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Abstract

Endotoxins liberated by gram-negative bacteria are frequent contaminations of protein solutions derived from
bioprocesses. Because of their high toxicity in vivo and in vitro, their removal is essential for a safe parenteral
administration. A general method for the removal of endotoxins from protein solutions is not available. Methods
used for decontamination of water, such as ultrafiltration, have little effect on endotoxin levels in protein solutions.
Various techniques described in the patent literature are not broadly applicable, as they are tailored to meet specific
product requirements. Besides ion-exchangers and two-phase extraction, affinity techniques are applied with varying
success. Also, taylor-made endotoxin-selective adsorber matrices for the prevention of endotoxin contamination and
endotoxin removal are discussed for this purpose. After giving an overview of the properties of endotoxins and the
significance of endotoxin contamination, this review intends to provide an overall picture of the various methods
employed for their removal. Avenues are pointed out how to optimise a method with regard to the specific properties
of endotoxins in aqueous solution. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the course of this century bacterial endotox-
ins turned out to be one of the most interesting
and exciting molecules found in nature. Their
peculiar structure, their chemical and physical
diversity and their broad spectrum of biological
activities has resulted in worldwide research in
this field. While the knowledge about chemical
composition and structure of endotoxins is well
developed, many questions remain to be answered
about the role of endotoxins in human health,
especially its pathophysiology. Closely related to
this area is a technically very important aspect,
the problem of removing undesirable traces of
endotoxin from aqueous solutions, especially
from parenterals.

Bacterial endotoxins show strong biological ef-
fects at very low concentrations in human beings
and many animals when entering the blood
stream, e.g. during a bacterial infection or via
intravenous application of a contaminated
medicament. This requires removing even minute
amounts of endotoxin from such preparations.
The threshold level of endotoxin for intravenous
applications is set to 5 endotoxin units (EU) per
kg body weight and hour by all pharmacopoeias
(European Pharmacopoeia, 1997). The term EU
describes the biological activity of an endotoxin.
For example, 100 pg of the standard endotoxin
EC-5, 200 pg of EC-2 and 120 pg of endotoxin
from Escherichia coli O111:B4 have an activity of
1 EU (Kriiger, 1989). It is taken as a rule of
thumb that 1 EU corresponds to 100 pg of endo-
toxin. Meeting this threshold level has always
been a challenge in biological research and phar-
maceutical industry (Berthold and Walter, 1994).
Endotoxins are very stable molecules, their bio-
logically active part surviving extremes of temper-
ature and pH in comparison to proteins (Sharma,
1986). Routinely, temperatures of 180—-250°C and
acids or alkalis of at least 0.1 M must be chosen
to destroy endotoxins in laboratory equipment.
Thus, it is a challenge to remove endotoxin con-
taminations from sensitive substances, such as
proteins.

Although common purification protocols may
reduce the endotoxin content below the threshold
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level, an absolute guarantee cannot be given. It
may happen that one charge of the final product
is accidentally contaminated and fails the quality
control. This product has to be discarded; also,
reprocessing is not ruled out specifically but is a
costly alternative. Subjecting the product to trace
decontamination is not allowed owing to GMP
regulations except this is explicitly part of the
validated process.

The question, how endotoxin removal can be
carried out in an economical way has occupied
many investigators and has been—although not
published—the reason for process rearrange-
ments in many cases. However, this item has not
yet been solved satisfactorily. This article intends
to discuss relevant aspects regarding endotoxin
removal from protein solutions and critically re-
view existing approaches. First, an introduction in
the chemical and biological properties of endotox-
ins will be given as those are strongly influencing
all removal techniques.

2. Properties of endotoxins

2.1. Origin of endotoxins

Since more than 100 years it is known that
gram-negative bacteria carry a heat-stable toxin
called endotoxin. This terminus was chosen by
Richard Pfeiffer (1858-1945), a pupil of Robert
Koch, to distinguish endotoxins from bacterial
exotoxins, such as botulinum or tetanus toxins.
Endotoxins are an integral part of the outer cell
membrane of gram-negative bacteria and are re-
sponsible for the organisation and stability (Vaara
and Nikaido, 1984). Approximately three-quarters
of the bacterial surface consist of these molecules.
As dominant surface structures they also partici-
pate in the interaction of the bacterial cell with its
environment and possible hosts. Only a few gram-
negative bacteria, namely some Sphingomonas
species, are devoid of endotoxin but carry other
amphiphilic molecules replacing it (Kawahara et
al., 1991). Apart from these exceptions endotoxins
can be regarded as a characteristic attribute of
gram-negative bacteria.
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Although endotoxins are firmly anchored
within the bacterial cell wall (Raetz, 1990), they
are continuously liberated into the surrounding
medium. Endotoxin release clearly does not hap-
pen only with cell death but also during growth
and division. Since bacteria can grow in nutrient-
poor media such as water, saline and buffers,
endotoxins are found almost everywhere. High
concentrations are found where bacteria accumu-
late or are to be used for technical purposes, such
as in bioprocessing.

n=4-40 O-Antigen

Core oligo-
saccharide

T

Cell exterior

Fig. 1. Schematic view of the chemical structure of endotoxin
from E. coli O111:B, according to Ohno and Morrison (1989).
Hep, L-glycero-D-manno-heptose; Gal, galactose; Glc, glucose;
KDO, 2-keto-3-deoxyoctonic acid; NGa, N-acetyl-galac-
tosamine; NGc, N-acetyl-glucosamine.
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Cell interior

2.2. Chemical and supramolecular structure

Chemically endotoxins are lipopolysaccharides®
that consist of three biologically, chemically, ge-
netically and serologically different parts (Fig. 1).
These are a non-polar lipid component, called
lipid A, the so-called core oligosaccharide and a
heteropolysaccharide representing the surface
antigen (O-antigen).

Since the pioneering work of Westphal and
Lideritz in 1954 (Westphal and Liideritz, 1954),
numerous studies have been published about the
structure and composition of each of the three
endotoxin regions; a comprehensive description is
provided by Rietschel (1984), and a review by
Raetz (1990).

The O-antigen is built up of a chain of repeat-
ing oligosaccharide units (of three to eight
monosaccharides each), which are strain specific
and determinative for the serological identity of
the respective bacterium. The bacterial O-antigens
are an impressive example of nature’s versatility
along a given chemical make-up. Some deficient
strains lack the O-antigen, such as E. coli K-12.
This genetic defect does neither impair the viabil-
ity of the microorganism nor the biological po-
tency of endotoxin.

The core oligosaccharide has a conserved struc-
ture with an inner KDO-heptose region and an
outer hexose region. In E. coli species five differ-
ent core types are known, Salmonella species
share only one core structure.

The most conservative part of endotoxin is lipid
A, which, apart from few exceptions (Mayer and
Weckesser, 1984; Vaara and Nurminen, 1999),
shows very narrow structural relationship in dif-
ferent bacterial genera. It consists of a [B-1,6
linked disaccharide of glucosamine, covalently
linked to 3-hydroxy-acyl substituents with 12—16
carbon atoms via amid and ester bonds; these
may be further esterified with saturated fatty
acids. This hydrophobic part of endotoxin adopts
an ordered hexagonal arrangement, resulting in a
more rigid structure compared with the rest of the
molecule. Lipid A-deficient strains show increased
permeability of the outer cell membrane for

2 Frequent synonyms of endotoxin are lipopolysaccharide
and pyrogen.
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Fig. 2. Structures of endotoxin aggregates in aqueous solutions of different composition. The left symbol represents the endotoxin
monomer; (open square) and (grey square) are hydrophilic sites, (black square) is lipophilic, (black circle) represent charged
functional groups, (open circle) bivalent cations, such as Ca>* and Mg>*.

periplasmic proteins (Nurminen et al., 1997) and a
decline in cell viability (Mohan et al., 1994).
Strains lacking lipid A or endotoxin are not
known.

