET CD=2
3000 PROCADDRESS
3010 GOTO 2920
3020 ENDPROC
3030 REM ZERO FACILITY
3040 CD=2
3050 N=&458
3060 K=16
3070 PROCADDRESS
3080 LET NB=31
3090 CD=10
3 100PROCMEM
3110 PRINT'ENTER ANY CHARACTER TO REPEAT ZERO, PRESS RETURN TO
EXIT"
3120 INPUT A$
3130 IF A$="" THEN GOTO 360
3140 GOTO3040
3145 DEFPROCBLKLD
3147 P(0)=2:P(1)=0:P(2)=2:P(3)=0:P(4)=0:P(5)=0:P(6)=0:P(7)=0
3150 CLS
3152 NB=15:NR=&B20
3155 IF RD=1 THEN 3304
3160 INPUT" IF RECORDED CODE IS TO BE LOADED THEN PRESS L
"Z$
3170
3180
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3304
3305

IF Z$="L" THEN GOTO 3820
INPUT "INPUT STARTING ADDRESS FOR INPUT OF DATA:-"CHFOU$
N=EVAL("&"+CHFOU$)
NR=N
INPUT "ENTER NO OF BYTES TO BE ENTERED (DEC) :-"NB
FOR 1=0 TO NB-1
INPUT'NEXT DATA BYTE:-" DB$
M=EVAL("&"+DB$)
PRINT ~N"......"; ~M
P0)=M
N=N+1
NEXT I
INPUT" ENTER R FOR RECORD "A$
IF A$="R"THEN GOSUB 3690
PRINT"LINE 3304 RE ACHED !";~NR;" ";NB:CD=2
N=&688
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3306
3307
3310
3320
3330
3340
3350
3351
3352
3353
3356
3360
3370
3375
3376
3377
3380
3385
3390
3400
3410
3420
3425
3430
3439
3440
3450
3460
3470
3480
3483
3485
3490
3500
3510
3520
3530
3540
3550
3560
3570
3580
3590
3600
3610
3620
3630
3640
3650

K=16
PROCADDRESS
N=NR
K=64
CD=4
PROCADDRESS
Y=NB
CD =4
*FX21,2
FOR J=1 TO 150
NEXT J
PROCECHO
FOR 1=0 TO NB-1
*FX21,2
FOR J=1 TO 150
NEXT J
Y=P(I)
CD =4
PROCECHO
NEXT I
CD=2
CLS
RD=0
ENDPROC
ELAP=0:PROCTIM
K=1
CD=2
N=34
PROCADDRESS
IF G =-l THEN GOTO 3440
ELAP= 1:PROCTIM
IF R$="R" THEN CHAIN"TPROG 1"
PROCRESULTS
CO=CO+10
GOTO CO
GOTO 4090
GOTO 4110
GOTO 4520
GOTO 4780
GOTO 2160
CLS
PRINT "RUN HAS FINISHED!"
GOTO 340
CLS
INPUT "ENTER DELAY BYTE:-"BYT$
BYT=EVAL("&"+BYT$)
FREQ=1/(1.285 lE-3*BYT+2.973E-2)
PRINT
PRINT'FREQUENCY IS ";FREQ;" HERTZ"
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3660 FOR 1=1 TO 6000
3670 NEXT I
3680 GOTO 340
3690 INPUT” ENTER NAME OF DATA FILE REQUIRED "G$
3700 X=OPENOUT(G$)
3710 N=NR
3720 H=INT(N/256)
3730 L=N-256*H
3740 BPUT#X J I
3750 BPUT#X,L
3760 BPUT#X,NB
3770 FOR 1=0 TO NB-1
3780 BPUT#XJ>(I)
3790 NEXT I
3800 CLOSE#X
3810 RETURN
3820 INPUT” ENTER FILE NAME OF DATA ”F$
3830 X=OPENIN(F$)
3840 H=BGET#X
3850 PRINT
3860 L=BGET#X
3870 PRINT
3880 N=256*H+L
3890 PRINT” THIS DATA BLOCK STARTS AT HEX ADDRESS
”~N
3900 PRINT
3910 INPUT" DO YOU WISH TO ASSIGN THIS TO A NEW ADDRESS ? Y/N”Q$
3915 NR=N
3920 IF Q$="Y"THEN INPUT” ENTER NEW ADDRESS "CHFOU$
3930 IF Q$=”Y”THEN NR=EVAL(”&”+CHFOU$)
3940 PRINT
3950 NB=BGET#X
3960 PRINT” BLOCK LENGTH IS ”;NB;" BYTES”
3970 FOR I =0 TO NB-1
3980 P(I)= BGET#X
3990 NEXT I
4000 CLOSE#X
4010 GOTO 3304
4020 FOR 1=1 TO 9
4030 Q=BGET#(X)
4040 PRINT ~Q
4050 NEXT I
4060 CLOSE#X
4070 STOP
4080 DEFPROCRESULTS
4090 VC=1
4100 GOTO 4120
4110 VC=2
4120 PRINT” R$= ”R$
4130PROCD ATAOUT

j
!
I
!
!

