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Affinity and Inactivation of Bacterial Endotoxins
for Medical Device Materials

Allan Kimble, James Hauschild, and Gerald McDonnell

Abstract

Endotoxins are high-molecular-weight com-
plexes that contain lipopolysaccharide, protein,
and phospholipid originating from the outer
membrane of gram-negative bacteria. As
gram-negative bacteria are naturally present in
a variety of sources, endotoxins are commonly
identified as contaminants in manufacturing
environments. In industrial applications,
endotoxin often is considered difficult to
inactivate and to have a strong affinity with
surfaces resulting from its hydrophobic chemical
structure. This article describes the investigation
of the true affinity of endotoxin, from various
microbial sources in solution, for medical device
material surfaces. In addition, endotoxin
reduction was investigated with commonly used
sterilization methods such as those based on
ionizing radiation, dry and moist heat, and
ethylene oxide sterilization. Endotoxin activity
was found to be reduced following exposure to a
range of sterilization modalities with the degree
of activity reduction related to the source of
endotoxin and the substrate material upon
which it was present.

This research examined the affinity of
bacterial endotoxins from various sources in
water for the surfaces of representative
medical device materials. The degree of
affinity can be used to assess the risk of
endotoxin remaining on a medical device
after final cleaning and packaging. To further
understand this risk, the effects of several
common sterilization modalities were
examined to determine the reduction in
toxicity of bacterial endotoxin (if any)
resulting from these processes.

Review of Literature

Bacterial endotoxins are the most prevalent
microbial pyrogens.! Their source is from
the gram-negative bacterial cell wall. When
introduced directly into blood or tissue,
endotoxin can cause fever,> meningitis, and
decreased blood pressure at high doses

Biomedical Instrumentation & Technology 2023

(estimated to be =350 endotoxin units [EU]
in a typical human [at 70 kg or ~5 EU/kg),
though lower levels often are conservatively
defined for certain applications (e.g., intrath-
ecal exposure).’ The immune reaction
includes an initial alarm system for infec-
tion, recognition by toll-like receptors (e.g.,
TLR4) on innate immune cells,* and cytokine
secretion (e.g., interleukin [IL]-1 and IL-8) to
stimulate the immune system, but it is
self-regulated. Higher concentrations can
lead to signs of fever and inflammation.
Exposure to low concentrations is known to
lead to immune tolerance within the host
initial alarm response, mild inflammation
reaction and resolution, and increased
neutrophil activity (phagocytosis).®
Although traditionally considered to be
the lipopolysaccharide (LPS) component of
the outer membrane of the gram-negative
bacteria cell wall, the structure of endotoxin
actually is more complex and may be
defined as a high-molecular-weight complex

that contains LPS, protein, and phospholipid

originating from the outer membrane of
gram-negative bacteria.® In addition,
humans are naturally exposed to endotoxin
from various sources, including direct
surface and airborne contact, as well as
through the gut microbiome.

The purpose of this article is to consider
bacterial endotoxins in more detail from a
chemistry perspective. This allows for the
examination of the composition and struc-
ture of the bacterial endotoxin molecule and
its expected properties when in contact with
medical device materials.

Bacterial endotoxin is associated with the
outer cell wall of gram-negative bacteria, and
a major component of endotoxin is the
amphiphilic (or amphipathic) LPS molecule
(Figure 1). The molecule consists of a
hydrophobic lipid portion, as well as a
hydrophilic polysaccharide chain and a
hydrophilic O-antigenic oligosaccharide side
chain. The molecular weight of LPS is in the
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Figure 1. Representation of the structure of lipopolysaccharide (monomer) and formation of a micelle structure.

range of 10 to 20 kDa,® depending on its
source. The lipid A core is made up of a
B-glucosamine-(1-6)-glucosamine-1-phos-
phate base with fatty acid esters attached to
both carbohydrates. The acyl chain length
and number of acyl groups may vary among
bacterial species but are constant within a
given species. The inner polysaccharide core
typically contains between one and four
molecules of KDO (3-deoxy-a-D-manno-oc-
tulosonic acid) attached to the disaccharide
core.” Because LPS is heterogeneous and
tends to form aggregates (micelles) of
varying sizes, the molecular mass range for
these aggregates has been reported as 1 to 4
million Dalton or greater (Figure 1). For
example, when bacterial endotoxin is treated
with sodium dodecyl sulfate and heat, the
molecular mass was reported to be approxi-
mately 50 to 100 kDa."®