The core region close to lipid A and lipid A
itself are partially phosphorylated (pK,=1.3,
pK, = 8.2 of phosphate groups at lipid A, Hou
and Zaniewski, 1990a); thus endotoxin molecules
exhibit a net negative charge in common protein
solutions.

A certain microheterogeneity results from non-
stoichiometrical substitutions. For example, phos-
phate groups at lipid A and the core region may
be substituted with arabinose, ethanolamine and
phosphate in varying amounts. Also single sac-
charide units of the O-antigen may be acetylated,
sialylated or glycosylated. Beyond this, O-anti-
gens vary concerning the number of repeating
units, causing a certain heterogeneity of the endo-
toxin population of each bacterium (Novotny,
1984). Active alterations of the ratio of endotoxin
variants on the outer cell membrane enable bacte-
ria to adopt to changing environmental conditions
(phase variation, see Van Putten, 1993). This has
the consequence that a single chemical structure
of the endotoxin molecule is hardly to be found
even at the same bacterium.

The molar mass of an endotoxin monomer as
shown in Fig. 1 is about 10 kDa, though also
15-20 kDa is reported owing to the variability of
the oligosaccharide chain. Endotoxin molecules
form aggregates with high stability, therefore pro-
ducing a bewildering polymorphism. In the early
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days of endotoxin research the description of the
supramolecular structure was rather phenomeno-
logical. Electron microscopy photographs showed
endotoxins as ‘snake-, donut- or rod-like filaments
and flat sheets’ (Shands et al., 1967, Hannecart-
Pokorni et al., 1973). Modern analytical methods,
such as X-ray diffraction, FT-IR spectroscopy,
neutron scattering, NMR (reviewed by Seydel et
al., 1993) and also molecular modelling (Kas-
towsky et al., 1992), revealed a more detailed
image of the three-dimensional organisation of
endotoxins. Although these studies did not convey
a uniform picture, it is evident that endotoxins
aggregate in lamellar, cubic and hexagonal in-
verted arrangements, such as micelles and vesicles,
with diameters up to 0.1 pm (Fig. 2). The lipid A
portion was identified as the major morphological
determinant. It is proposed that aggregation is
governed by non-polar interactions between
neighbouring alkyl chains as well as to bridges
generated among phosphate groups by bivalent
cations (De Pamphilis, 1971; Wang and
Hollingsworth, 1996).

Endotoxin micelles and vesicles are much more
stable than those of simple detergents. Thus, vesi-
cles are even found in ultrapure water. Monomers
have to be explicitly created by using detergents
(e.g. Triton X-114), bile acids (e.g. deoxycholic
acid) and chelators (e.g. EDTA). However, also
proteins may shift equilibria, releasing endotoxin
monomers from aggregates (Li and Luo, 1997).
The terminal state of these processes cannot be
predicted; it depends on the properties of proteins
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(net charge, hydrophobicity) and solutions (pH,
ionic strength).

In summary it can be said that despite a com-
mon general assembly and charge there is consid-
erable chemical and physical heterogeneity. This
complicates the development of a generally appli-
cable method for endotoxin removal from protein
solutions.

2.3. Clinical aspects of endotoxin intoxication

Biomedical research revealed the toxically ac-
tive part being lipid A. Endotoxins or lipid A do
not act directly against cells or organs but
through activation of the immune system, espe-
cially the monocytes and macrophages. These
cells release mediators, such as tumour necrosis
factor, several interleukins, prostaglandins, colony
stimulating factor, platelet activating factor and
free radicals (Pabst and Johnston, 1989; Rietschel
et al., 1994), having potent biological activity and
being responsible for the adverse effects seen upon
endotoxin exposure. These include affecting struc-
ture and function of organs and cells, changing
metabolic functions, raising body temperature,
triggering the coagulation cascade, modifying
haemodynamics and causing shock (Martich et
al., 1993).

Many approaches have been made to prevent
or treat the deleterious effects of endotoxins on
immune cells. These include the use of anti-endo-
toxin antibodies (Ziegler et al., 1991), endotoxin
partial structures for blocking endotoxin receptors
(Lynn and Golenbock, 1992) and mediator recep-
tor antagonists. However, the interaction of endo-
toxins with immune cells is not only mediated by
specific receptors. Cell priming may also occur by
non-specific intercalation of endotoxin molecules
into the membranes of the target cells (Morrison,
1985).

Finally, it should not be concealed that endo-
toxins may also have beneficial effects. They have
been used in artificial fever therapy, to destroy
tumours and to improve non-specifically the im-
mune defence. The uncertainty about its role for
the human health was once described by Bennett
(1963):
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“Endotoxin can cause fever, but how many
human fevers are endotoxic? Endotoxin can
cause shock, but how often is shock in man
endotoxic? Endotoxin can modify resistance to
infections, but how often does endotoxin influ-
ence the susceptibility of man?”

Endotoxins’ profound toxicity, however, for-
bade a safe use in man so far. Any superfluous
endotoxin exposure must be strictly avoided to
prevent complications. This is especially true for
intravenously applied medicaments. Endotoxin
testing has therefore become an important part of
their quality assessment.

3. Significance of endotoxin contamination

Considering the data in Table 1, human beings
are obviously anytime in contact with endotoxins
and apparently can handle this without problems.
As long as endotoxins get into contact with the
skin or digestion system, they are tolerated quite
well. Though, certain lung diseases are known to
be linked to endotoxin inhalation, for example
with cigarette smoke or in crowded animal hous-
ings (Dressel et al., 1991). In order to prevent the
outbreak of endotoxin-caused reactions, limits
were fixed for breath (20 ng m =3~ 200 EU m 3,
Hasday et al., 1996) and intravenous applications
(5 EU kg~ ' body weight and hour; European
Pharmacopoeia, 1997). In a production process,
the source of endotoxin contamination must be
considered—is it released from within the process
or is it introduced by non-sterile process condi-
tions? Furthermore, purpose and application of
the final product must be considered—for exam-
ple, is the product to be used as diagnostic or
therapeutic and in which form, as ointment or
parenteral?

Of course, an exceptionally low endotoxin con-
centration is not required in every case. Since
many pharmaproteins are administered in a low
dose, modest endotoxin contents may comply
with regulatory demands, e.g. according to the
European Pharmacopoeia (1997), for insulin 10
EU mg ! are allowed, for a-interferon even 100
EU mg~!. However, serum albumin or mono-
clonal antibody preparations are administered in
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amounts of several hundred or thousand milli-
grams per kg body weight; high endotoxin levels
are out of question. With these proteins, methods
are required to remove residual endotoxin traces
that remain after using common purification
trains.

3.1. Endotoxins in biotechnology
Modern biotechnology offers a number of
methods to produce proteins. Among these are

microbial bioprocesses for the expression of hu-

Table 1

man proteins, such as growth hormones and inter-
ferons, and culture techniques with mammalian
cells, yeast and fungi for proteins exhibiting post-
translational modifications, such as monoclonal
antibodies. As today bioprocesses are employed
to a large extent for the production of pharma-
ceutical proteins, endotoxins became an impor-
tant issue in manufacturing processes.