!

!
ii

i
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4140 LOCAL X,Y,Z
4150 B$=STR$(B)
4160 X=0
4170 Z=0
4180 Y=0
4190 W(Z)=65536*ALT(X+2)+256*ALT(X+l)+ALT(X)
4200 IF VC=1 THEN PRINTZ,,...."P(Z)"....."~P(Z)
4210 IF VC=2 THEN ALT(I)=P(I)
4220 IF VC=2 THEN PRINTZM....M
W(Z)
4230 IF YC=2 THEN 4260
4240 REM IF Z<3 THEN 4260
4250 IF VC=1 AND Z=EN THEN 4320
4260 Y=Y+W(Z)
4270 Z=Z+1
4280 X=X+3
4290 REM IF Z=EN AND VC=1 THEN PRINT " WARNING- RESONANT
FREQUENCY NOT ATTAINED!": GOTO 3500
4300 IF VC=2 AND Z>=EN+1 THEN GOTO 4320
4310 GOTO 4190
4320 REM PRINT P(Z)
4330 REM F0=l/(1.2851E-3*P(Z)+2.973E-2)
4340 REM PRINT "RESONANT FREQUENCY= ";F0;" HERZ"
4350 REM PRINT"MEAN="Y/Z
4360 PRINT"NO.OF EXPERIMENTS="Z
4370 GOTO 3500
4380 ENDPROC
4390 DEFPROCDATAOUT
4400 CD=2
4410 LET N = &0B01
4420 LET K = 64
4430 PROCADDRESS
4440 IF VC=1 THEN Y=EN+1 ELSE Y=(EN*3)+3
4450 PROCECHO
4460 IF VC=1 THEN NB=EN ELSE NB=EN*3
4470 IF VC=1 THEN N=&0C00 ELSE N=&0A00
4480 K=32
4490 PROCADDRESS
4500 PROCMEM
4510 ENDPROC
4520 DEFPROCCALC1
4530 PROCDATAOUT
4540 PRINT
4550 @%=&20209
4552 ELAP=2
4556 PROCTIM
4560 PRINT"EXPER.NO.","SUR.ELAS","SUR.VISC","TIME',
4570 PRINT"
mN/m"," mN.s/m","mins"
4580 PRINT
4590 TTMX=FTIME/6000
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4600 FOR Z=1 TO (EN-1)
4610 F=l/(1.285lE-3*P(Z)+2.973E-2)
4620 F0=1/(1.285 lE-3*DBO+2.973E-2)
4630 SELAS(Z)=GF*MIN*4*PI*PI*(F*F-F0*F0)
4640 IF W(Z)=0 THEN PRINT” AMPLITUDE TOO SMALL
CALCULATION" :GOTO 3500
4650 KON=((NC* ATFS *ATFS)/W(Z)- (NC*X% *X%)/AW)/65536
4660 SVISC(Z)=MIN*GF*KO*KON
4670 TIM(0)=FTIME/6000
4680 IF QN>0 THEN TIM(0)=TIMF+2
4690 TIMX=(LTIME-FTIME)/((EN +1) *6000)
4700 TIM(Z)=TIM(Z- 1)+TIMX
4710 REM IF SELAS(Z)<0 THEN SELAS(Z)=0
4720 PRINT ;Z,;SELAS(Z),;SVISC(Z),;TIM(Z)
4730 NEXT Z
4735 F%=0
4740 <5>%=&90A
4750 GOTO 3500
4760 PRINT
4770 ENDPROC
4780 K$=N$+B$
4782 IF DRVFLGoO GOTO 4787
4785 OSCLI"*DR. l ”:GOTO 4790
4787 OSCLI"*DR. 3”
4790 DIS CIN=OPENOUT K$
4800 PRINT# DISCIN3N
4810 PRINT# DISCIN,D$
4820 PRINT# DISCIN,T$
4830 PRINT# DISCIN,TEMP
4840 FOR Z=1 TO (EN-1)
4850 PRINT#DISCIN, Z,SELAS(Z),SVISC(Z),TIM(Z)
4860 NEXT Z
4870 CLOSE#DISCIN
4875 OSCLF^DR. 0”
4880 TIMF=TIM(EN-1)
4890 CO=CO-30
4900 LET B=B+1
4910 GOTO 2160
4920 DEFPROCERROR
4930 PRINT "DATA TRANSFER ERROR- "
4940 PRINT " END OF RUN "
4950 PRINT
4960 PRINT
4970 PRINT'DO YOU WANT TO RETURN TO THE MENU Y/N?"
4980 PRINT