Many materials are used to fabricate
medical devices. Their selection is based on
two primary requirements: ability to perform
the intended function and biocompatibility
(i-e., not causing harm to the patient).
Materials of choice can be metallic, poly-
meric, ceramic, or a combination (in the case
of composite devices). Design considerations
include strength, durability, stability, and, as
importantly, manufacturability. In most
cases, the manufacturing process results in
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contact between manufacturing materials or
process aids and the substrate material of
which the device is made. Examples of
manufacturing materials or process aids
include but are not limited to lubricants,
coolants, abrasives, chemical surface finish-
ing agents, and cleaning agents. As an
example of the regulatory requirement: If
such manufacturing materials could nega-
tively affect product quality, procedures
should be defined and maintained to remove
them, and this should be documented."

Gram-negative bacteria often are associated
with water.? Many manufacturing materials
are water based or contain substantial
amounts of water in the formulation. The
combination of water and a source of carbon
(as most of the solutions are organic) presents
an opportunity for the colonization and
propagation of bacteria, including the
endotoxin-featuring gram-negative types.
Water, particularly final-rinse water, is a
potential source of bacterial endotoxin if not
well controlled. This material exposure
constitutes a vector for endotoxin to come in
contact with medical devices during the
manufacturing process. For these reasons,
regulatory guidelines and requirements are
provided for best practices in monitoring the
risks of endotoxins in manufacturing environ-
ments. For example, Food and Drug
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Administration guidance for pyrogen and
endotoxins testing suggests that endotoxin
limits on medical devices depend on the
intended use and contact of the device with
various tissues, such as blood and cerebrospi-
nal fluid and during device implantation.”*
Using the methods defined in the guidance,
limits of 0.5 EU/mL in a recommended
extraction volume of 40 mL or 20 EU/device
are recommended for products that directly or
indirectly contact the cardiovascular system.
Lower levels are defined for devices in contact
with cerebrospinal fluid, at 0.06 EU/mL (in a
similar extraction volume) or 2.15 EU/device.

Bacterial endotoxin is an amphipathic mol-
ecule (i.e., possesses both hydrophilic and
hydrophobic domains). As such, there is an
expectation that the interaction or affinity of
this molecule for different medical device
surfaces may not be intuitively obvious and
that generalizations regarding expected
behavior could be entirely incorrect. This
points to the need for empirical evidence of
the affinity behavior to determine the actual
characteristics of bacterial endotoxin in the
presence of an aqueous environment and the
medical device material.

The polysaccharide portions of the mole-
cule are thought to be difficult to assess
regarding their surface energy.” Hydrophilic-
ity is thought to be governed primarily by the
presence of hydroxyl groups on the polysac-
charide moieties on this portion of the
molecule. Of note, their presentation to the
environment is sensitive to the nature of the
solution in which they reside. This tertiary or
quaternary structural rearrangement can
profoundly affect the nature of the surface
energetics of this portion of the molecule.
Another contributor in this region of the
molecule is the presence of weak acidic
groups in the composition. Overall, however,
the presence of these groups and the hydrox-
yls will contribute to the hydrophilic
behavior of this portion of the molecule.

In contrast, the lipid portion of the mole-
cule demonstrates marked hydrophobicity.
Lipid A consists of aliphatic hydrocarbon
chains. This portion of the molecule does not
favor water, and as such, when bacterial
endotoxin is suspended in water, aggrega-
tion—often regarded as micellization—occurs
wherein the bacterial endotoxin molecules in
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solution arrange themselves' to the lowest
energy configuration (Figure 1). In this
configuration, the polar polysaccharide
groups face outward into the aqueous
environment while the lipid portions face
inward, away from the water. Disruption of
this arrangement can occur for many reasons.
A change in the nature of the environment
from water to a less polar solution will cause
the spontaneous rearrangement of the
molecules to a more favorable configuration
with the lowest overall energy.

