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Abbreviations: LAL, limulus amoebocyte lysate; LPS, 
lipopolysaccharide; RPT, rabbit pyrogen test; FDA, food and drug 
administration; HPLC, high pressure liquid chromatography; rFC, 
recombinant factor C

Introduction
While humans have become the dominant multicellular organism 

species on this planet, the microscopic world is dominated by 
bacteria, viruses, and certain fungi. While viruses and fungi pose risks 
to biopharmaceutical drug production, the major concern is bacterial 
contamination, specifically lipopolysaccharide (LPS) endotoxins 
which are produced by gram-negative bacteria.1 These endotoxins 
can be found on the outer membrane of gram-negative bacteria and 
consist of three parts: lipid A, a core made of oligosaccharide, and 
an O-specific polysaccharide.2 The lipid A region is responsible for 
many biological activities but the main one of concern is that it makes 
the endotoxins a type of pyrogen, meaning that when introduced to a 
host intravenously it can result in a fever.3 Since many drugs are given 
intravenously, it is important to test the final product for endotoxins 
to minimize the chance of inadvertently inducing a fever in patients. 
Since drugs are manufactured to treat certain diseases in patients, not 
ensuring that the final product is free of endotoxins not only goes 
against the goal of treating patients, but could also be detrimental or 
fatal to an ill patient. This makes endotoxin testing a crucial step in the 
drug development process.

History of endotoxin testing
Early endotoxin testing methods

While the goal of endotoxin testing has remained the same, to 
test solutions for pyrogenicity, the methods used early on are quite 
different from the ones used in the present. The earliest form of 
endotoxin testing can be traced to 1912 when E.C. Hort and W.J. 
Penfold used carefully bred rabbits to test for the onset of fevers.4 The 
rabbits were injected with water intravenously and their temperatures 
were taken at regular intervals.4 With this method, the live rabbits 
were the endotoxin testing component, from which they found that 
freshly distilled water did not induce fevers after being injected 

intravenously.5 A decade later in 1923, Florence Seibert utilized the 
same rabbit breed that Hort and Penfold did to conclude that the 
fevers observed in the rabbits originated from bacteria.4 Although 
Hort, Penfold, and Siebert were performing endotoxin testing, the 
first wide scale endotoxin testing did not emerge until 1942.4 The 
Rabbit Pyrogen Test (RPT) again involved the breed of rabbits that 
Hort, Penfold, and Seibert used but this time, after the rabbits had 
been given intravenous injections, the rectal temperatures were taken 
for a 3 hours to determine if the injected solution was pyrogenic.4 
Although the RPT was dependable enough to have been used for over 
40 years to test the pyrogenicity of solutions, a new discovery in the 
1960s revolutionized endotoxin testing.

Limulus amoebocyte lysate test

The current and by far the most extensively used method of 
endotoxin testing is Limulus Amoebocyte Lysate or LAL. The 
Limulus part of LAL refers to the family Limulidae which are known 
commonly as horseshoe crabs. The amoebocyte part refers to the type 
of cell found in horseshoe crab blood that is necessary to conduct this 
assay. Finally, lysate refers to how the amoebocytes are broken apart 
in order to obtain the necessary molecules involved in LAL testing. 
In the 1960s, Jack Levin and Frederik Bang discovered that horseshoe 
crab blood clots when exposed to bacterial endotoxin.4 After reporting 
that was cheaper and had higher sensitivity to endotoxins than RPT, 
Levin and Bang sparked interest in replacing RPT with LAL to test for 
endotoxin. In 1977, the U.S. Food and Drug Administration (FDA), 
approved the use of LAL to test for endotoxins in the place of RPT.6

Horseshoe crabs are an ancient species, with origins dating back 
to 440 million years ago and the modern horseshoe crab appearing 
in the fossil record 250 million years ago. Because of this, they are 
often described as “living fossils”.7 Since they have been around for 
so long, they are extremely sensitive to infections since they have 
not evolved much in hundreds of millions of years. In addition, their 
circulatory system is open which means any infection can quickly 
travel throughout their bodies, further necessitating a sensitive 
immune system. The blood of horseshoe crabs is also special as it 
appears blue due to a copper-containing molecule in their blood 
known as hemocyanin, as opposed to the iron-containing hemoglobin 
which gives our blood its red color.
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Abstract

In the biotechnology industry, endotoxin testing is a ubiquitous procedure that has a 
fascinating history. It has impacted not only patients, but also the environment, and has 
the potential to be improved upon in the future. It is crucial that any drugs introduced 
to the body maintain a high degree of sterility, lest the drug designed to save a life is 
the cause of a different life-threatening disease. The predominant method used today is 
Limulus Amoebocyte Lysate, commonly referred to as LAL, which uses horseshoe crab 
blood. Since LAL is obtained by harvesting the blood of live horseshoe crabs, there is an 
ecological impact that comes with this type of endotoxin testing. Endotoxin testing with 
LAL is a vital and effective method of ensuring the safety of drug products, but it is a 
limited resource. Because of its necessity, it is pertinent that we develop alternatives to LAL 
in case it is no longer a viable option. Any alternatives should have an efficacy similar to 
that of LAL, but should not depend as heavily on harvesting the blood of horseshoe crabs 
since it is unsustainable in the long term.
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In order to obtain LAL from horseshoe crabs, they are first caught 
and drained of their blood. This involves removing around one-third 
of the blood contained in each horseshoe crab and has a mortality 
rate of around 30%.8 The lysate obtained from the horseshoe crabs 
contains a mixture of proteins that, when exposed to bacterial 
endotoxin, undergo an enzymatic cascade. This is essentially a chain 
reaction of proteins activating each other. The end of this cascade is a 
gel-like substance of coagulate which is used to produce coloration. 
This coloration is what is detected and correlates to the amount of 
endotoxin in the sample.9

