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EXECUTIVE SUMMARY

The production and testing of pyrogen-free water under field condi-
tions, such as in the Pharmacy Module of MUST-equipped hospitals, presents
serious problems because of resource constraints, and volume and quality
control requirements. Historically, distillation has been used as the
method for the preparation of pyrogen-free water. This method was
excluded, however, since it is exceptionally taxing on the limited
resources of the Pharmacy Module. The assay for pyrogenicity has involved
the use of rabbits in a lengthy in vivo test. The use of rabbits in the
field would be impractical due to added support requirements.

This report recommends the development of a treatment system consist-
ing of ion-exchange, carbon absorption, UV irradiation and ozonation to
produce pyrogen-free water under the resource constraints imposed upon
the Pharmacy Module. The proposed assay method for pyro?eni city will
utilize the Limulus Amebocyte Lysate test, a rapid, sensitive in vitro
test for pyrogenicity. The report also recommends a handling and storage
system and an outline for a feasibility study.
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INTRODUCTION

In response to a request from US Army Medical Research and Develop-
ment Command! (USAMRDC) a work unit entitled "Development of a Water
Purification Unit and Field Test for Pyrogen Free Water" was established.
The initial effort under this work unit has been to conduct a problem
definition study concerning the production and testing for pyrogen-free

. water in the MUST Pharmacy Module. The capability to produce sterile,
pyrogen-free water in a field situation would have a significant impact
on increasing the tactical flexibility and reducing logistical support
requirements of MUST-equipped medical units. The need for this type of
unit is best exemplified by historical data indicating that some 154,000
1-liter bottles of 0.9 percent Sodium Chloride Injection solution were
shipped to one theater of operation in Southeast Asia during the period
of January through December 1969.2 The approximate gross weight of these
shipments was 681,000 pounds and they required approximately 25,700 cubic
feet of cargo space. The weight of the medicinal agent involved was
3,000 pounds (0.4%); the weight of the water was 336,000 pounds (49.3%);
and the weight of the glass containers and shipping material was 342,000
pounds (50.2%). If plastic instead of glass containers were used, the
weight of the water would have been 88% of the total weight. It is
apparent from these data that considerable resources have been expended
in shipping processed water throughout the world.

The requirements for the water treatment unit were established in
1966.3 The Pharmacy Module is required to provide "immediate and effec-
tive pharmaceutical support to combat casualties" and it has as its pri-
mary objectives the rendering of efficient service in the receipt, prepa-
ration, compounding, dispensing, and storage of drugs and the production,
storage and dispensing of pyrogen-free sterile water for intravenous
Tnjections, drug compounding and wound Trrigation. The Pharmacy Modules
will be used in both the Evacuation Hospital and the Combat Support
Hospital, with greater utilization in the Evacuation Hospital.

Various efforts have been made since 1968 to develop a water purifi-
cation unit capable of producing pyrogen-free water. Among these were
efforts by USAMRDC (at US Army Medical Bioengineering Research and
Development Laborator{’ [USAMBRDL] and commercial contractors (Beckman
Instruments, Inc.).5s

The results of these efforts have been unsatisfactory either because
the units produced water that failed the USP test for pyrogenicity or
they exceeded the power and water production constraints in the require-
ments document.3
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OBJECTIVE

The objective of this study is to compile and evaluate technical
information on the field production and testing of pyrogen-free water in
order to identify currently-available methods for the production and
assay of pyrogen-free water and, where knowledge gaps or inadequacies
exist, to recommend research to develop methods for the field production
and/or testing of pyrogen-free water.

APPROACH

To accomplish the objective, a literature search was conducted. The
computer libraries Medline, Medlars and the Defense Documentation Center
were searched using the key words: pyrogen-free water; pyrogens; produc-
tion of pyrogen-free water; testing/assay of pyrogens; and endotoxins.
Index Medicus and Chemical Abstracts were also reviewed. The pertinent
articles found in the various searches were obtained and reviewed in
detail. Personal communications with knowledgeable individuals were
also utilized. Contacts were made with manufacturers of pyrogen-free
water production units and trade 1iterature was perused.

FINDINGS
Pyrogens

Nature and Sources: The word "pyrogen" means heat-producing. All
pyrogens bring about an increase in body temperature, i.e., a febrile
response, when introduced into mammals by any route other than ingestion.