We have found that the formation of such
micelles can be observed spectrophotometri-
cally. A surface may also attract and
potentially retain the bacterial endotoxin
molecule based on the surface energy of the
substrate. As an example, LPS affinity for
titanium biomaterials may be considered a
function of surface energy primarily. For LPS
to adhere, the implant biomaterials must
exhibit greater surface energies than LPS.”
Surface energy is the work per-unit area done
by the force that creates a new surface. Of
note, regardless of the surface energy of the
substrate, the amphipathic bacterial endo-
toxin molecule can attain an energetically
favorable orientation. The degree to which
this interaction can result in strongly retained
bacterial endotoxin to a material surface is
the subject of the present experiments.

Medical device materials are selected based
on their intended use and type of patient
tissue contact, as well as whether they are
single use or reusable. As such, a wide variety
of materials are in common use. The chemi-
cal properties of medical device materials,
particularly their surface energy, depend on
their composition and surface condition. Of
note, much of the literature in this regard
represents materials prepared experimentally
in pristine conditions. This may not effec-
tively represent medical device materials, for
which trace amounts (though technically
clean by manufacturer standards) of organic
residue are present. It has long been known
that even insignificant amounts of hydropho-
bic contamination can increase the contact
angles of metals (e.g., stainless steel, alumi-
num, titanium) considerably.’® The water
contact angle (advancing; Figure 2) was
determined to be between 3° and 42° for
cleaned type 301 stainless steel, between 0°
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and 29° for cleaned 6061T6 aluminum alloy,
and between 7° and 34° for cleaned grade 6
titanium. These contact angles represent very
hydrophilic surfaces. A surface is hydropho-
bic when its static water contact angle is
more than 90° and hydrophilic when the
contact angle is less than 90°.

For organically contaminated surfaces
(e.g., with proteins or other carbon-based
materials), the contact angles were noted to
be much higher (into the range of hydropho-
bic surfaces). The water contact angle
(advancing) was determined to be between
94° and 108° for soiled type 301 stainless
steel, between 96° and 112° for 6061T6
aluminum alloy, and between 90° and 103°
for grade 6 titanium. These contact angle
results represent hydrophobic surfaces in the
soiled condition. Due to the negative charge
of the phosphate groups and the hydropho-
bicity of the LPS molecule, endotoxins will
readily interact with cationic (positively
charged) or hydrophobic materials.?® As an
example, active endotoxin capture for clinical
dialysis applications is performed using
membranes prepared from polyether
polymer alloys or polymethylmethacrylate. In
these applications, the affinity for endotoxin
depends on the high water contact angle,
with efficient adsorption only on the hydro-
phobic side of the membrane.”

For polymer substrates used in medical
devices, the general trend is for the material
to be hydrophobic, thereby resulting in
higher contact angles. For example, contact
angles (Table 1) are reported® for untreated
clean glass and common polymers.

Based on the chemistry and the previously
described experimental data for contact
angles of common medical device materials,
this section will discuss the nature of affinity
and binding based on the type of molecular
attraction associated with the materials and
bacterial endotoxin. In contrast to bacterial
endotoxin hydrophobic affinity, the basis of
hydrophilic affinity is hydrogen bonding.
Hydrogen bonding is a special type of
dipole-dipole attraction between molecules
rather than a covalent bond to a hydrogen
atom. It results from the attractive force
between a hydrogen atom covalently bonded
to a very electronegative atom, such as a
nitrogen, oxygen, or fluorine atom. Hydro-
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Figure 2. Representation of the contact angle (9) between a liquid and associated surface.