Endotoxin concentrations involved in biotech-
nological processes greatly depend upon the
source of the product. They range from much less
than 100 EU ml~! in cell culture supernatants to

Common endotoxin concentrations in everyday life and in protein solutions of different origin

Source

Tab and mineral water
Water in open-air swimming pool
Marjoram tee

Proteins from high cell density cultures of E. coli
TG1:pAFGFB

Proteins from shaking flask cultures E. coli

Murine IgG, from cell culture

Whey processed from milk of local supermarket

Commercial preparation of BSA

Solution Conc. (EU ml— 1)
1-20*
25 600*
5332

Supernatant after homogenisation >2 000 000°

Culture filtrate

Culture filtrate

Supernatant after acid precipitation
of milk

1 mg ml~—! of lyophilised protein

70 000500 000°
<100°
~10 000°

50 (Supplier 1)®;
0.5 (Supplier 2)°

# From Miiller-Calgan (1989).
® Measured in our laboratory.

4 mi* I mg ml" gml’
pg mi 4 i Wg m g
| ] | ] ] i | | | | | ] |
I Y | T | |
Situationat & Total protein _,
start... : Cell culturel I High cell den-
e m— -------- : sity cultivation
Cell culture High cell density cultivation
: [ Target protein
H High cell density cultivation
. Cell culture, excreted proteins
...and after proteins

purification
Endotoxin

Clearance factor: 1-10°

Target protein

Purification factor: 10-10°
Concentration factor: 1-10*

Fig. 3. Average concentrations of proteins and endotoxins from different origin before and after purification.
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Table 2
Reduction of endotoxin concentration during purification of
bFGF, according to Rantze (1996)

Purification procedure BFGF Endotoxins
(g1 (EU ml™")

Filtrate of cell ho- 0.4 >1 500 000
mogenate

Fractogel EMD-SO, 0.3 >23 000
650 (S)

Heparin-Sepharose 1.3 14
CL-6B

PEI-Sepharose 104 <0.02

more than 1000000 EU ml~! in supernatants of
high cell density bacterial cultivations (Fig. 3).
Ideally, endotoxins should be absent when the
product source is a cell culture supernatant and
endotoxin-free media and buffers are used
throughout. However, an endotoxin-free environ-
ment can hardly be realised. Especially the water
quality is an often discussed problem (Bommer
and Ritz, 1987). On the one hand the use of
(expensive) endotoxin-free water (water for injec-
tion) is uneconomical due to the large quantities
needed. On the other hand, a significant endo-
toxin amount can be introduced into the produc-
tion stream through accumulation. Also, if the
product source is human blood, endotoxin con-
tamination can be a serious problem owing to
former or acute bacterial infections of blood
donors.

3.2. Endotoxin removal with product purification

Common purification protocols that include
several chromatographic steps, such as ion ex-
change, hydrophobic interaction chromatography
and gel filtration, may provide sufficient endo-
toxin clearance. Generally, the high endotoxin
concentrations in the beginning (Fig. 3) can be
reduced to about 100 EU ml~! without special
treatment. Even much lower remaining endotoxin
contents may be realised, e.g. Bischoff et al
(1991), purified recombinant o,-antitrypsin in a
three-step procedure, employing ultrafiltration,
anion-exchange and immobilised metal chelate
affinity chromatography. The final product re-
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vealed less than 0.22 EU ml~ ' while 1.2 x 107 EU
ml~! were measured in the cell homogenate.

Other examples are known with relatively high
remaining endotoxin levels despite incorporation
of affinity steps. For example, Table 2 shows the
progress of endotoxin removal during purification
of a recombinant basic fibroblast growth factor
(bFGF) from a high cell density cultivation of E.
coli. Although protein purity was greater than
99% after serial chromatography using a cation-
exchange and a heparin affinity sorbent, the final
product exhibited an endotoxin content of 14 EU
ml !, In another example, a microbial contami-
nation was accidentally introduced to a purified
murine IgG, preparation (p/=15.5). After imme-
diate sterile filtration, endotoxin and IgG, content
were about 100 EU ml~! and 3 mg ml ~!, respec-
tively. Reprocessing of the IgG,; solution using
IgG,-selecive methods (anion-exchange, hydro-
phobic interaction, and protein A affinity chro-
matography) was not  successful.  Also
chromatography with endotoxin adsorbers based
on polymyxin B or histidine were ineffective to
reduce endotoxins to an acceptable limit when
large sample volumes were applied onto columns.
With small sample volumes a certain reduction of
endotoxins was observed, however, at the expense
of large product losses (results not published).

For both proteins the endotoxin content was
finally further reduced by specifically addressing
the properties of the proteins and endotoxin
molecules. With bFGF the endotoxin-selective
sorbent based on poly(ethyleneimine), (PEI)-Sep-
harose, was successful in the negative chromato-
graphic mode, i.c. retention of bFGF was avoided
while endotoxin was adsorbed (Table 2). With
IgG, only special endotoxin adsorbers were suc-
cessful (see Table 4).

In the pharmaceutical industry several alterna-
tive routes are known to come out with low-endo-
toxin products. However, their diversity indicates
the dilemma in endotoxin removal. The proce-
dures listed in Table 3 were developed for
pharmaproteins, taking advantage of characteris-
tics of the production process, tailored to suit
specific product requirements. Though, each pro-
cedure addresses the problem in a completely
different way; none of them turns out to be
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broadly applicable, e.g. anion-exchange chro-
matography is potentially useful for the decon-
tamination of basic proteins, such as urokinase
(Green-Cross, 1986) or bFGF. However, decon-
tamination of acidic proteins would be accompa-
nied by a substantial loss of the product due to
adsorption (Hou and Zaniewski, 1990b; Anspach
and Hilbeck, 1995). For small proteins, such as
myoglobin (M.~ 18000 Da), ultrafiltration can
be useful to remove large endotoxin aggregates.
With large proteins, such as immunoglobulins
(M.~ 150000 Da) ultrafiltration would not be
effective. Furthermore, ultrafiltration will fail if
interactions between endotoxins and proteins
cause endotoxin monomers to permeate with
proteins pick-a-pack through the membrane.

In view of the large variety of products, expect-
ing a generally applicable endotoxin clearance
method is possibly utopian. On the other hand the
diversity of applied techniques indicates that the
special properties of endotoxin molecules are of-
ten not considered in the development stage of
purification protocols.

3.3. The problem of low remaining endotoxin
concentrations

At the final stages in purification trains the

target protein is found at concentrations in the g
1= ! range while endotoxins are present in pg 1-!

Table 3

amounts (Fig. 3). The situation resembles the
futile effort to search for a needle in a haystack.

A further problem is the detection of these low
concentrations. Routine analysis in amounts of
picograms per millilitre is not possible by direct
detection techniques. Today many cases are
known—although not published—in which a
pharmaceutically promising new substance was
regarded pyrogenic while it turned out later that
the origin of pyrogenicity was not the substance
but endotoxins. These escaped insensitive detec-
tion methods and thus their removal could not be
properly addressed (Dinarello et al., 1984).

Various bioassays are available to measure en-
dotoxins, such as the rabbit test and the Limulus
amoebocyte lysate (LAL) assay (Pearson, 1985),
the chicken embryo lethality assay (Galanos et al.,
1971), and the galactosamine-primed mice lethal-
ity test (Galanos and Freudenberg, 1993). Among
these, the LAL assay is most sensitive and most
economical.

The assay uses the blood coagulation system of
the horseshoe crab Limulus polyphemus (or rela-
tives, such as Tachypleus tridentatus, Tachypleus
gigas or Tachypleus rotundicauda). In vitro, traces
of endotoxin activate the isolated coagulation sys-
tem either to initiate a gel formation (gel-clot
variant) or to cleave a chromogen from a syn-
thetic substrate to be read spectrophotometrically
(chromogenic variant). A sensitivity of 0.02 EU

Examples of patented procedures for removal of endotoxins from protein solutions

Product Procedure Reference

Superoxid dismutase Ultrafiltration Koyama et al., 1983

Myoglobin Toyo-Soda, 1989
Cu-Zn-Superoxid dismutase Anion-exchange chromatography Green-Cross, 1986

Urokinase Nippon-Kayaku, 1991a

TNF, IL-1 Adsorption on quaternised chitosan Dainippon-Pharmaceuticals, 1987
Cu-Zn-Superoxid dismutase Adsorption on non-polar polymers, such as Amberlit XAD Nippon-Kayaku, 1991b

Catalase

Hepatitis B surface antigen
Pertussis vaccine

Immunoglobulins Extraction with bile salts
Lipocortine Extraction with detergents and HIC
Immunoglobulins Pepsin digestion removes endotoxin-binding Fc-fragment

Hydrophobic interaction chromatography
Sucrose gradient centrifugation

Merck-USA, 1987
Takeda Chemicals, 1988
Centocor, 1988
Behringwerke, 1990
Zimmermann, 1982
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ml~! can be accomplished with this assay (end-

point method); the kinetic method is even more
sensitive. Although the LAL assay has proved to
be a sensitive and reliable method for endotoxin
monitoring, many substances interfere with the
coagulation cascade, causing false negative or pos-
itive results. Such interferences are usually concen-
tration dependent and may be avoided by dilution
of the sample; however, this causes a loss of
sensitivity. Also, it may fail occasionally, for exam-
ple in complex biological fluids, such as blood,
solutions of cationic proteins and with liposome-
encapsulated endotoxin (Dijkstra et al., 1987;
Petsch et al., 1998a; Pool et al., 1998). Owing to
this, research carries on looking for alternative,
sensitive bioassays. A whole blood stimulation
assay is a recent development (Hartung and Wen-
del, 1996), which is currently in prevalidation stage
at the Paul—Ehrlich Institute in Langen, Germany.