For the most part pyrogens are derived from certain metabolic by-
products of various microorganisms, such as bacteria, molds, some yeasts,
viruses? and algae.® Some drugs such as epenephrine, methylene blue,
dinitrophenol and some antibiotics have been reported to be pyrogenic.”
Certain chemicals when injected intramuscularly (IM) result in a tempera-
ture elevation. Included in these are sulfur, certain steroids, native
dextrans, tetrahydro-g-naphthylene, LSD, methyl cellulose, kaolin,
5-hydroxytryptophan, pentachlorophenol1® and polysaccharides obtained from
such diverse sources as mouse tissue, chick embryos, tangerines and

Bryonia roots.l0

Since all but the biological pyrogens can be removed from water by
standard water treatment practices only the pyrogens of biological
origin will be considered in this study. While the direct injection,
either intraperitoneally (IP), IM, subcutaneously (SC), or intravenous
(IV), of viable gram-positive or gram-negative bacteria, viruses or fungi
will elicit a febrile response, the fever is due primarily to "infection"
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rather than a "pyrogenic response."!! These viable microorganisms are
normally removed by standard sterile filtration procedures and are rarely
a problem in parenteral drugs or irrigation waters. Because of this ease
of removal of viable organisms, only those substances formed by the
destruction of viable organisms will be considered.

Pyrogens will pass through most bacterial filters. They are of
microbial origin, produced by a large number of organisms.

In 1950, Harkness found that filtrates from certain mold cultures
would, upon IV injection, produce fevers in rabbits.!? The most effec-
tive filtrates were those of 1ysed cells. In 1974, Rotta and Schleifer
determined that material produced from 1ysed ?ram-positi ve bacteria when
injected IV into rabbits resulted in pyrexia.!® The causative agent was
found to be a mucopeptide. Many authors have reported that a substance
derived from the cell wall of gram-negative bacteria causes fever when
injected into rabbits.1“-17 These substances derived from the three
different classes of microorganisms are routinely referred to as endo-
toxins. The most potent of the three are those derived from gram-negative
bacteria.? Because of the high toxicity of the gram-negative bacterial
endotoxin the remainder of this report will almost exclusively deal with
the endotoxins derived from this class of bacteria. It should be pointed
outl: th:tlghe virulence of an organism and its endotoxin potency are not
related.

Chemical Structure - Endotoxins: The endotoxin, accounting for 30-40%
of the cell wall of gram-negative bacteria, consists of a 1ipopolysaccha-
ride.l0 This 1ipopolysaccharide has two components with distinct physico-
chemical character: a heteropolysaccharide and a covalently linked lipid,
termed Lipid A. Lipid A is made up of acylated g]ucos-amine disaccharides
which are interlinked by pyrophosphate bridges.!® It was found that the
pyrophosphate bridges interlink g-1,6-1inked glucosamine disaccharide
units, which are esterified by lauric, palmetic and 3-D-myristoxymyristic
acid and which are substituted at the amino groups by 3-D-hydroxymyristic
acid.20 The polysaccharide from most gram-negative bacteria consists,
generally, of glucose, galactose, and mannose. Pentoses, hexosamines
heptoses, octonic acid derivatives and deoxy sugars are frequently found.
The most common aminoacids associated with endotoxin preparation, though
possibly not constituents of the toxin, are aspartic acid, glutamic acid,
cysteine, valine, lucines, alanine, serine, arginine and lysine.2! The
toxic center of the lypopolysaccharide resides in the Lipid A fraction.l®
The polysaccharide is not essential for toxicity, however, it is essen-
tial for solubility of the complete compound.