4990 INPUT D$
5000 IF D$="Y" THEN 8000
5010 GOTO 7530
5020 ENDPROC
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5030 r e m *****************
5040 REM*SUBROUTINES FOR*
5050 REM*ACCESSING DATA *
5060 REM* FILES AND
*
5070 REM*COMPACTING THEM*
5080 REM *****************
5090 C=1
5100 CF=0
5110 Q=1
5120 CLS
5130 <§>%=&90A
5140 PRINT
5150 PRINT
5160 PRINT "OPTIONS A, B & D ARE ’NON - FUNCTIONAL’"
5165 PRINT
5167 PRINT'IF YOU REQUIRE THESE OPTIONS USE RES81/6 PRE-MAR 1990
VERSION"
5170 PRINT
5172 PRINT
5173 PRINT
5174 PRINT
5180 PRINT "A) COMPACT A NUMBER OF DATA"
5190 PRINT
5200 PRINT "B) OUTPUT A COMPACTED DATA FILE"
5210 PRINT
5220 PRINT "** C) OUTPUT A WHOLE DATA FILE ** "
5230 PRINT
5240 PRINT
5250 PRINT "D) TO SPOOL A DATA FILE"
5260 PRINT " (COMPACT OR WHOLE)"
5270 PRINT
5280 INPUT Q$
5290 CLS
5300 IF Q$="A" THEN 5400
5310 IF Q$="B" THEN 6010
5320 IF Q$="C" THEN 6380
5330 IF Q$="D" THEN 6760
6380 r e m ****************
6390 REM*TO PRINT WHOLE*
6400 REM*DATA FILE FROM*
6410 REM* DISC
*
6420 RFM****************
6430 CLS
6440 PRINT
6450 PRINT
6455 INPUT" IF YOU WISH TO PRINT FILE THEN ENTER Y:- "M$:IF M$="Y"
THEN VDU2
6460 INPUT "NAME OF DATA FILE "N$
6470 DISCOUT=OPENIN N$
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6480 INPUT# DISCOUT,EN,D$,T$,TEMP
6490 PRINT
6500 PRINT
6510 PRINT "DATE "D$
6520 PRINT
6530 PRINT
6540 PRINT "TIME OF EXPERIMENT "T$
6550 PRINT
6560 PRINT
6570 PRINT "TEMPERATURE (CENT) "TEMP
6580 PRINT
6590 PRINT
6600 @%=&20209
6610 PRINT ;"EXPT.",;" S.ELAS",;" S.VISC",;"
TIME"
6620 PRINT "
mN/m",;" mN.s/m",;"
mins"
6630 PRINT
6640 FOR Z=1 TO (EN-1)
6650 INPUT#DISCOUT,Z,SELAS(Z),SVISC(Z),TIMT
6660 PRINT;Z,;" "SELAS(Z),;" "SVISC(Z),;"
"TIMT
6670 NEXT Z
6680 CLOSE# DISCOUT
6690 @%=&90A
6700 PRINT
6710 PRINT
6715 VDU3
6720 PRINT'DO YOU WANT TO RETURN"
6730 INPUT’TO THE MENU Y/N ? "D$
6740 IF D$="N" THEN 7510
6750 GOTO 360
7510 PRINT
7520 PRINT
7530 PRINT'THANK YOU FOR USING THIS PROGRAM" :END
7600 DEFPROCATTEN
7610 REM ATTENUATION PROCEDURE
7620 INPUT" ENTER ATTEN. FACTOR(HEX):- "CHFOU$
7625 CD=2
7630 ATT=EVAL("&"+CHFOU$)
7640 ATH=INT(ATT/256)
7650 ATL=ATT-256*ATH
7660 CLS
7665 P(9)=ATL
7667 P(10)=ATH
7790 ENDPROC
8000 CLS
8002 VDU15
8005 F%=0
8010 *FX2,0
8020 REPORT
8030 PRINT ERR;" at line no: ";ERL
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8032
8035
8037
8040
8050
8052
8100
8110
8120
8130
8140
8150