3.4. Interactions of endotoxins and proteins

Endotoxins show a remarkable capability to
interact with other substances, including proteins.
Molecular recognition can be assumed for interac-
tions with anti-endotoxin antibodies and
proteineous endotoxin receptors (e.g. CD14, CD16,
CD18; Morrison et al., 1994). Many other interact-
ing proteins, such as lysozyme (Ohno and Mor-
rison, 1989), lactoferrin (Elass-Rochard et al.,
1995), and transferrin (Berger and Berger, 1988),
are basic proteins (p/> 7). Electrostatic interac-
tions can be assumed as the main driving force.

However, other mechanisms must additionally
exist as interactions with neutral (haemoglobin,
Kaca et al., 1994) and even acidic proteins (p/ < 7)
are known, taking place also at low ionic strength.
Still it is controversially discussed how these inter-
actions take place. With serum albumins fatty acid
binding domains might be involved (David et al.,
1995). Generally hydrophobic interactions with
proteins are conceivable, however, strong evidence
that these govern the interaction mechanism is
missing. It is more probable that competition of
protein-bound carboxylic groups and endotoxin-
bound phosphoric acid groups about Ca’* may
result in dynamically stable calcium bridges be-
tween proteins and endotoxins.
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Regardless the mechanism that proves most
significant, these interactions result in a masking
of endotoxin molecules and consequently to a
partial escape from removal procedures. A typical
example is described by Karplus et al. (1987).
They failed to reach the endotoxin limit if decon-
tamination of bovine catalase was done with the
affinity sorbent Polymyxin B—Sepharose using the
standard protocol. In another study, Petsch et al.
(1998a) found that the removal of small amounts
of endotoxins can be more difficult from basic
proteins than from acidic proteins.

Owing to protein—endotoxin interactions, en-
dotoxin removal from protein solutions requires
techniques that can generate strong interactions
with endotoxins, such as affinity chromatography.
Alternatively, a specific dissociation of protein—
endotoxin complexes may improve the availability
of endotoxin molecules, e.g. Karplus et al. (1987)
employed the surfactant octyl-B-glucopyrannoside
to dissociate human IgG-endotoxin complexes
and to support endotoxin adsorption to
Polymyxin B—Sepharose. However, this practice
implies the next problem, the removal of residual
surfactant.

4. Selective removal of endotoxins

The most secure way to avoid any microbial
contamination and with it the release of endotoxin
is absolute sterility during the production and
downstream processes. Yet, if a decontamination
method is to be employed, it must ensure a high
recovery of the target product. Data collected in
our laboratory suggest that it must be strictly
distinguished between the removal of endotoxin
from protein-free and protein-containing solutions
(Anspach and Hilbeck, 1995; Petsch et al., 1998b).
In a protein-free solution, methods can be em-
ployed that take advantage of the different size of
endotoxin and water as well as salt and other small
molecules.

4.1. Ultrafiltration

Gel filtration chromatography reveals that
more than 80% of the endotoxin activity of a
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protein-free solution elutes as aggregates with the
void volume (Morrison and Leive, 1975).
Corresponding radii of gyration and molar masses
can be estimated between 50 and 100 nm,
respectively, 4—-8 MDa from light scattering.

Ultrafiltration using membranes with about 10
kDa  nominal-molecular-weight  cut-off s
routinely employed to get ultrapure water in
laboratory systems and it is found in operation
wherever endotoxins are not allowed to enter
sterile equipment, such as in haemodialysis.
Additional security is provided since mainly
endotoxin aggregates exist in this environment.
However, caution is advisable: although a slow
process, partial decomposition of endotoxin
molecules may occur at high temperature
(~100°C) or acidic pH (pH 3.5-4.5; Caroff et
al., 1988; Jiao et al., 1989). This may lead to the
permeation of lipid A (M, 2-4 kDa), the true
toxic part of the molecule.

Ultrafiltration can also be employed to remove
endotoxins from product solutions if the products
are of low molecular weight. This is the case for
glucose, salts, many chemotherapeutics and
radiopaques, most antibiotics, etc. Membranes
with 10 kDa nominal-molecular-weight cut-off are
commonly employed (Sweadner et al., 1977); the
product permeates through the membrane,
endotoxins are retained. To allow permeation of
proteins, membranes with cut-off greater than 100
kDa must be employed. Yet, in the presence of
proteins dissociation of endotoxin aggregates
occurs in favour of smaller units, similar as in the
presence of EDTA or cholic acids (Fig. 2). Since
endotoxin  monomers and  proteins  are
comparable in size, both permeate through the
ultrafiltration membrane.

A way to improve separation from proteins by
ultrafiltration was recently shown by Li and Luo
(1998). By adding 45 mM Ca** to a solution of
85 pg ml—! haemoglobin and 5 pg ml—! endo-
toxin, they shifted the solution structure of endo-
toxins towards large aggregates and could reduce
the endotoxin content to less than 6 pg ml~—"' (6
orders of magnitude difference). Using an ultrafil-
tration membrane of 300 kDa nominal-molecular-
weight  cut-off  assured  permeation  of
haemoglobin. Although this approach is rational
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in view of the solution behaviour of endotoxins
(Fig. 2), it is limited to those proteins whose
solubility is not largely affected by the presence of
high concentrations of calcium ions.

4.2. Two-phase extraction

Through addition of detergents, an improve-
ment of chromatographic protocols is possible,
which show interferences due to protein—endo-
toxin interactions (Karplus et al., 1987). Yet de-
tergents can also be employed in two-phase
extraction. Above the critical micelle concentra-
tion of detergents, endotoxins are accommodated
in the micellar structure by non-polar interactions
of alkyl chains of lipid A and the detergent and
are consequently separated from the water phase.
Detergents of the Triton series show a miscibility
gap in aqueous solutions. Above a critical temper-
ature, the so-called cloud point, micelles aggregate
to droplets with very low water content, by that
forming a new phase. Endotoxins remain in the
detergent-rich phase. Through centrifugation or
further increase in temperature the two phases
separate with the detergent-rich phase being the
bottom phase (Bordier, 1981; Aida and Pabst,
1990). If necessary, this process is repeated until
the remaining endotoxin concentration is below
the threshold limit (Fig. 4). The cloud point of
Triton X-114 is at 22°C, which is advantageous
when purifying proteins. It requires mixing of the
endotoxin-containing protein solution in the cold
(usually at 4°C) and allows separation of the two
phases at 7> 22°C. In contrast, the cloud point
for Triton X-100 is at 75°C, which is not accept-
able for most proteins.