Material Water Contact Angle (°) Surface Type
Untreated glass® 32 Hydrophilic

Polyetheretherketone?? 77.6 Hydrophilic

Polytetrafluoroethylene 92 Hydrophobic
Polyethylene 96 Hydrophobic
Polypropylene 102.1 Hydrophobic
Polydimethylsiloxane 107.2 Hydrophobic

Table 1. Contact angles of materials.

gen bond strengths range from 4 to 50 kJ/
mol of hydrogen bonds. An hydrogen atom
in one molecule is electrostatically attracted
to the nitrogen, oxygen, or fluorine atom in
another molecule.” For the case of many
medical device materials, an abundance of
oxygen atoms needs to be present at the
surface of metals, as well as some polymers,
for this behavior to be exhibited (e.g., the
oxygen in the ether linkages in polyeth-
eretherketone [PEEK], as well as the
additional oxygen added during plasma
treatment®®? to improve wettability). The
fundamental attraction is between the

8- associated with the oxygen atom and &+
associated with the hydrogen atom. &+ and
8-, which are known as partial charges and
more commonly called net atomic charges,
result from the asymmetric distribution of
electrons in chemical bonds.*

For the case of hydrophobic interactions,
such as those occurring between the lipid
portion of bacterial endotoxin and a hydro-
phobic surface in water, strong attraction is
observed.?? Hydrophobic aggregation begins
with a step in which water-coated nonpolar
solutes approach one another due to long-
range electrostatic forces.* As such, the
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affinity of bacterial endotoxin for a hydropho-

bic surface is expected to be greater based on
the lipophilic portion of the molecule and a
nonpolar surface. Of note, wettability has the
same definition as hydrophilicity, meaning a
water contact angle less than 90°. Conversely,
a non-water-wettable surface is the same as
hydrophobicity, exhibiting a contact angle
greater than 90°.%

Conceptual Framework
To investigate the affinity of bacterial
endotoxin for material surfaces, these
materials were incubated in aqueous prepa-
rations of bacterial endotoxin at
approximately 100 EU/mL, followed by
extraction in water for injection (WFI) and
analysis of the extractable endotoxin by
limulus amoebocyte lysate (LAL) assay.
Similarly, the effect of different steriliza-
tion modalities on the inactivation of
bacterial endotoxin applied to the surface of
medical device materials was also examined
following spiking of the test surfaces with
bacterial endotoxin to achieve approximately
1,000 EU/device, then exposing them to
different sterilization methods. The LAL
assay was also performed on extracts of the
test devices to determine the level of bacte-
rial endotoxin activity following sterilization.

Design and Methods

For the affinity portion of the study, four
representative implant-grade medical device
materials were selected for evaluation:

1. 316L stainless steel (passivated)

2. Titanium aluminum niobium alloy

(Ti-6Al-7Nb; anodized)

3.PEEK

4. Ultra-high-molecular-weight polyethyl-

ene (UHMWPE)

The test samples were cleaned prior to the
experiment with 70% 2-propanol followed by
WFTI to reduce native levels of contamination
and endotoxin. The negative controls were
similarly cleaned to establish the baseline
level of endotoxin. All tests were performed
in triplicate.

Two endotoxins were selected for the study:

1. Control standard endotoxin (CSE)

(catalog no. E0005, lot 174; Associates of
Cape Cod, Falmouth, MA)
2. Escherichia coli O55:B5 endotoxin (EC)
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(product no. L2637, batch no. 049M4095V;
Sigma-Aldrich, St. Louis, MO).

The incubation solutions were prepared
(based on the endotoxin supplier’s stated
concentration) to approximately 100 EU/mL.
The endotoxin unit indicates endotoxicity.
An endotoxin unit is the endotoxin activity of
0.2 ng reference standard endotoxin (EC-2)
or 5 EU/ng. To convert the current reference
standard endotoxin (EC-6) from endotoxin
units to nanograms, the conversion is 10 EU/
ng. Depending on the source of the endo-
toxin, the conversion from endotoxin units to
nanograms will vary. Previous versions of the
bacterial endotoxin test stated a suitable CSE
has potency between 2 and 50 EU/ng.*
Following manufacturer’s recommendations,
a CSE-based standard curve was generated
and used for LAL EU/mL assay determina-
tions. The Pyros Kinetix Flex instrument
(Associates of Cape Cod) was used for LAL
turbidimetric analysis following manufactur-
er’s instructions, and the limit of detection
was 0.005 EU/mL.