IF ERR=190 THEN 8050
FOR J=1 TO 500
NEXT J
RUN
DRVFLG=1
GOTO 4787
DEFPROCTIM
@%=&20209
IF ELAP=0 AND QN=0 THEN TIME=0
IF ELAP=0 THEN FTIME=TIME
IF ELAP=1 THEN LTTME=TIME
ENDPROC
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APPENDIX IIB
TPROG1 COMPUTER PROGRAM (1989 VERSION)

This program is hosted by the RES 81/6 program during the determination of the reference
resonant frequency and reference amplitude only.

The other parts of the TPROG1

program were made redundant through the reorganisation and transfer of sample data
analysis subroutines and sample run set-up subroutines to the RES 81/6 programme. These
modifications were made to improve the efficiency with which the programs operated.
Other modifications were also made to improve the accuracy of the ORSSR
measurements. The redundant parts of the TPROG1 program listed below have not been
deleted inorder to present the operational program used during these studies. Considerable
caution should be exercised by anyone making deletions to this program.

10 REM TPROG1 RESULTS CALC.FOR ORSSR
15 EN=E%
20 CLS
30 @%=&90A
40 DIM W(500)
50 DIM SELAS(260)
60 DIM SVISC(260)
70 DIM SUREL(200)
80 DIM SURVI(200)
90 DIM Z(260)
100 DIM B (l)
110 DIM N (l)
120 DIM T (l)
130 DIM D (l)
140 TIMF=0
150 DIM TIM(200)
160 B=1
170 QT=0
180 QN=0
190 DBO=0
200 PRINT
210 PRINT
220 PRINT'THIS PROGRAMME ALLOWS"
230 PRINT"THE ANALYSIS OF THE"
240 PRINT"BEHAVIOUR OF THE"
250 PR IN T’SURFACE RHEOMETER"
260 PRINT "IN THE REFERENCE INTEREFACE"
270 PRINT
290 REM PRINTER TO BE ARMED BY VDU2
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300 REM Q,750,G FOR RHEOMETER CONTROL
310 LET VC=1
320 DIM P(260)
330 DIM ALT(260)
340 CD=0
350 GOTO 370
360 CLS
370 PROCRESULTS
375 IF E$="T" THEN PROCRESULTS
710 LET C = INKEY(10000)
720 IF C=65 THEN PROCSURF
730 IF C=70 THEN GOTO 3600
740 IF C=80 THEN GOTO 3150
750 K=0
760 IF C=71 THEN LET K=1
770 IF C=77 THEN LET K=2
775 IF C=88 THEN CHMN"2SINX1"
780 IF C=84 THEN K=4
790 IF C=83 THEN PROCSURF
800 IF C=90 THEN GOTO 3030
810 IF K=0 THEN GOTO 500
820 LET K=16*K
830 IF K=32 THEN PROCPROMEM
840 PRINT
850 INPUT "ENTER HEXADECIMAL ADDRESS:- "CHFOU$
860 N=EVAL("&"+CHFOU$)
870 IF N <= 65536 THEN GOTO 920
880 PRINT'TOO HIGH PLEASE RE-ENTER"
890 GOTO 840
900 CD=0
910 DEFPROCADDRESS
920 H=INT(N/256)
930 L=N-256*H
940 H=H+K
950 LET Y=H
960 PROCECHO
970 *FX21,1
980 *FX21,2
990 *FX15,1
1000 LET Y=L
1010 FOR R = 1 TO 3400
1020 NEXT R
1030 PROCECHO
1040 IF CD = 1 THEN GOTO 1990
1050 IF CD = 2 THEN ENDPROC
1055 IF CD = 4 THEN ENDPROC
1060 IF K=16 THEN GOTO 540
1070 IF K=32 THEN PROCMEM
1080 IF K=64 THEN PROCENTRY
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1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
1210

351

*FX5,1
*FX3,0
H=H-K
A=(256*H)+L
NR=A
PRINT
INPUT "ENTER ’1’ FOR A PRINTOUT:- "PRI
IF PRI <> 1 THEN GOTO 1180
VDU2
FOR 1=0 TO NB
IF P(I)<121 THEN GOTO 1250
J=I+1
PRINT~A;"....";~P(I);~P(J)