The separation of endotoxin and exopolysac-
charides from Klebsiella sp. 1-714 is difficult to
achieve with other techniques than two-phase ex-
traction. Using Triton X-114, Adam et al. (1995)
showed a 100-fold endotoxin reduction in two
steps with a final endotoxin content of 30 EU
mg ~ ! at 50% loss in bioactivity of the exopolysac-
charide. Also about 100-fold endotoxin reduction
was shown by Cotten et al. (1994), from plasmid
DNA with a final endotoxin content of 0.1 EU in
6 pg DNA; though, they got a slightly better
removal efficiency with a polymyxin B sorbent
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Fig. 4. Removal of endotoxins by two-phase extraction with Triton X-114.

(Section 4.3.2.1). A comparison of affinity adsorp-
tion and Triton X-114 two-phase extraction for
the decontamination of the recombinant proteins
cardiac troponin I, myoglobin and creatine kinase
isoenzymes is described by Liu et al. (1997). They
concluded that phase separation was the most
effective method, reducing the endotoxin content
to 98-99% with remaining amounts of 2.5-25 EU
mg ~ !, depending on the protein.

Since always a certain amount of detergent
remains in the protein solution, this needs to be
removed by adsorption or gel filtration—addi-
tional processes, leading to 10-20% product loss
(Aida and Pabst, 1990). Also, it is time consum-
ing, as it usually requires multiple repetitions.
Adopting to a large-scale process may be difficult
owing to the temperature shifts. Furthermore, it is
restricted to those biopolymers that will partition
exclusively into the water phase, i.e. mainly for
hydrophilic proteins and DNA; the process was
originally developed to separate integral mem-
brane proteins from hydrophilic proteins (Bor-
dier, 1981).

4.3. Adsorption techniques

Most frequently, adsorption techniques are em-
ployed for the removal of endotoxins from
protein solutions. In principle, non-selective ad-
sorption on activated carbon or other adsorber
materials is possible, as described for the decon-
tamination of plasma (Nagaki et al., 1991). How-
ever, using non-selective adsorbers also for the
decontamination of protein solutions must be re-
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jected owing to irreversible adsorption of proteins
to activated carbon. It should be said that 50%
endotoxin reduction from whole blood is to be
considered as a success in medical application, as
a significant number of patients will survive, who
otherwise would die. In contrast, a 50% reduction
is insignificant in biotechnological processes,
where endotoxins may need to be reduced over
several orders of magnitude to meet threshold
limits.

4.3.1. Anion-exchange chromatography

Since endotoxins are negatively charged, anion
exchangers are employed for their adsorption
from protein-free solutions, such as DEAE chro-
matographic matrices or DEAE membranes or
matrices functionalised with quaternary amino
groups (Gerba and Hou, 1985, Hou and
Zaniewski, 1990a,b; Neidhardt et al., 1992).
Clearance factors of more than five orders of
magnitude can be obtained; however, these excep-
tional efficiencies are restricted to high endotoxin
feed concentrations (> 1 pg ml—'). At feed con-
centrations of less than 10 ng ml~', which is a
common endotoxin contamination level, about
three to four orders of magnitude are feasible. A
prerequisite for maximal adsorption is a low ionic
strength in the feed, corresponding to less than 50
mM NaCl

If solutions with acidic proteins are to be de-
contaminated, protein co-adsorption is a problem.
This has the consequence of competing interac-
tions at binding sites. Therefore, endotoxin con-
centrations often cross the limits in column
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effluents after exhaustion of the binding capacity
for the protein, as is shown exemplarily in Fig.
5(a), using a DEAE sorbent and BSA as model
protein. From this point of view, only proteins
with net positive charge, i.e. basic proteins, ought
to be treated with anion-exchangers. These
proteins are repelled from the anion-exchange ma-
trix; a technique usually designated negative chro-
matographic mode. However, competition of the
ion-exchanger and net-positively charged proteins
about endotoxin may take place, causing the
proteins to drag endotoxin along the column (Sec-
tion 3.4).

Manipulation of the pH to meet or to get
beneath the isoelectric point of an acidic protein is
a possible way for optimisation. Neutralisation or
charge inversion causes suppression of protein
adsorption, by that preventing competition. How-
ever, this is restricted to proteins with sufficient
solubility and stability at the isoelectric point.
Furthermore, optimisation usually passes a maxi-
mum with lowering the pH beneath the isoelectric
point. If a net positive charge is established, endo-
toxins may be dragged along as with basic
proteins.

4.3.2. Affinity adsorption
According to the concept of affinity interac-

tions, clearance by an endotoxin-selective affinity
sorbent should be possible and should guarantee a
protein recovery of almost 100%. To meet the
various chemical structures of endotoxins from
different bacteria and strains, group-selective
affinity ligands recognising conservative structure
elements should be most successful for the re-
moval of unknown endotoxin variants.

4.3.2.1. Polymyxin B. The bactericidal activity of
the antibiotic polymyxin B against gram-negative
bacteria is based on the ability to deorganise the
bacterial wall after insertion (Newton, 1956). The
surface active cyclic peptide (Fig. 6) can break
down endotoxin aggregates (Lopes and Inniss,
1969). Owing to the interaction of polymyxin B
with lipid A, it should be a group-selective ligand
with potential to recognise endotoxins from dif-
ferent origin.

Its use as ligand in affinity sorbents displays
clearance factors of greater than 10° from heavily
contaminated culture filtrates (1-10 pg ml—') of
different gram-negative bacteria (Issekutz, 1983).
Talmadge and Siebert (1989) showed at input
concentrations of 6000-6700 EU ml~' (~0.6—
0.7 pg ml—! endotoxin) that CF of about 10° did
only slightly change in the presence of up to 10
mg ml~! BSA or human IgG in batch experi-
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Fig. 5. Dynamics of adsorption of endotoxin (@) and BSA (M) on an anion exchanger (DEAE-Sepharose CL-6B, a) and an

endotoxin-selective sorbent (PLL-Sepharose 4B, b) during decontamination of about 1 mg ml~' BSA and 2500 EU ml

1 under

identical chromatographic conditions (adapted from Petsch et al., 1998b).
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ments with contact times of 16 h. However, clear-
ance factors from solutions of different mono-
clonal antibodies may differ significantly as was
shown for an anti-horseradish peroxidase anti-
body (2.1 mg ml~—! with 20 EU ml~ ") and an
anti-human chorionic gonadotropin antibody (0.5
mg ml~! with 61 EU ml ') which were reduced
to 0.3 EU ml~! (CF~100) and 6 EU ml~!
(CF ~ 10) in 20 mM phosphate buffer, pH 6.5,
respectively. Data about protein recoveries were
not provided.

Clearance factors of more than 1000 were pos-
sible from bovine catalase (Karplus et al., 1987).
Even blood plasma of endotoxemic patients could
be treated, however, with less than 50% endotoxin
removal (Kodama et al., 1997).

The major drawbacks, if released from the sor-
bent, are the neuro- and nephrotoxicity of
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polymyxin B (Newton, 1956) and stimulation of
monocytes to release interleukin-1 (Damais et al.,
1987). Furthermore, protein losses during passage
through polymyxin B columns were reported
(bovine catalase 24% loss, Karplus et al., 1987,
BSA 20% loss, Anspach and Hilbeck, 1995).
These are due to the cationic properties of this
ligand (Fig. 6), leading to electrostatic interactions
with net-negatively charged proteins at the low
ionic strengths commonly chosen. This is also the
reason why, in spite of 200—10 000-fold reduction
of endotoxins from plasmid DNA preparations,
DNA recovery is only about 50% (Wicks et al.,
1995; Montbriand and Malone, 1996).