Physico-Chemical Properties - Endotoxins: Lipopolysaccharides are
soluble in water and may be recovered from water as opalescent crys als.l0

Endotoxins possess a high molecular weight in the order of 4.8 x 10°;!2
the molecule contains 45.5% carbon, 6.1% hydrogen and, 1.2% nitrogen




and 0.06% phosphorous; and it is moderately hydroscopic.?22 Most purified
endotoxins are thermostable.® The particle size range for the lipo-
polysaccharides, derived from various gram-negative bacteria, is 1-50 nm, 23

The lipopolysaccharide can be 1iberated from the intact cell by soni-
cation; by mild extraction in a hypotonic solution; by EDTA; and by treat-
ment of the cell with trichloroacetic acid, aqueous phenol, aqueous pyri-
dine, diethylene glycol and phenol-chloroform-petroleum ether.l? The
1lipid fraction can be removed from the polysaccharide by extraction with
methanol and hydrolysis with weak HC1, and dissolved in chloroform.2"

Endotoxins can be chemically detoxified by oxidizing and acetylating
agents. Detoxification can also be accomplished by 1ithium aluminum
hydride and transesterfication with boron trifluoride. The cleavage of
the ester-bound carboxylic acids is also effective. Both alkaline and
acidic hydrolysis destroys most endotoxins. Endotoxins may be detoxi-
fied by nonionic detergents.?!

Health Implications - Endotoxins: Pyrogenic reactions to endotoxins
can be regularly elicited in man, rabbits and certain other mammals.
Fevers are lower and slower in onset after IM or SC inoculation!® than
those in response to IV injection of endotoxin and endotoxin contaminated
material. Doses of as little as 0.1 to 0.3 ug/kg of endotoxin elicit a
febrile response in rabbits, with man requiring 5 ug to 2 mg/kg to
respond.!8

In minimal dosages endotoxin will induce an elevation from the normal
temperature of the recipient without significantly affecting body func-
tions. In higher dosages the effects of endotoxin include fever, changes
in leukocytes and platelets, production of hemorrhagic lesions in viscera
and skin, hypotension, adrenal and renal necrosis, and metabolic changes
involving electrolytes and glucose.l*

Acute endotoxin poisoning leads to irreversible shock and death. The
preceding symptoms are weakness, lethargia, hypo- and hyperthemia, cya-
nosis, profuse diarrhea and convulsions. Intemal effects are gastro-
intestinal hemorrhage, decrease in venous blood return and cardiac filling
attenuating increases and decreases in total peripheral vascular resist-
ance and blood pooling in the vascular beds of the spleen.25 The type
and severity of the patient's injuries can enhance susceptibility to
endotoxins.

The febrile response seems to be the result of endotoxin action on
the blood leukocytes, 1ung macrophages, and phagocytic cells of 1iver,
spleen and lymph node.2® Under the influence of the toxin the cells
release a protein, termed endogenous pyrogen.27:28 The endogenous
pyrogen (EP) then acts directly on the central nervous system (CNS).2°
In the CNS, the areas most susceptible are the anterior lobe of the
hypothalmus and the preoptic area of the brain.3°
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EP has molecular weight of 1.3 x 104. It is primarily derived from
the peripheral blood monocytes and from neutrophils,®! both of which belong
to the class of corpuscular elements known as leukocytes. Unlike endo-
toxins EP is non-dialyzable32 and it is heat labile being deactivated at
70°C33 and can be inactivated when incubated with pronase or trypsin.3*

Repeated sublethal injections of endotoxin result in resistance, i.e.,
tolerance, not only to the fever-producing effect of endotoxins, but to
their lethal effects.!* This resistance is specific for endotoxin.
Repeated injection of EP does not resuit in tolerance.3% This tolerance
will disappear 2 or 3 days after the final injection of endotoxin.*“

There exists some protective effects of endotoxin. An enhancement
to the resistance to infection has been found by various authors.36,37
Iweifach found that rats made tolerant to endotoxin were able to resist
traumatic shock.3s3% The prior administration of a single dose of endo-
toxin protected mice from a 1ethal dose of irradiation.*’ The above
thge e:fects are related to the method utilized by the body to clear
endotoxin.