1220 1= 1+1

1230 A=A+2
1240 GOTO 1270
1250 PRINT~A;"....";~P(I)
1260 A=A+1
1270 NEXT I
1280 VDU3
1290 PRINT'TOR REPEAT ENTER Y/N"
1300 INPUT W$
1310 IF W$="Y"THEN PROCREPEAT
1320 INPUT" IF A DISC RECORD OF THIS BLOCK IS REQUIRED, THEN PRESS
R: "A$
1330 IF A$="R" THEN GOSUB 3690
1340 IF W $o"Y "TH EN GOTO 540
1350 VDU3
1360 END
1370 DEFPROCECHO
1375 IF CD<>4 THEN PRINT"HEX";~Y
1380 VDU2
1390 *FX2,2
1400 *FX21,2
1410 *FX21,1
1420 *FX3,3
1430 *FX7,4
1440 *FX8,4
1450 *FX5,2
1460 PRINT CHR$(Y)
1470 *FX3,4
1490 DEFPROCRECEIVE
1500 *FX5,2
1510 *FX5,1
1520 *FX2,0
1530 *FX21,1
1535 IF CD=4 THEN ENDPROC
1540 *FX2,1
1550 LET Q = INKEY(2)
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1560 LET G=INKEY(1000)
1570 IF G o - 1 THEN GOTO 1660
1580 PRINT
1590 PRINT" SURFACE RHEOMETER BUSY-"
1600 PRINT
1610 PRINT" DIALOGUE INTERRUPTED
"
1620 PRINT
1630 FOR J=1 TO 200
1640 NEXT J
1650 GOTO 1390
1660 *FX2,0
1670 VDU3
1680 *FX3,4
1690 ENDPROC
1700 DEFPROCMEM
1710 *FX15,0
1720 *FX15,1
1730 *FX21,0
1740 *FX21,1
1750 *FX21,2
1760 *FX21,3
1765 IF VC=1 THEN NB=EN ELSE NB=EN*3
1766 PRINT "Value of NB = "NB
1770 FOR 1=0 TO NB
1780 PROCRECEIVE
1790 IF VC=1 LET P(I)=G
1800 IF VC=2 LET ALT(I)=G
1810 IF CD=10 THEN PRINT "TRANSDUCER ZERO VALUE:- ";G-128
1820 NEXT I
1830 ENDPROC
1840 DEFPROCREPEAT
1850 GOTO 1120
1860 ENDPROC
1870 DEFPROCENTRY
1880 PRINT'ENTER DECIMAL DATA"
1890 INPUT Y
1900 LET NB =Y-1
1910 PROCECHO
1920 IF CD =1 THEN ENDPROC
1930 GOTO 540
1940 DEFPROCPROMEM
1950 LET CD =1
1960 LET N = &0B01
1970 LET K = 64
1980 GOTO 920
1990 PRINT "NUMBER OF BYTES TO BE ACCESSED ?"
2000 PROCENTRY
2010 K=32
2020 LET CD = 0
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2030 GOTO 840
2040 ENDPROC
2050 DEFPROCSURF
2060 CD=2
2070 IF C=65 THEN 2130
2080 N=&200
2090 K=16
2100 PROCADDRESS
2110 FOR R=1 TO 10000
2120 NEXT R
2130 CLS
2140 CO=3520
2150 GOTO 2220
2160 QN=QN+1
2170 IF QN=QT THEN 4950
2180 LET DBF=DBO
2190 LET DBF=P(EN)
2200 GOTO 2250
2210 PRINT
2220 INPUT" ENTER FREQUENCY :-"CHTW$
2225 PROCATTEN
2230 DBF=EVAL("&"+CHTW$)
2240 DBO=EVAL("&"+CHTW$)
2250 CD=2
2260 N=&C00
2270 K=64
2280 PROCADDRESS
2290 Y=0
2300 PROCECHO
2310 N=&99C
2320 K=64
2330 PROCADDRESS
2340 Y=DBF
2350 PROCECHO
2360 N=&99D
2370 PROCADDRESS
2380 Y=DBF
2390 PROCECHO
2400 CLS
2410 IF QN>0 THEN 2730
2420 CLS
2430 INPUT" ENTER NO OF CYCLES OF INTEGRATION:-"NC
2440 N=&999
2450 PROCADDRESS
2460 Y=NC
2470 PROCECHO
2480 CLS
2490 PRINT
2500 INPUT" ENTER NO OF EXPERIMENTS IN RUN:- "EN
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2510 CLS
2520 R$="R"
2530 CLS
2540 INPUT" ENTER MOMENT OF INERTIA "MIN
2550 PRINT
2560 INPUT" ENTER GEOMETRY FACTOR "GF
2570 PRINT
2580 INPUT" ENTER Ko "KO
2590 PRINT
2600 PRINT" ENTER AMPLITUDE AT THE"
2610 INPUT" AIR/WATER INTERFACE "AW
2620 PRINT
2630 INPUT" NAME OF EXPERIMENT "N$
2640 PRINT
2650 INPUT" DATE "D$
2660 PRINT
2670 INPUT" TIME OF RUN "T$
2680 PRINT
2690 INPUT" TEMPERATURE "TEMP
2700 PRINT
2710 INPUT" NO.OF RUNS "QT
2720 PRINT
2725 ENVELOPE 2,0.1,2,-2,2,10,20,10,1,0,0,-1,100,100:SOUND 1,2,10,50
2730 N=&9F7
2740 PROCADDRESS
2750 Y=EN
2760 PROCECHO
2770 N=&9F6
2780 PROCADDRESS
2790 Y=0
2800 PROCECHO
2810 N=&9F8
2820 PROCADDRESS
2830 Y=10
2840 PROCECHO
2850 N=&9F9
2860 PROCADDRESS
2870 Y=0
2880 PROCECHO
2890 K=16
2900 N=&398
2910 PROCADDRESS
2920 GOTO 3440
2930 PRINT P(14)
2940 PRINT"JOB FINISHED"
2950 IFP(14)>2 THEN GOTO 2970
2960 GOTO 2920
2970 LET N=&0C20
2980 LET K=16
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2990 LET CD=2
3000 PROCADDRESS
3010 GOTO 2920
3020 ENDPROC
3030 REM ZERO FACILITY
3040 CD=2
3050 N=&458
3060 K=16
3070 PROCADDRESS
3080 LET NB=31
3090 CD=10
3 100PROCMEM
3110 PRINT'ENTER ANY CHARACTER TO REPEAT ZERO, PRESS RETURN TO
EXIT’'
3120 INPUT A$
3130 IF A$="" THEN GOTO 360
3140 GOTO3040
3150 CLS
3160 INPUT” IF RECORDED CODE IS TO BE LOADED THEN PRESS L "Z$
3170 IF Z$=,,L" THEN GOTO 3820
3180 INPUT ’’INPUT STARTING ADDRESS FOR INPUT OF DATA:-"CHFOU$
3190
3200
3210
3220
3230
3240
3250
3260
3270
3280
3290
3300
3304
3305
3306
3307
3310
3320
3330
3340
3350
3351
3352
3353
3356
3360