Incubation solutions (100 EU/mL) were
prepared from each stock solution and used
to completely immerse the designated test
samples. The test samples were placed onto a
shaking platform within a 37°C + 2°C incuba-
tor and incubated for 1 hour at approximately
120 rpm. Following incubation, the test
samples were removed, rinsed with WFI to
remove unbound bacterial endotoxin, placed
in a sterile container, and dried in a 37°C +
2°C incubator overnight. The postincubation
solution was retained and evaluated using the
LAL turbidimetric assay to determine if any
endotoxin reduction was detectable following
test sample incubation.

Aliquots of the incubation solution were
obtained prior to sample exposure and
evaluated using the LAL turbidimetric assay
to determine the initial concentrations of
endotoxin to serve as an experimental control.
It is noted that the LAL assay is designed to
perform best with CSE as the source of
endotoxin. For other endotoxins, such as from
EC used in this experiment, some variation in
the response of the assay was expected.

The dried samples were placed in water
free of detectable endotoxin, placed onto a
shaking platform within a 37°C £ 2°C
incubator, and extracted for 1 hour at 120
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rpm. The ability of this method to extract
endotoxin was previously validated in our
laboratory (results not shown). The extracted
sample solutions then were evaluated using
the LAL turbidimetric assay.

For the evaluation of the effects of sterili-
zation on detectable bacterial endotoxin, the
following set of representative medical
device materials were used:

«M6-1.0 x 16 mm machine screws, six-lobe
(Torx), pan head, 316 stainless steel (A4),
ISO 14583 part no. 593260 (www.fastener-
superstore.com)

«Glass microscope slides, item WL8117A
(VWR International)

«Cylindrical, socket head cap screw, no.
4-40, nylon, not graded, plain, 0.5 in
length (Grainger)

« Plastic press-fit binding barrels and
screws, polyethylene, no. 90249A640
(McMaster-Carr)

+M6 flanged 6 point drilled hex titanium
bolt, 6Al4V/GRS size: M6-1.0 x 10 mm
length, SKU 126-00413-0510 (Ticon
Industries)

All tests were performed at least in
triplicate. The test material samples were
inoculated directly with approximately 1,000
EU per device and dried overnight at
ambient temperature. In addition to CSE
and EC, a third endotoxin was examined:
Pseudomonas aeruginosa PA10 (PA) (product
no. L8643; Sigma-Aldrich). The devices then
were appropriately packaged and sent for
sterilization by the following methods:

« Moist heat (autoclave, 134°C, 6 min,
excluding polymers; Johnson & Johnson
Microbiological Quality Sterility Assurance
[JJMQSA] Raritan Services, Raritan, NJ)

«Dry heat (200°C, 60 min, excluding
polymers and glass; [JMQSA Raritan
Services)

«Electron beam (e-beam; 5 MeV and 40
kGy except for nylon [10 kGy]; Synergy
Health AST, LLC, a STERIS Company,
Petaluma, CA)

« Ethylene oxide (EO; ~280 min dwell time,
53°C, 545 mg/L; JJMQSA Raritan Services)

The sterilized samples then were analyzed
using the LAL assay and the results com-
pared with noninoculated, unsterilized
materials and inoculated materials that were
not sterilized. Prior to analysis, all samples
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were placed in a suitable sterile container
containing water free of detectable endotoxin
and extracted as described previously at 37°C
+ 2°C for 1 hour at 120 rpm. LAL analysis
then was performed on the extracted sample
solutions and log reductions determined
from inoculated, unsterilized controls for
each material.

Results

Postincubation endotoxin-containing
solutions, following material exposure,
were examined to determine the potential
amount of endotoxin removed from the
incubation solution due to material affinity.
The starting concentrations in each case
were targeted to be approximately 100 EU/
mL, but the actual levels determined in
control samples were approximately 60 EU/
mL. The starting concentration endotoxin
levels for CSE were similar for samples
exposed to metallic and polymeric samples.
The levels were not statistically different
from those of the control solution, indicat-
ing extraordinarily little uptake of CSE by
the test samples.

The results of the CSE extraction from the
test surfaces are shown in Figure 3. For the
negative control, stainless steel, and titanium
alloy samples, the CSE levels of the extracts
were reported as nondetected. Both PEEK
and UHMWPE samples exhibited very
minor levels of extractable CSE with UHM-
WPE, exhibiting the greatest amount of CSE
and the most variability.