Ecological impact of LAL testing

As useful as LAL testing is, the harvesting of so many horseshoe 
crabs for their blood can certainly take its toll on horseshoe crabs and 
their ecosystems. As mentioned above, there is a significant mortality 
rate in horseshoe crabs in the blood draining process.8 Since it was 
discovered that horseshoe crab blood is an unmatched resource to test 
for endotoxin, the number of horseshoe crabs harvested saw a dramatic 
increase. Combined with loss of habitat due to human intervention, 
the population of horseshoe crabs has been on the decline for the past 
few decades.10 Having survived for hundreds of millions of years and 
some major extinction events, it is sad to see these resilient creatures 
meet their match in humans. The overharvesting of horseshoe crabs 
not only affects their population but also the population of other 
species in their habitats. Horseshoe crab eggs are an important food 
source for shorebirds and the overharvesting of horseshoe crabs has 
led to fewer eggs to feed shore birds, whose population has also 
declined significantly.7 One estimate places the number of shorebirds 
in Delaware Bay as decreasing from 1.5 million in the 1980s to around 
200,000 in 2022.7 The number of harvested horseshoe crabs in this 
area was estimated to have increased from 100,000 per year in 1992 
to 2.5 million per year in 1997.7 In 2021, the number of horseshoe 
crabs harvested per year was estimated to be around 740,000 is a 
much more sustainable number.10 While the decrease in number of 
horseshoe crabs being harvested per year gives them an opportunity to 
recover somewhat from the drastic decline in their population, it does 
not guarantee their survival in the long run.

Alternatives for the future

While it is important to be conscientious about the impact of 
LAL testing on horseshoe crab populations, there still needs to be 
robust methods for testing for endotoxins to help ensure the success 
of biopharmaceutical products. One of the leading contenders for 
alternative LAL testing methods is recombinant Factor C or rFC. 
Factor C is a part of the enzyme cascade involved in LAL testing 
and after DNA of Factor C was cloned and the protein was created 
synthetically, it became possible to conduct an animal-free, modified 
version of LAL.11 Although this method and other recombinant 
technologies were promising, their efficacy compared to LAL makes 
them less appealing alternatives.11

There are also some methods of endotoxin testing that do not require 
the use of LAL. One of these methods is gas chromatography-mass 
spectrometry or GS/MS. This method involves tagging the 3-hydroxy 
fatty acid molecules in the lipid A part of the LPS and measuring the 
fluorescence produced while correlating it to an endotoxin amount.12 
However, this method requires a complicated prepping stage with 
high pressure liquid chromatography (HPLC) and lacks sufficient 
sensitivity and accuracy compared to LAL.12 Another non-LAL 
method is cell-based assay. This method utilizes immune cells and 
cell lines like neutrophils, monocytes, and human embryonic kidney 
cells and their response to LPS to quantify the level of endotoxins 

present in a solution.12 While promising, this method has limited/
low specificity against endotoxins and thus, like GC/MS, does not 
measure up to the efficacy of LAL.12 Despite these limitations, the 
development of LAL alternatives and even the evolution of endotoxin 
testing itself demonstrates that science is constantly improving, and 
new discoveries can always be made.13–22

Conclusion
Endotoxin testing is a crucial step in ensuring that patients receive 

drug products with as little contamination as possible. The history of 
endotoxin testing is relatively brief, spanning from the early 1910s 
to the late 1970s, but has seen significant changes since its inception. 
The earliest endotoxin testing methods involved intravenously 
injecting specially bred live rabbits with solutions and observing 
for any fever. While injecting rabbits is a valid method, it often took 
hours to produce a result and required maintaining a population of 
specially bred rabbits. After the discovery that horseshoe crab blood 
clots in the presence of endotoxin, research went into determining if 
it could be used as a viable alternative to using rabbits. LAL proved 
to be cheaper, more effective, and quicker at producing results which 
led to it becoming the predominant method of testing for endotoxins. 
Unlike injecting live rabbits and observing the development of fevers, 
LAL utilizes protein interactions when endotoxin is introduced and 
the observed color at the end of these interactions is correlated to the 
amount of endotoxin present.

The sensitivity of horseshoe crab blood to bacterial endotoxins 
makes LAL a robust endotoxin testing method, but sourcing horseshoe 
crab blood comes with consequences. There is a significant mortality 
rate among horseshoe crabs during the harvesting process because 
the blood needs to be drained while they are still alive. Although 
more consideration has been given to the number of horseshoe crabs 
harvested each year, their population is still lower than what it used 
to be. The decrease in horseshoe crab population also affects their 
ecosystem since shorebirds rely on their eggs for food and a decrease 
in horseshoe crab populations has led to a decrease in shorebird 
populations.

Given the decline in horseshoe crab population and that 
horseshoe crabs are not an unlimited resource, there are alternatives 
in development that aim to eliminate the need to harvest horseshoe 
crab blood. Some methods like rFC utilize gene cloning to create a 
modified version of LAL, requiring far fewer horseshoe crabs, while 
other methods such as GS/MS and cell-based assays do not require 
horseshoe crabs at all. However, in order for these methods to be 
viable replacements for LAL on a large scale, we need to improve 
their efficacy to a level comparable to LAL. Nevertheless, these 
methods prove that testing for endotoxin is possible without relying 
on harvesting horseshoe crab blood and there is hope that we can help 
treat diseases in our own population without affecting the populations 
of other species. 
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