N=EVAL(”&”+CHFOU$)
NR=N
INPUT ’’ENTER NO OF BYTES TO BE ENTERED (DEC)
FOR 1=0 TO NB-1
INPUT'NEXT DATA BYTE:-” DB$
M=EVAL(”&”+DB$)
PRINT ~N”
~M
P(I)=M
N=N+1
NEXT I
INPUT” ENTER R FOR RECORD ”A$
IF A$=”R"THEN GOSUB 3690
CD=2
N=&F20
K=16
PROCADDRESS
N=NR
K=64
CD=4
PROCADDRESS
Y=NB
CD=4
*FX21,2
FOR J=1 TO 150
NEXT J
PROCECHO

:-”NB
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3370
3375
3376
3377
3380
3385
3390
3400
3410
3420
3430
3440
3450
3460
3470
3480
3490
3500
3510
3520
3530
3540
3550
3560
3570
3580
3590
3600
3610
3620
3630
3640
3650
3660
3670
3680
3690
3700
3710
3720
3730
3740
3750
3760
3770
3780
3790
3800
3810

FOR 1=0 TO NB-1
*FX21,2
FOR J=1 TO 150
NEXT J
Y=P(I)
CD=4
PROCECHO
NEXT I
CD=2
CLS
GOTO 340
K=1
CD=2
N=34
PROCADDRESS
IF G =-l THEN GOTO 3440
PROCRESULTS
CO=CO+10
GOTO CO
GOTO 4090
GOTO 4110
GOTO 4520
GOTO 4780
GOTO 2160
CLS
PRINT "RUN HAS FINISHED!"
GOTO 340
CLS
INPUT "ENTER DELAY BYTE:-"BYT$
BYT=EVAL("&"+BYT$)
FREQ=1/(1.2851E-3*B YT+2.973E-2)
PRINT
PRINT'FREQUENCY IS ";FREQ;" HERTZ"
FOR 1=1 TO 6000
NEXT I
GOTO 340
INPUT" ENTER NAME OF DATA FILE REQUIRED "G$
X=OPENOUT(G$)
N=NR
H=INT(N/256)
L=N-256*H
BPUT#X,H
BPUT#X,L
BPUT#X,NB
FOR 1=0 TO NB-1
BPUT#X,P(I)
NEXT I
CLOSE#X
RETURN
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3820 INPUT" ENTER FILE NAME OF DATA "F$
3830 X=OPENIN(F$)
3840 H=BGET#X
3850 PRINT
3860 L=BGET#X
3870 PRINT
3880 N=256*H+L
3890 PRINT" THIS DATA BLOCK STARTS AT HEX ADDRESS :- "~N
3900 PRINT
3910 INPUT" DO YOU WISH TO ASSIGN THIS TO A NEW ADDRESS ? Y/N"Q$
3915 NR=N
3920 IF Q$="Y"THEN INPUT" ENTER NEW ADDRESS "CHFOU$
3930 IF Q$="Y"THEN NR=EVAL("&"+CHFOU$)
3940 PRINT
3950 NB=BGET#X
3960 PRINT" BLOCK LENGTH IS ";NB;" BYTES"
3970 FOR I =0 TO NB-1
3980 P(I)= BGET#X
3990 NEXT I
4000 CLOSE#X
4010 GOTO 3304
4020 FOR 1=1 TO 9
4030 Q=BGET#(X)
4040 PRINT ~Q
4050 NEXT I
4060 CLOSE#X
4070 STOP
4080 DEFPROCRESULTS
4090 VC=1
4130PROCD ATAOUT
4140 LOCAL X,Y,Z
4150 B$=STR$(B)
4160 X=0
4170 Z=0
4180 Y=0
4190 W(Z)=65536*ALT(X+2)+256*ALT(X+l)+ALT(X)
4200 IF VC=1 THEN PRINTZ"...."P(Z)"....."~P(Z)
4210 IF VC=2 THEN ALT(I)=P(I)
4220 IF VC=2 THEN PRINTZ"...."W(Z)
4230 IF VC=2 THEN 4260
4240 IF Z<3 THEN 4260
4250 IF Z=EN AND P(Z)=P(Z-2) THEN GOTO 4320
4260 Y=Y+W(Z)
4270 Z=Z+1
4280 X=X+3
4290 IF Z=EN+1 AND VC=1 THEN PRINT " WARNING- RESONANT FREQUENCY
NOT ATTAINED!": PROCMORUN
4300 IF VC=2 AND Z>=EN+1 THEN PROCSHIFT
4305 IF VC=2 AND Z>=EN+1 THEN PROCDISPLAY
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4307 IF VC=2 AND Z>=EN+1 THEN PROCSTATS :PROCREADY
4310 GOTO 4190
4320 PRINT" RESONANT F"P(Z),Z
4330 R%=P(Z):PRINT"R%="R%
4335 ISH=INT(Z/3)-l
4340 VC=2
4350 GOTO 4130
4360 PRINT"NO.OF RUNS="Z
4370 GOTO 3500
4380 ENDPROC
4390 DEFPROCDATAOUT
4400 CD=2
4410 LET N = &0B01
4420 LET K = 64
4430 PROCADDRESS
4440 IF VC=1 THEN Y=EN+1 ELSE Y=(EN*3)+3
4445 PRINT" VALUE OF Y= "Y
4450 PROCECHO
4460 IF VC=1 THEN NB=EN ELSE NB=EN*3
4470 IF VC=1 THEN N=&0C00 ELSE N=&0A00
4480 K=32
4490 PROCADDRESS
4500 PROCMEM
4510ENDPROC
4520 DEFPROCCALC1
4530 PROCDATAOUT
4540 PRINT
4550 <2>%=&20209
4560 PRINT"EXPER.NO.","SUR.ELAS","SUR.VISC","TIME,,
4570 PRINT" "," mN/m"," mN.s/m","mins"
4580 PRINT
4590 TTMX=0
4600 FOR Z=1 TO (EN-3)/3
4610 F = 1/(1.2851E-3*P(3*Z)+2.973E-2)
4620 F0=l/(1.285 lE-3*DBO+2.973E-2)
4630 SELAS(Z)=GF*MIN*4*PI*PI*(F*F-F0*F0)
4640 IF W(Z)=0 THEN PRINT" AMPLITUDE TOO
CALCULATION" :GOTO 3500
4650 KON=((NC*ATFS)AV(Z))-((NC*X%)/AW)
4660 SVISC(Z)=MIN*GF*KO*KON
4670 IF QN=0 THEN TIM(0)=TIMF
4680 IF QN>0 THEN TIM(0)=TIMF+2
4690 TIMX=4.04*NC/(F*60)
4700 TIM(Z)=TIM(Z-1)+TIMX
4710 IF SELAS(Z)<0 THEN SELAS(Z)=0
4720 PRINT ;Z,;SELAS(Z),;SVISC(Z),;TIM(Z)
4730 NEXT Z
4740 @%=&90A
4750 GOTO 3500