After the invasion of endotoxin into the subject animal the reticulo-
endothelial system (RES) is mobilized to remove or inactivate the sub-
stance. The RES is a physiologic unit without anatomic localization.
This cell group includes the endothelial and reticular cells of the
spleen, lymph and hemolymph glands, the Kupffer cells of the liver, the
reticulo-endothelium of bone marrow, and the clasmatocytes.*? After the
introduction of endotoxin, the material is rapidly taken up by the circu-
lating leukocytes. The endotoxin then is accumulated in the RES and is
completely cleared from the circulation within a short time.*! Rosen
found that calcium and other divalent cations would suppress the inacti-
vation of endotoxin, indicating that certain anions normally present in
the circulation were required for inactivation.*2 Lysozyme and other
basic polypeptides combine with endotoxin, in vitro and possibly in vivo,
to render it inactive.*? By blocking the RES with colloids or other mate-
rials the effect of endotoxin is enhanced.l“»25

Assay of Pyrogens

Bioassay: Ever since the introduction of inoculation there has
occurred a common side effect, fever. It is now recognized that this
was caused by gram-negative bacterial endotoxins. The medical profession,
even before the discovery of the cause of the fever. has attempted, since
the late 19th century, to test the inoculating agent to determine its
ability to cause "injection fevers."

The earliest attempts to assay pyrogens were coupled with efforts to
determine their chemistry and to find methods for their destruction or
removal from solutions. Over the years numerous physical, chemical, and
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microbiological tests were proposed. All of these tests tended to detect
bacterial rather than pyrogen contamination. The need for an official
pyrogen test was recognized in the early 1940's. Joint efforts were
undertaken by the Food and Drug Administration, the National Institutes
of Health, and pharmaceutical manufacturers to establish a standardized
test. The culmination of these efforts resulted in the publication

of the rabbit pyrogen test in the XIIth Revision of the US Pharmacopeia
(USP) in 1940.

The present USP“3 test consists of the IV injection of 10 m1 of the
test material per kilogram of body weight into an ear vein of each of
three mature rabbits weighing not less than 1.5 kg. The rabbits must be
housed in individual cages, free of disturbances, and with a uniform con-
stant ambient temperature. The temperatures of the three rabbits must be
recorded 40 minutes prior to injection and for 3 hours after injection.
If no rabbit shows an individual rise in temperature of 0.6°C or more
above its respective control temperature, and if the sum of the three
individual maximum temperature rises do not exceed 1.4°C, the product
meets the requirements for the absence of pyrogens. If the two tempera-
ture criteria are not met, the test must be repeated using five different
rabbits. The criteria for non-pyrogenicity in this case is a sum of Tess
than 3.7°C or an individual rise of less than 0.6°C. The animals cannot
be used more frequently than once every 48 hours nor prior to 2 weeks
following a positive reaction.

Other bioassay methods exist, each of which is purported to be an
improvement over the USP test. Among these are the chick embryo
lethality test, the mouse lethality test of Pieroni“*“ and others. None
of these alternative bioassays are recognized by the USP, and no efforts
are being made to include them in it.

The significant points favoring the rabbit test include the fact that
the threshold response of the rabbit and man is correlated and estab-
1ished.1® It is the only test accepted by law. The USP test is not
particularly expensive after the initial cost of installing the cages and
the temperature controlled room and purchasing the initial supply of
rabbits. In 1972 the cost of an individual test was $4.60.%5

There exist, however, numerous drawbacks in using the rabbit pyrogen
test. Kobayashi has reported that rabbit temperature is notably affected
by the quantity and time of feeding.“® Noise, vibration and other emo-
tional disturbances, including the type and position of restraints, will
cause rabbit temperature fluctuations.“? The degree of restraint can
alter the rabbit's sensitivity to threshold pyrogenicity.*® False nega-
tive results may be obtained when rabbits are used to test medicaments
containing calcium gluconate, procaine, sodium citrate, strophanthin,
chlorpomazine, and certain hypnotics and anesthetics, since these com-
pounds lower body temperature.l®

10
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Because of toxic or other adverse effects, rabbits may not be used to
test the pyrogenicity of products containing toxoids, viral and bacterial
vaccines and other derivatives of biologically-active substances.*®
Finally, Martin and MarcusS? reported that when testing a known non-
pyrogenic material, predetermined by IV injection into human subjects,
the rabbits yield 17% false positives.