4.3.2.2. Histamine and histidine. The introduction
of these ligands goes back to Kanoh et al. (1968),
who discovered interaction between ribonucleic



110 D. Petsch, F.B. Anspach /Journal of Biotechnology 76 (2000) 97119

acids and endotoxins. Later Minobe et al. (1982)
showed that besides the bases adenine, cytosine
and others, histidine and histamine were equally
successful in the removal of endotoxins from cul-
ture filtrates of various microorganisms. Although
the histamine sorbent was favoured (Minobe et
al., 1983), they later switched to histidine owing to
the biological activity of histamine (Minobe et al.,
1988). Both ligands were as effective as polymyxin
B for culture filtrates and were able to decontam-
inate solutions of various proteins, including
serum albumins, insulin, lysozyme, myoglobin
and others with clearance factors ranging from 5
to 200, depending on protein concentrations and
environmental conditions. In a consequent paper
of Matsumae et al. (1990), only data from inde-
pendent measurements of product recovery and
removal efficiencies are presented. As with
polymyxin B, best protein recoveries and removal
efficiencies cannot be achieved independently.
Data from other laboratories (Anspach and
Hilbeck, 1995; Legallais et al., 1997) indicate that
the presence of proteins strongly affects the re-
moval of endotoxins, leading to a more than
ten-fold reduction of endotoxin clearance factors
in the presence of BSA and ineffectiveness in the
presence of murine IgG, (p/ =5.5), if the process
is carried out at neutral pH. Also the type of
buffer salt seems to influence the removal effi-
ciency (Legallais et al., 1997).

Despite similar removal efficiencies of the vari-
ous ligands employed by Minobe et al. (1982),
their chemical structures are quite different. Ac-
cording to Minobe et al. (1988), the mechanism of
endotoxin binding is attributed to synergistic hy-
drophobic and electrostatic interactions, originat-
ing from the spacer DAH and imidazole,
respectively (Fig. 6). Histidine or histamine may
not be essential for the function of this adsorber.
The DAH spacer itself is also effective, as was
shown for the decontamination of a 10% cy-
tochrome C solution with 1130 EU ml~! and a
20% HSA solution with 85 EU ml—! (5000- and
100-fold endotoxin reduction, respectively) using
a PVA-based membrane support (Nagamatsu et
al., 1991). Also Hou and Zaniewski (1991) proved
that DAH and other diaminoalkanes are effective
for endotoxin adsorption owing to a synergistic
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effect of ionic and hydrophobic interaction;
though, they did not provide data from protein
solutions. The function of the histidine ligand is
linked to the presence of a positive charge at the
imidazole ring, as was shown by Petsch et al.
(1997). With incorporation of a non-charged
bisoxirane-based spacer, significant removal effi-
ciencies were only found at pH <5, where the
imidazole ring is charged (pKimidazole = 6-0).

4.3.2.3. Polycationic ligands. According to molec-
ular dynamics, the three-dimensional structure of
endotoxin is rather flexible compared to proteins
(Kastowsky et al., 1992), which may play a deci-
sive role during adsorption. This is supported by
the observation that only a fraction of adsorbed
endotoxins can be desorbed at a high salt concen-
tration ( > 1 M NaCl) although adsorption can be
effectively suppressed in the presence of 0.5 M
NaCl (Montbriand and Malone, 1996; Rantze,
1996). Most probably, this is attributed to short-
range interactions, evolving after an approxima-
tion of ligand and endotoxin due to long-range
electrostatic interactions. Secondary binding leads
to additional van-der-Waals and hydrogen bonds
after a structural adaptation to the microstruc-
tures at the surface of sorbents. Only harsh condi-
tions (30% ethanol with up to 1 M NaOH) are
successful to clean sorbents used for endotoxin
adsorption.

This points out to the fact that an exact struc-
tural match between affinity ligands and endotox-
ins is not necessary. From this point of view an
endotoxin-selective ligand should meet the charac-
teristics of a polyanionic molecule with hydropho-
bic moieties.

Indeed, several cationic polymers were success-
fully employed as ligands (Fig. 6). Mitzner et al.
(1993), wused poly(ethyleneimine) (PEI) immo-
bilised on cellulose beads for the extracorporeal
removal of endotoxin from plasma and obtained
a similar efficacy to polymyxin B at superior
biocompatibility. Immobilisation of PEI to cellu-
lose fibres revealed greater endotoxin removal
from BSA solutions than corresponding histidine-
immobilised fibres with less dependence on the
ionic strength (Morimoto et al., 1995); solutions
of myoglobin, y-globulin and cytochrome C were
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almost completely cleared of endotoxins (> 98%
removal efficiency with < 0.05 ng ml~! remain-
ing) at greater 98% protein recovery in a batch
process.

Also PLL displayed a slightly better clearance
of low amounts of endotoxins from BSA solution
compared with the ligands histamine, histidine,
polymyxin B and DEAE at, however, a higher
protein recovery (Anspach and Hilbeck, 1995). In
contrast to a DEAE ion exchanger, the PLL
sorbent is still applicable after exhaustion of the
protein binding capacity (Fig. 5b). Pre-coating of
microplates with high-molecular-weight PLL
(M, =150000-300000) was more effective to im-
prove endotoxin binding to the wells in compari-
son to PLH and polymyxin B (Takahashi et al.,
1992). Recently, Hirayama et al. (1999) have ex-
tended their concept of charged polymeric ma-
trices by including PLL in a polymer matrix. Karl
et al. (1991) showed that zirconia-immobilised
PLH improves endotoxin removal from a BSA
solution in comparison to the bare zirconia sur-
face. PLH, however, is a quite expensive ligand
that is unstable under alkaline conditions (0.1 M
NaOH; Waische, 1997).

The underlying principle of these polycation-en-
dotoxin interactions is possibly the same as for
the flocculation of cells and cell debris. Also in
flocculation a polycation-polyanion-complex is
initially formed. Then replacement of water
molecules follows and finally flocs form, a process
which is also called complex coacervation (Xia
and Dubin, 1994). If this process takes place also
with immobilised polycations and endotoxins, it
would continuously withdraw complexes from so-
lution. This would explain the high affinity bind-
ing site observed in thermodynamic investigations
of these sorbents and also the selectivity of poly-
cationic ligands in the presence of proteins (Petsch
et al., 1998b).

4.3.2.4. Polymeric matrices with cationic functional
groups. Through amination of spherical porous
poly(y-methyl-L-glutamate) beads Hirayama et al.
(1990, 1992), yielded adsorbents, which showed
superior endotoxin binding capacity than com-
mercial endotoxin adsorbers based on histidine
and chitosan. Furthermore, less dependence on
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the ionic strength (the working range corresponds
up to 0.4 M NaCl) and a higher selectivity to-
wards BSA are claimed. Additionally, penetration
of proteins into the pore system is prevented by
adjusting reaction conditions to yield beads with
small pore sizes. This allows for high recoveries of
net-negatively charged proteins and strong endo-
toxin adsorption at the same time. The authors
conclude that the high efficiency is attributed to
the adsorption of mainly endotoxin aggregates to
the adsorber surface, while the BSA binding ca-
pacity is rather low.

A great disadvantage is the low chemical stabil-
ity of an ester bond by which the charge-carrying
functional groups are immobilised in the side
chain; thus, CIP at high or low pH is ruled out. In
a more recent publication, N,N-dimethyl-
aminopropylacrylamide/N-allylacrylamide co-
polymers were therefore introduced (Hirayama et
al., 1994). The charge density is manipulated by
adjusting the ratio of the two monomers, and also
this concept allows to adjust the pore size of the
beads. Removal efficiencies were 96—-99% (pH 7,
1 =0.05) with remaining endotoxin amounts of
less than 1 EU ml~—! at 0.5 mg ml—! of BSA,
myoglobin, y-globulin or cytochrome C and
protein recoveries greater than 99%.