SMALL
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4760 PRINT
4770 ENDPROC
4780 K$=N$+B$
4790 DIS CIN=OPENOUT K$
4800 PRINT# DISCIN3N
4810 PRINT# DISCINJD$
4820 PRINT# DISCIN,T$
4830 PRINT# DIS CIN,TEMP
4840 FOR Z=1 TO (EN/3)-l
4850 PRINT#DISCIN, Z,SELAS(Z),SVISC(Z),TIM(Z)
4860 NEXT Z
4870 CLOSE#DISCIN
4880 TIMF=TIM((EN/3)-l)
4890 CO=CO-30
4900 LET B=B+1
4910 GOTO 2160
4920 DEFPROCERROR
4930 PRINT "DATA TRANSFER ERROR- "
4940 PRINT " END OF RUN "
4950 PRINT
4960 PRINT
4970 PR IN TD O YOU WANT TO RETURN TO THE MENU Y/N?"
4980 PRINT
4990 INPUT D$
5000 IF D$="Y" THEN 8000
5010 GOTO 7530
5020 ENDPROC
5100 DEFPROCSHIFT
5110 IMAX=EN-1
5120 REM PRINT” SHIFT PARAM.:- "ISH
5130 REM FOR I =1 TO IMAX-ISH
5140 REM W(I) =W(I+ISH)
5150 REM NEXT I
5155
5160 ENDPROC
5170 DEFPROCDISPLAY
5180 PRINT
5190 FOR 1=1 TO IMAX
5200 PRINT I,W(I)
5210 NEXT I
5220 ENDPROC
5230 DEFPROCSTATS
5235 SM=0
5236 REM Ref.tracking to ResFreq gives odd low ampl. so to avoid adding into the
5237 REM average ampl. calc, use BSP = Begining Shift Parameter which excludes NO.
of expts =BSP from calc.
5238 LET BSP=4
5239 LET NUMBEXPT=IMAX-BSP+1
5240 FOR I=BSP TO IMAX
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5250 SM=SM+W(I)
5260 NEXT I
5270 MN=SM/NUMBEXPT
5280 SSE=0
5290 FOR I=BSP TO IMAX
5300 SSE=SSE+(W(I)-MN)*(W(I)-MN)
5310 NEXT I
5320 PRINT
5330 PRINT” MEAN AMPLITUDE IN REF. I/FACE IS:- ”
5335 PRINT MN
5340 PRINT
5350 PRINT” STANDARD DEV. IS:- ”
5355 PRINT SQR(SSE/NUMBEXPT)
5360 PRINT
5370 PRINT” COEFF. OF VAR. FOR AMPL. IS:- ”
5375 PRINT (SQR(SSE/NUMBEXPT))/MN
5380 ENDPROC
5400 DEFPROCMORUN
5401 FOR J=1 TO 1000
5402 NEXT J
5410 R%=P(Z)
5420 F%=5
5425 Z%=R%
5430 *EXEC PATH1
5500 DEFPROCREADY
5502 J=INKEY(1000)
5510 W%=INT(MN)
5520 V%=1000*(MN-W%)
5530 F%=6:R%=P(EN)
5535 Z%=R%
5540 *EXEC PATH1
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APPENDIX n C
2SINX SIGNAL W AVEFORM PROGRA M M E

This programme, written by Brian Carlin (Pharmaceutical Research and Development,
SmithKline Beecham, Welwyn Garden City, Herts.), allows the input and output
waveforms to and from the ORSSR movement to be compared graphically. It was used
considerably during the development of the new Cammetric movment.