In Vitro Assay: In order to avoid the problems of rabbits, various
in vitro tests have been devised. In 1956 Bang reported a bacterial
disease of the Limulus polyphemus (Horseshoe Crab). Gram-negative bac-
teria, native to the shore waters, infected the 1imulus and caused exten-
sive intravascular clotting and death.5! The blood of the 1imulus con-
tains only one type of cell - the amebocyte. When withdrawn from the
limulus the blood immediately clots, this clot shrinks spontaneously
and a liquid phase appears. This 1iquid material has the capability of
gelling when exposed to bacterial endotoxin. Levin and Bang used this
information to begin studying the relationship of endotoxin and limulus
amebocytes.52 As a refinement in the technique, the 1iquid from the spon-
taneous clotting was collected from the mechanically disrupted amebocytes
themselves. The amebocyte lysate was found to be more consistent in
reacting to the presence of endotoxin. Further refinements have since
been made, yielding a compound sensitive to endotoxin in the order of

1075 mg/m1. 53

The Limulus Amebocyte Lysate (LAL) assay method consists of mixing
the test material with the lysate and incubating the mixture at 37°C in
a water bath for 60 minutes. The formation, at this time, of a firm gel
is taken, by most investigators, as a positive indication of endotoxin.5*
Some investigators continue the test for 24 hours at room temperature
using as end points the appearance gf a firmm gel, increased viscosity
or granules as a positive test.>°s"

The LAL assay for endotoxins is, b{ far, the most sensitive (10'6
mg/m1), rapid (0.5 - 1 hour), specific* and simple of all of the pyro-
gen assays developed to date. Unlike other tests, the LAL method requires
the least material per test; these being three test tubes (positive and
negative control and the sample), 0.1-0.1 ml of sample and 0.3-0.6 ml of
reagent, and a 37°C water bath. The analyst requires only rudimentary
skills to perform the LAL assay.

This test is the only quantitative assay method available. The time
required for fgrmation of a firm gel is directly proportional to concen-
tration.%3+57558 Fop all vaccines and in other parenterals where the
use of rabbits is precluded, the LAL is applicable.

The LAL assay has some shortcomings. According to Cooper the test is

pH and temperature dependent.5® Agitation of the test tube may irreversibly

destroy a positive result.55,5% The lysate is heat sensitive itself;
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refrigeration, freezing or lyophilization is necessary for stability.5®
Various chemicals can inhibit the test; included in these are heprin,59?
nucleic acid substances, cysteine, sulfhydryl reagents and benzyl
alcohol.8! McAuley reported that certain surfactants and pyropylene
glycol inhibit gel formation.SS

Elin and Wolff report that thrombin and thromboplastin cause false
positive results.5* Levin found that the LAL is generally inhibited
when undiluted plasma or serum is assayedé such as would be the case
when LAL 1s used to diagnose endotoxemia.®? This was confirmed by some
other authors;%3,8% however, others disagree.58,65,66 The consensus
agreement is that the LAL is generally inapplicable for diagnostic pur- :
poses when testing whole blood or serum. i

! Other in vitro tests have been devised. Included among these are
bacterial counts, electrical conductivity, ultraviolet absorption at
2650 nm and various wet chemical and color tests.!5 None of these have

\ been universally applicable. In 1967 Heilman and Bast devised an in
vitro test based on the inhibition of macrophage migration by endotoxin.®7
WhiTe this test requires considerable time, materials and expertise, it
could be used as a replacement for the USP test. Another alternative
assay was developed by Kritzingen. This test requires live rabbits and
involves the count of total leukocytes. It avoids most of the problems
of the USP test but it is dependent on live animal care and maintenance.®®
By use of membrane filtration Marcus was able to determine pyrogenicity
indirectly through bacterial counts.®® Good correlation was established
between this test and the rabbit test; however, if the bacteria are lysed
before testing, as could be the case in antibiotic preparations, his test
would be the least acceptable of any of the in vitro assays.

Comparison - Rabbit Pyrogen Test vs LAL Assay: When comparing the
USP rabbit pyrogen test to the LAL test it must be kept in mind that the
LAL is 100 times more sensitive than the USP assay. Recognizing this,
Eibert found that if the LAL was allowed to extend only over 30 minutes
"perfect correlation between USP and Limulus was obtained."7° Cooper et al.,
reported in their comparison of rabbit and LAL assays that the quantities
required for the rabbit assay are at least 10 times greater than for LAL.
They also found LAL gave positive results for 1.0 pg/ml of E. coli and
0.1 pg/ml of Klebsiella endotoxin, while the rabbit assay yielded nega-
tive results at these concentrations.’! Rojas-Corona et al., compared
the LAL assay with the immunoassay test of Skannes and the Epinephrine
skin sensitivity assay method of Thomas and Kass.”’2 They confirmed that
the LAL test was "the most sensitive test available for the detection of
endotoxin." In 1974 Ronneberger and Stark came to the same conclusions ‘
as the preceding citations.”3 .