Immobilisation of ligands to microfiltration
membranes may also yield polymers with cationic
functional groups. The inner surface of these
membranes (this is mainly the wall of the flow
through pores) is first covered by a hydrophilic
polymer, such as dextran, hydroxyethyl cellulose
or poly(vinylalcohol). Then either small ligands,
such as histidine, deoxycholate, polymyxin B or
DEAE, or polycationic ligands, such as PLL or
PEI are immobilised inside the hydrophilic poly-
mer network (Petsch et al., 1997). Differences
between high and low molecular weight ligands
are not as noticeable any more; the whole net-
work acts like a cationic polymer (Petsch et al.,
1998b). Although these membrane adsorbers
show cationic properties and therefore adsorb net-
negatively charged proteins, displacement of en-
dotoxins is not observed with the ligands PEI,
PLL and even not with DEAE after exhaustion of
the protein binding capacity. Corresponding ad-
sorption isotherms show distinct binding sites for
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endotoxins and proteins. Under optimised envi-
ronmental conditions, protein recoveries can be
close to 100% (Table 4) owing to the low protein
binding capacity. With the ligand DOC endotoxin
removal is less dependent on pH and ionic
strength; for example, serum albumin solutions
yields better results at neutral pH despite the
proteins being negatively charged at this pH.

4.3.3. Immunoaffinity chromatography

With regard to competing interactions at the
surface of sorbents and with proteins in solution
as described above, utilisation of immunoaffinity
ligands recognizing endotoxins at the molecular
level should be most promising at first sight.
However, relevant information about the useful-
ness of immuno sorbents for endotoxin removal is
rare (see for example Goldbaum et al., 1994); also
the patent literature does not provide additional
data. Generally, immuno sorbents are used reluc-
tantly at the end of a purification train, as ligand
leakage may lead to further contamination of an
almost pure product. However, the concept is
doubtful also in another respect.

Strong efforts were undertaken in the past 10—
15 years to develop therapeutic proteins based on
IgG and IgM antibodies to take steps against the
problem of endotoxin intoxification, a common
problem with patients suffering from haemodialy-
sis and acute bacterial infections. In spite of
promising attempts (Teng et al., 1985; Ziegler et
al., 1991; Di Padova et al., 1993), all clinical trials
failed. A reason for this failure is the large chem-
ical variety of endotoxin structures built from
microorganisms (Baumgartner and Glauser,

Table 4

1993). On the other hand, antibodies raised
against the non-polar lipid A, such as HA-1A
(Centoxin), displayed mainly non-specific hydro-
phobic interactions, recognizing hydrophobic
moieties of proteins as well (Helmerhorst et al.,
1998). These ligands were not employed as ligands
in immuno sorbents until now and, therefore, a
success is not out of question. However, both the
specific recognition of only one antigen as well as
non-specific interactions are not favourable in the
respect of endotoxin removal from protein
solutions.

4.3.4. Kinetics of endotoxin adsorption

Data from Minobe et al. (1991), and also re-
sults compiled in our laboratory indicate a kinetic
control of endotoxin adsorption, which is most
distinct at low concentrations (Petsch et al.,
1998b). This is caused by the size of micelles and
vesicles and their stability. Steric restrictions hin-
der the penetration of aggregates into the pore
system of adsorbers (Hirayama et al.,, 1992).
Therefore, the adsorption of endotoxin takes
place mainly at the outer surface of adsorber
particles, which, however, only amounts to a frac-
tion of the binding capacity of adsorbers (for
example <« 1% with Sepharose beads). Adsorp-
tion inside the pore system requires the dissocia-
tion of aggregates—a very slow process that
would explain the flat uptake curves observed in
batch adsorption experiments. Due to the slow
diffusion of large endotoxin structures they have
hardly a chance to interact with the adsorber (a
residence time problem). The latter is the most
probable explanation of the generally lower clear-

Decontamination of protein solutions with membrane adsorbers; 15 ml feed with protein and endotoxin contaminations as stated
in column tops was applied to one membrane disc (13.4 cm? membrane area) at optimal pH (in parentheses; Petsch et al., 1997)

Ligand Protein recovery (left), remaining endotoxin concentration (right, EU ml~"')

Lysozyme (pH 7) BSA (pH 4.7) Murine IgG, (pH 5.5)

1 mg ml~! 134 EU ml—! 1 mg ml—! 65 EU ml—! 3 mg ml~! 63 EU ml—!
PEI 88% 0.1 97% 0.1 94% 0.05
DEAE 95% 34 97% 0.2 92% 0.2
DAH::DOC 90% 2.7 89% 0.2 89% 0.05
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ance factors found in dynamic operations (in the
column) than to be expected from thermodynamic
measurements (at equilibrium in a batch).

To overcome transport limitations, the pore
diameters of adsorbers should exceed the diameter
of adsorbates at least by a factor of five to ten
(Smith, 1986); thus, to accommodate endotoxin
aggregates pore diameters should be larger than 1
um. Alternatively, the adsorption may take place
exclusively at the surface of small particles with
corresponding higher external surface area, which
are for example HPLC sorbents with dp <5 pm
or non-porous particles. However, endotoxin-se-
lective sorbents of these sorts are not offered
commercially.

Another alternative are membrane adsorbers
based on microfiltration membranes. Such mem-
brane adsorbers show low-mass transport restric-
tion and allow a high throughput at minimum
expenditure. Anion-exchange membranes of this
type are described by Hou and Zaniewski
(1990a,b) and by Belanich et al. (1996); other
anion-exchange membranes may be employed ac-
cordingly. The immobilisation of endotoxin-selec-
tive ligands to polymer-coated microfiltration
membranes shows endotoxin clearance factors
greater than 10° from protein-free solutions at
residence times in the membranes of about 6 s
(Petsch et al., 1997). The latter selectively adsorb
endotoxins from solutions of net-negatively and
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net-positively charged proteins and allow for al-
most 100% protein recoveries (Table 4).

4.3.5. Optimisation of adsorption conditions

The principle of endotoxin adsorption from
protein solutions is simplified in Fig. 7. Anion-ex-
change ligands as well as all endotoxin-selective
ligands carry a net-positive charge under operat-
ing conditions (Fig. 6). Thus, net-negatively
charged proteins and endotoxins adsorb at low
ionic strengths, whereby the recovery for proteins
and endotoxins is almost zero in the beginning.
After exhaustion of the sorbent’s capacity (inde-
pendent of whether it is classified as endotoxin-
specific or not) the protein recovery will approach
100%. Depending on the ligand employed a cer-
tain amount of binding sites are the same for
proteins and endotoxin. Thus competition about
these sites affects endotoxin removal and also
some adsorbed endotoxins are displaced owing to
the six orders of magnitude higher concentration
of proteins than endotoxin.

On the other hand, complexes are formed be-
tween endotoxins and net-positively charged
proteins so that affinity ligands and proteins com-
pete for endotoxin. If the charge density at the
adsorber surface is high or a highly seclective
ligand is used, equilibrium will shift to the adsor-
ber, which allows an endotoxin reduction. As
net-positively charged proteins are repelled from
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anion exchangers, almost 100% protein recovery
can be achieved.

Until now, none of the above-mentioned adsor-
ber concepts has proved generally applicable for
endotoxin removal from protein solutions. How-
ever, ionic forces play an important factor partic-
ularly in the primary adsorption process.
Generally low ionic strengths, corresponding to
less than 50 mM NaCl, are recommended for
anion-exchangers. Slightly higher ionic strengths
may be employed for affinity sorbents whose lig-
ands combine electrostatic and hydrophobic inter-
actions, such as polymyxin B and DAH-based
ligands; also polycationic ligands are less depen-
dent on the ionic strength. Under optimised con-
ditions, association constants exceed 10° M !
(based on endotoxin monomers; Minobe et al.,
1988; Petsch et al., 1998b).

Recommendations for environmental condi-
tions follow the isoelectric point of the protein to
be decontaminated and its pH stability. Gener-
ally, best endotoxin reduction can be reached at a
pH close to the isoelectric point of the protein.
Since the native structure of strongly basic or
acidic proteins may then be irreversibly lost and
also precipitation may be a problem, compro-
mises must be accepted. With acidic proteins the
pH in the environment should be adjusted as close
to the p/l as possible and the use of polymeric or
slightly hydrophobic ligands should be consid-
ered. Proteins with an isoelectric point close to 7
should be decontaminated at pH ~ p/. Anion ex-
changers can be employed, although better results
might be obtained with endotoxin-selective lig-
ands. It is quite probable that anion exchangers
generally show good results for the decontamina-
tion of basic proteins. Especially ligands with
quaternary amino groups display a high charge
density under alkaline conditions and so are well
suited for the adsorption of endotoxins at ele-
vated pH.