1 REM SINEX
10 MODEO
20 DIM P(256)
30 CD=1
40 VC=1
50 K=32
60 PROCPROMEM
70 PRINT
80 N=&9A0
90 CD=0
100 DEFPROCADDRESS
110 H=INT(N/256)
120 L=N-256*H
130 H=H+K
140 LET Y=H
150 PROCECHO
160 *FX21,1
170 *FX21,2
180 *FX15,1
190 LET Y=L
200 FOR R = 1 TO 3400
210 NEXT R
220 PROCECHO
230 IF CD = 1 THEN GOTO 1110
240 IF CD =2 THEN ENDPROC
250 IFK=32THENPROCMEM
260 IFK=64THEN PROCENTRY
270 *FX5,1
280 *FX3,0
290 H=H-K
300 A=(256*H)+L
310 NR=A
340 PRINT
350 INPUT ’’ENTER ’V FOR A PRINTOUT:- "PRI
360 IF PRI <> 1 THEN GOTO 380
370 VDU2
380 FORI=OTO NB STEP 2
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390 IF A MOD 2<>1THEN GOTO 420
400 PRINT~A;"....";~P(I)
410 A=A+2
420 NEXT I
430 VDU3
434 PROCMENU
435 END
436 DEFPROCMENU
440 PRINT "FOR REPEAT ENTER R"
450 PRINT'TOR GRAPH ENTER G"
455 PRINT’TOR RESULTS PRINTOUT ENTER P"
456 PRINT’TOR SURFACE RHEOMETER ENTER S"
460 INPUT W$
470 IF W$=’’R”THEN PROCREPEAT
480 IF W$="G"THEN PROCGRAPH
485 IF W$=’’P ’’THEN PROCRESULTSPRINT
486 IF W$=’’S’’THEN CHAIN "MODEl"
490 VDU3
500 ENDPROC
510 DEF PROCECHO
520 VDU2
530 *FX2,2
540 *FX21,2
550 *FX21,1
560 *FX3,3
570 *FX7,4
580 *FX8,4
590 *FX5,2
600 PRINTCHR$(Y)
610 *FX3,4
620 PRINT"HEX";~Y
630 DEF PROCRECEIVE
640 *FX5,2
650 *FX5,1
660 *FX2,0
670 *FX21,1
680 *FX2,1
690 LET Q = INKEY(2)
700 LET G=INKEY (1000)
710 IF G o - 1 THEN GOTO 800
720 PRINT
730 PRINT" SURFACE RHEOMETER BUSY-"
740 PRINT
750 PRINT" DIALOGUE INTERRUPTED
"
760 PRINT
770 FOR J=1 TO 200
780 NEXT J
790 GOTO 530
800 *FX2,0

362

Appendix IIC - 2SINX Signal Waveform Programme
810 VDU3
820 *FX3,4
830 ENDPROC
840 DEFPROCMEM
850 *FX15,0
860 *FX15,1
870 *FX21,0
880 *FX21,1
890 *FX21,2
900 *FX21,3
910 FORI=OTO NB
920 PROCRECEIVE
930 IF VC=1 LET P(I)=G
940 IF VC=2 LET ALT(I)=G
950 IF CD=10 THEN PRINT "TRANSDUCER ZERO VALUE:- ";G-128
960 NEXT!
970 ENDPROC
980 DEFPROCREPEAT
990 GOTO300
1000 ENDPROC
1010 DEFPROCENTRY
1020 Y=80
1030 LET NB =Y-1
1040 PROCECHO
1050 IF CD =1 THEN ENDPROC
1060 DEFPROCPROMEM
1070 LET CD =1
1080 LET N = &0B01
1090 LET K = 64
1100 GOTO 110
1110 PROCENTRY
1120 K=32
1130 LET CD = 0
1140 GOTO 70
1150 ENDPROC
1160 DEFPROCGRAPH
1170 CLS
1180 MOVEO/765
1190 DRAW0,0
1200 DRAW1170,0
1210 DRAW1170,765
1220 DRAW0,765
1230 MOVEO,384
1240 DRAW1170,384
1275 MOVE0,0:NB =0:X=0:D=0
1280 F0RI=1T079 STEP2
1285 PLOT21,X*30,P(I)*3
1290 X=X+1
1295 NEXT
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1360 MOVE0,0:NB=0:X=0:D=0
1370 FORI=0TO78 STEP2
1380 PLOT5,X*30,P(I)*3
1400 X=X+1
1410 NEXT
1412 INPUTA
1413 PROCMENU
1420 ENDPROC
1490 DEFPROCRESULTSPRINT
1500 NB=79:X=0
1510 FORI=OTONB STEP2
1520 Y=3*P(I)
1530 PRINT"X=";X;" ";"Y=";Y;" V P O K jP a );" (&M;~P(I);")
1540 X=X+1
1550 NEXT
1551 PRINT"ANY KEY FOR MENU"
1552 INPUTA
1553 PROCMENU
1560 ENDPROC

";INT(I/2)
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