12

R TP A




Removal of Pyrogens

From Water: Various researchers have devised many techniques to
render water free of pyrogens. The common denominator in all these
efforts has been the use of potable water as starting material. Among
the methods used are ion-exchange resins, carbon columns, distillation,
ultrafiltration, chemical treatment, reverse osmosis (RO), and ultra-
violet (UV) and ozone treatment.

In 1968 Budyeszewski reported that a pyrogenic 10% d-manitol solution
could be made apyrogenic when passed through columns containing both
anionic and cationic-exchange resins.’* Among the resins used were Amber-
lite resins IR-120 and IRA-400, and Zeolite-225. Later in 1968,
Budziszewski found that cationic exchangers were more effective than
anionic resins.”5 He found that at pH 6.2 a 240 mm column of Zeolite-225
would render the manitol solution apyrogenic. He also found that these
columns could easily be regenerated. An earlier work by Whittet found
just the opposite, that anion exchange resins were more effective than
cation exchangers.’® The water source for Whittet's work was ordinary
tap water. In 1975, Holcombe reported the use of mixed bed ion exchangers
employed by a large pharmaceutical manufacturer.?’ This method was an
integral part of a larger treatment system.

In their review article in 1956, Berger et al., reported that carbon
columns were effective in removing pyrogens from water and parenteral
solutions.!® They also reported that carbon has the disadvantage of
removing some components from the parenteral along with the pyrogens.

Recent experience with carbon columns indicates that they tend to allow
bacterial growth when idle and may actually contribute to pyrogenicity.78,7°
This may also be true for ion exchange resin columns. -

The most widely used method for pyrogen removal is distillation.
Many authors have claimed that distillation is the only practical method
for the removal of pyrogens from water. Among these are Castor,’ Dawids,??
DeRoos ,23 and Karamian.®? In 1976 Karamian reported the development of
an all glass still that would effectively produce pyrogen-free water.
Included in the design of the still were baffles to prevent the entrain-
ment of contaminated water droplets in the stream and air filters to pre-
vent the introduction of airborne contaminants.

Ultrafiltration has been reported to be applicable for the production
of pyrogen-free water. In 1975, Rusmin and Deluca challenged various
in-1ine membrane filters with gram-negative bacteria contaminated pyro-
genic solutions.®! They found that the filtrate was apyrogenic until the
bacteria were killed by antibiotics. As a direct remover of pyrogens,
membrane filtration has no applicability, this being confirmed in variouvs
review articles.!®,79
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Various chemical treatments have been proposed to remove pyrogens
from water and parenteral preparations. Menczel®2 and Cherkin®?® found
that hydrogen peroxide (H 02) was effective. Berger et al., report that
acid and alkalies, quinones, and oxidizing agents, including Hzoi could

effectively remove pyrogenicity from contaminated solutions.!S difficulty
in the chemical treatment lies in the removal of the chemical and its
reaction products after the completion of the treatment process.

Recently, reverse osmosis (RO) has obtained some prominence as a
treatment system for the processing of pyrogenic fluids. Dawids,”?
Hindman et al. % and Madsen®" report the effectiveness of R0. However,
as Dawids points out, the RO system must be used continually to maintain
sterility. When RO is properly used, it will fulfill the requirements
for the production of high quality water for pharmaceutical uses.

Recently, a system utilizing UV and ozone has been developed that is
claimed to be capable of delivering pyrogen free water.®5 Neither was
found to be effective alone, but when used in combination pyrogenic
water is rendered apyrogenic within 2 hours after initial contact.

Other techniques have been tried to generate pyrogen-free water. |
These include simple heating, enzgme treatment additives and filtration |
through asbestos, various clays,!> vapor compression distillation,®" and i
aluminum hydroxide absorption.8® Heating and enzymes are ineffective.