It must be considered that not only the net
charge of proteins is manipulated through pH
changes but also the charge density of all cationic
ligands, except those with quaternary amino
groups. Therefore, increasing the pH causes a
decline of the charge density according to the pK
or p/ of the ligands.
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In the case of Ca’®*-mediated interactions be-
tween endotoxins and net-negatively charged
proteins the addition of 1-5 mM EDTA is recom-
mended. EDTA is a strong chelator, shifting the
equilibrium of the protein-Ca? " -endotoxin com-
plex to the free molecules, by that improving the
removal efficiency of an adsorber. Furthermore,
the addition of octyl-B-glucopyrannoside or other
non-charged detergents should be screened, as
was shown by Karplus et al. (1987). However,
additives are generally disadvantageous, as prob-
lems may arise in their subsequent removal.

It is strongly recommended to evaluate the
development of the endotoxin concentration in
the column effluent of every adsorber after ex-
haustion of its protein binding capacity. The same
is true in batch adsorption as changes in protein
or endotoxin concentration will effect both the
removal efficiency and protein recovery.

4.4. Other techniques

Preparative fractionation of proteins by isoelec-
tric focussing can be envisaged by using a multi-
compartment electrolyser fitted with membranes
of predetermined p/s. Similarly endotoxins can be
removed from protein solutions, as was shown by
Lucas et al. (1990). By continuous circulation of a
myoglobin solution (pI 7.3, 8 mg ml~') between
membranes of pH 6.98 and pH 8.04 in 1 mM
HEPES, pH 5.1, the endotoxin content was re-
duced from 6000 to 6 pg ml~! in 3 h. Using
membranes with other immobilised pH allows
removal conditions to be adjusted to the p/ of the
other protein. It is characteristic for this process
that it requires a very low ionic strength to keep a
low electrical current.

Because of the high affinity of phosphate and
phosphate esters for zirconia surfaces, endotoxins
can be well adsorbed to colloidal zirconia (Karl et
al., 1991). However, the efficiency of these adsor-
bents drops significantly in the presence of BSA
and most probably also of other proteins owing
to non-specific interactions with the zirconia
surface.

Another endotoxin-selective sorbent is based on
cross-linked chitosan beads, whose chemical
structure is B-1,4-poly-D-glucosamine (Dainippon-
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Pharmaceuticals, 1987). Below pH 7 chitosan is
positively charged and can be used like other
positively charged ligands described above. To
improve the efficiency under alkaline conditions,
quaternised chitosan was introduced (Kurita Wa-
ter, 1995).

As suggested by Matsumae et al. (1990), selec-
tive endotoxin adsorption from protein solutions
can also be achieved at greater than 3 M salt
concentration using histidine-immobilised sor-
bents. This is mainly due to a hydrophobic contri-
bution of the ligand; therefore, similar behaviour
can be expected from other endotoxin-selective
ligands as well as in hydrophobic interaction
chromatography (Hou and Zaniewski, 1991) with
working in the negative chromatographic mode.
However, the protein remains in a high salt con-
centration that consequently has to be removed, a
process, which is economically questionable.

5. Discussion

In most of earlier studies on endotoxin removal
it is assumed that endotoxins are present in aggre-
gated form (M, ~ 1 MDa) and are thus best sepa-
rated by ultrafiltration. This view is kept in many
places so far; it is supported by the high efficiency
of ultrafiltration for the decontamination of water
and solutions containing low-molecular weight
substances.

Yet, it is evident that large endotoxin aggre-
gates are repressed in favour of smaller units and
monomers in the presence of proteins—in fact
independent of their net charge. The ratio of small
to large units is determined by the concentration
of endotoxin, however, also the concentration of
calcium ions, chelators and proteins are of great
influence (Fig. 2). It can be assumed that at the
low, but problematic endotoxin concentration ( <
100 EU ml '), monomers are present to a large
extent. These are associated with proteins, more
or less strongly bound either directly by electro-
static interactions or indirectly through calcium
bridges (Fig. 6). With those low endotoxin con-
centrations ultrafiltration is ineffective.

Two-phase extraction is a valuable tool for the
decontamination of those pharmaproteins that
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were purified on a small scale and are subjected to
first in vivo tests. If later high product quantities
need to be produced, it may need to be substi-
tuted by other techniques.

Usually, when standard purification methods
fail the scientific community turns to naturally
evolved recognition mechanisms. However, nature
does not offer a cure-all against endotoxins; in the
millions of years of bacterial existence they have
managed to evade defence mechanisms of their
hosts by a high flexibility of the cell wall. There-
fore, it is unlikely that in future a group-selective
antibody will be within reach, which exclusively
addresses a conservative part of endotoxin with-
out showing non-specific binding of proteins.

What remains, are affinity ligands whose recog-
nition for endotoxin is best circumscribed as dif-
fuse. In other words, this can be expressed as
synergism of electrostatic and hydrophobic inter-
actions. These are most probably supplemented
by secondary interactions, which become when
active endotoxin and ligand approached a certain
distance (short-range interactions).

All endotoxin-selective ligands described above
fall into this category. Depending on the contribu-
tion of non-polar and charged groups of ligands,
hydrophobic or electrostatic interactions are more
developed. Consequently, also the range of usable
ionic strengths varies with the ligands employed
and also differences of the efficiency between lig-
ands are noticed. However, electrostatic forces are
decisive with all ligands to achieve significant
adsorption. Thus, in any case, competition with
negatively charged proteins must be expected, its
extent, however, depending on the particular lig-
and and underlying matrix. The pH is a key
parameter in endotoxin clearance, especially for
ligands with a relatively high density of charged
groups, such as ion-exchangers. It is indicated
that removal using more hydrophobic ligands is
less dependent on the pH and ionic strength. To
what extent polymeric ligands or polymeric sup-
ports lead to better removal efficiencies and
whether this is indeed attributed to the flexibility
of polymer chains and endotoxin will be proved in
future; the more recent investigations are concen-
trating on this subject.
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Optimisations of adsorption conditions are
possible with all ligands. Only a few are re-
stricted to acidic conditions, such as chitosan or
histidine and histamine. Quaternary amino
groups are generally best applicable at alkaline
pH. Neutralisation or reversal of charges at the
target protein is recommended to face the car-
rier effect observed with positively charged
proteins. The addition of EDTA is recom-
mended if this carrier effect is mediated by cal-
cium bridges.

In any case one should disregard the idea that
product-selective affinity sorbents will generally
solve both the purification and the endotoxin
problem. More likely the opposite is true: using
affinity sorbents with high selectivity for the
product and so reducing the number of purifica-
tion steps may result in notable amounts of en-
dotoxin remaining in the final product.

Nonetheless, a change of the purification
strategy is recommended for endotoxin-contami-
nated products. Instead of only concentrating on
methods to further purify an almost pure
product, methods should be chosen that allow
capture of the contaminant.

In view of the slow diffusion of endotoxins
and the low concentrations to be removed,
membrane adsorbers show great potential. The
common argument of having a too low binding
capacity is not valid here. Generally, draw-backs
against particular sorbents in terms of selectivity
are not to be expected. In contrast, through
binding ligands to flexible hydrophilic chains,
better results can be obtained than with particu-
late matrices.

By consideration of equilibria leading to en-
dotoxin aggregates and monomers (Fig. 2) and
competing interactions about binding sites and
in solution (Fig. 6) as well as a certain persis-
tence (and time) to experiment with different ad-
sorbents (including membrane adsorbers) or
phase systems, efficient endotoxin removal
should be possible in every case and should be
valuable. Knowledge of the connections sim-
plified in Figs. 2 and 6 is the key to success.
However also in future, we will most probably
have to live with single solutions.
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