Certain additives such as polyvinylpyrolidine and Chlor-Trimeton have a 1
potential degree of success, but may have other, adverse, health effects. «,
The filtration techniques were also ineffective. Vapor compression dis- i
tillation is effective but the treatment unit is large. Richter, et al., 4
found that the addition of aluminum hydroxide to protein solution would

remove pyrogens through absorption and preci gitation.‘ but the effective- 5
ness in large columns of water is doubtful.® ,f

From Hardware: The removal of pyrogens from glassware, needles,
syringes, and other medical hardware can easily be accomplished by
using either dry heat, extended autoclaving or chemical treatment :
followed by rinsing with pyrogen-free water.” USP recommends the heat- :i
ing of these items to 250°C for 30 minutes. Other sources vary the
time or temperature but essentially concur with the USP method. Strong
alkali on strong trisodium phosphate solution will remove pyrogens from
glass and hardware.

Storage

After the production of pyrogen-free water it must be stored until
used. USP recommends that pyrogen-free water and end items containing
pyrogen-free water be packaged in sealed glass containers. There are
no recommendations for the storage of pyrogen-free water prior to final
packaging. The Pharmacy specification document® anticipates the storage
of end items in plastic bags; it also makes no recommendations for stor-
age prior to packaging.
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In their review article, Berger et al., noted that, on standing, some

pyrogenic solutions become apyrogenic.!5 However, the reverse is most
1ikely to occur. Distilled, sterile water has been found to be pyrogenic
after standing for a period of time.!” Holcombe reported that pyrogen-free
water stored in sealed s;ainless steel containers, heated to 160-190°F,
would remain apyrogenic.’® The apparatus developed by Karaminan uses a
closed glass carboy with a filtered air inlet.®% The key to maintaining
apyrogenicity in pyrogen-free water is the denial of access of airborne
materials. The added safeguard of heat sterilization is also desirable.

DISCUSSION AND CONCLUSIONS

A pyrogen is a chemical or biological substance that causes a rise
in temperature, 1.e., febrile response, when intravenously introduced
into a subject mammal. Endotoxins derived from the cell walls of lysed
gram-negative bacteria are the primary sources of pyrogenicity in
parenteral drugs. Most endotoxins, being high molecular weight 1ipo-
polysaccharides, are thermally stable, water soluble and have particle
sizes of 1 to 50 nm. Other contributors to febrile responses include
viable gram-negative and gram-positive bacteria, viruses; fungi (both
air and waterborme), material from the cell walls of gram-positive
bacteria and numerous other organic, inorganic and bio-chemicals.

In order to determine the pyrogen-free condition of water produced
in a field purification unit, a suitable field test is required. Many
tests were found in the literature. The USP rabbit test and the Limulus
ﬁmebocyte Lysate (LAL) test were found to be the two most 1ikely candi-

ate tests.

The rabbit test is at this time the only USP recognized test and
rabbit responses to pyrogens are threshold correlated to human responses.
The disadvantages of the rabbit test are: maintenance of test animals; a
minimum of 3 hours for performance; the requirement for at least three
rabbits per test; and the requirement for skilled personnel to administer
the sample and record temperature changes. The advantages of the LAL
test include commercial availability, speed, simplicity, sensitivity and
specificity. It can be used under MUST field conditions. Disadvantages
of the LAL test are; it is specific for endotoxins alone and will not
detect the presence of other substances that can induce a hyperthermmic
response in man; it is subject to false positive reactions when used in
the presence of certain non-pyrogenic serum proteins; and it will yield
false negative results under the influence of changes in temperature and
pH and excess motion. _In conclusion, the only available test for pyrogens
found in the literature that is practical in the MUST Pharmacy is the
Limulus Amebocyte Lysate test. The USP rabbit test is impractical due to
its requirement for live animals. If the USP rabbit test were used, another
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module in the MUST system would be required to house the rabbits. This
module would need an environmental control system to maintain temperature
and humidity, and it would have to be sound-proof to avoid upsetting the
rabbits by the noises of battle and transports. Trained animal handlers
and a veterinarian would have to be added to the staff.

The LAL test requires little space, no special equipment and no unusual
skills or personnel. In short, the LAL test is the only test recommended
for use in the MUST.

While being the most effective historical method for producing
pyrogen-free water, distillation is, in terms of resources, the most
costly system available. For each gallon of water produced, 8 gallons of
cold water are consumed for cooling. To produce 100 gallons of pyrogen-
free water in 16 hours the electrical requirement would be 18.2 kilowatts
and 0.9 gallons of cooling water per minute would be needed. The USP
does not specify distillation for the production of pyrogen-free water.

The best system for generating pyrogen-free water in the MUST Pharmacy
module would consume less than 0.5 gallons per minute (gpm) of cold pot-
able water (3 gpm available) and need no more than 3 kw (10 kw available).
The system would treat potable water, however, a mixture of potable and
non-potable water should not be precluded. The system would be wall
mounted or free standing, have a minimum of moving and glass parts and
consumables.

The proposed system would begin by pumping source water from a stain-
less steel reservoir through a coarse filter to remove gross particulate
contamination. This would be followed by an activated carbon column to
remove both organics and any chlorine present. The water would then pass
through two mixed bed deionizers for endotoxin and ion removal. The
effluent from this would pass through a second carbon column to safeguard
against resin throw from the deionizers. Following the second carbon
column would be a 0.22 um filter to trap any viable bacteria. From the
filter effluent the water would then pass through an ozone contact cham-
ber equipped with ultraviolet 1ights. This would be followed by a mem-
brane filter and an enclosed 50 gallon, heated, stainless steel storage
tank equipped with a biofilter outlet valve. Two pumps are required for
this system: one to pump the water from the untreated reservoir to the
coarse filter; and one to recycle the treated water. The purpose of the
recycle pump is to keep the system continually wet to preclude the growth
of bacteria on any of the filters or in any of the columns. The recycle
pump would also be used to backflush the mixed bed deionizers and the
carbon columns.

Quality control of the system would start at the first carbon filters
with the effluent tested every 8 hours for the absence of free chlorine.
The second carbon column and the UV-ozone unit will be supplied with
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resistance meters, set to sound an alam if the resistance falls below
400,000 ohms. The final effluent will be checked once each 4 hours for
pyrogenicity.

Experience of Armour Pharmaceutical Company,’“ for exampie, indicates
that when treating chlorinated tap water the carbon column should last at
least 3 months (treating approximately 2 million gallons of water). The
deionizers were found to be able to treat 29,000 gallons of water before
regeneration (each had a flow rate of 1500 gallons per hour). The mem-
brane filters were changed once a month.

The above system would require replacement filters, activated carbon,
resin, bio-filters, UV lamps, and a continuous supply of dry compressed
air. This system could be constructed from commercially available
components.

The requirement of the specification document® to produce pyrogen-
free water from non-potable waters compounds the complexity of the system,
significantly reduces the probability of a successful development, will
increase both end item and R&D costs greatly, and appears to be a require-
ment that was not well thought out. Water of potable quality will be
required for numerous other hospital functions and will be routinely
available. Therefore, the pyrogen-free water system should be developed
to upgrade potable quality water to pyrogen-free water quality only.

RECOMMENDATIONS

The Limulus Amebocyte Lysate (LAL) test should be evaluated for use
as a field test for pyrogen-free water under the conditions expected
to exist in the MUST Pharmacy Module.

A treatment system consisting of the various filters, colums, and
contact chambers detailed in this report should be evaluated to deter-
mine the system's chemical and engineering feasibility for the produc-
tion of pyrogen-free water from chlorinated potable water under the
constraints of the MUST Pharmacy Module.

The system proposed for the storage and handling of field-produced
pyrogen-free water (plastic bags) should be evaluated to determine the
ability of that system to maintain the pyrogen-free condition of the
water under the conditions expected to exist in the MUST Pharmacy Module.

The resource requirements and research program recommended for the
implementation of these recommendations are shown in Appendixes A and B.
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APPENDIX A
RESOURCE REQUIREMENTS

Man-Months of Effort (by discipline)

Chemistry 4.5
Physical Science Technician 7.5
Engineering Technician 1.0
Statistician 0.4
Administration 0.1

Total 13.5

Funding Requirements ($000

Supplies: Laboratory consumables PR R

Equipment: Cartridge holder system; 10.3
UV-ozone system

Travel: Visits to other laboratories; 1.0
meetings

Salaries, benefits, base support ; ; 58.5
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