1.0
0.9
0.8
0.7
0.6

0.5

EU/mL

0.4
0.3
0.2

0.1
0.0 —

Negative SS CSE TAN CSE PEEK CSE UHMWPE CSE

Control

Figure 3. Levels of control standard endotoxin (CSE) on each material type following incuba-
tion and extraction. Abbreviations used: PEEK, polyetheretherketone; SS, 316L stainless steel;
TAN, titanium aluminum niobium alloy; UHMWPE, ultra-high-molecular-weight polyethylene.
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The second part of this experiment looked
at affinity of a different source of endotoxin
(EC) for the same substrates under the same
testing conditions. In this case, the starting
amounts in each case were also targeted to
be approximately 100 EU/mL but were found
to be higher than the estimate at 149.3 EU/
mL. No statistical difference was observed
compared with the control solution, again
suggesting little uptake of EC by the test
substrates. This result was confirmed by the
extraordinarily low levels of EC extracted
from the test devices (Figure 4). The negative
control, titanium alloy, and PEEK samples
were reported as nondetected, while the
stainless steel result was determined to be
0.003 EU/mL and the UHMWPE result
reported as 0.013 EU/mL.

An overall comparison of the affinity of the
various medical device materials for endotox-
ins is shown in Figure 5.

The log reductions of detectable bacterial
endotoxin (from three different sources)
when inoculated onto five types of materials
following sterilization by different methods,
as compared with controls, are summarized
in Tables 2 to 4. Moist heat and dry heat
generally were consistent in inactivating
endotoxin, with more variable levels of
inactivation found for radiation (e-beam) and
EO gas. The results with e-beam and EO
ranged depending on the material and
endotoxin source.

Discussion

Conventional wisdom regarding bacterial
endotoxin is that it is a particularly difficult
biological residue to remove/inactivate and
has an affinity for surfaces, making it a risk
to patients if not well controlled.””?* Contrary
to this, the data from the present experi-
ments indicated that bacterial endotoxin has
a low affinity for the tested metallic surfaces
that were representative of medical device
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Figure 4. Levels of Escherichia coli 055:B5 endotoxin (EC) on each material type following
incubation and extraction. Abbreviations used: PEEK, polyetheretherketone; SS, 316L
stainless steel; TAN, titanium aluminum niobium alloy; UHMWPE, ultra-high-molecu-
lar-weight polyethylene.
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Figure 5. Experimental affinity of bacterial endotoxin for different medical device materials.
Abbreviations used: CSE, control standard endotoxin; EC, Escherichia coli O55:B5 endotoxin;
PEEK, polyetheretherketone; SS, 316L stainless steel; TAN, titanium aluminum niobium alloy;
UHMWPE, ultra-high-molecular-weight polyethylene.

materials. A slightly higher affinity was
noted for polymeric materials, such as PEEK
and UHMWPE. Of note, although higher for
polymeric materials, the levels noted were
still extraordinarily low considering the
starting concentration in the artificially

Material Moist Heat Dry Heat Electron Beam  Ethylene Oxide
§t1eg|L stainless >3 3 3 3

Glass >3 Not tested 1 1

Nylon Not tested Not tested 0.5 0.5
Polyethylene Not tested Not tested 1 1
Titanium alloy >3 3 2

Table 2. Log, , reductions of endotoxin on exposure to sterilization: control standard endotoxin.
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Material Moist Heat Dry Heat Electron Beam  Ethylene Oxide
SBtLEeill_ stainless >3 2 1
Glass 3 Not tested 1 <1
Nylon Not tested Not tested 2 <1
Polyethylene Not tested Not tested 1 1
Titanium alloy >3 2 1

RESEARCH

Table 3. Log,, reductions of endotoxin on exposure to sterilization: Escherichia coli 055:B5 endotoxin.

Material Moist Heat Dry Heat Electron Beam  Ethylene Oxide
53t1eGe||_ stainless 53 2 1
Glass >3 Not tested 1 1
Nylon Not tested Not tested <1 <1
Polyethylene Not tested Not tested <1 <1
Titanium alloy 3 2 1

Table 4. Log,, reductions of endotoxin on exposure to sterilization: Pseudomonas aeruginosa PA10.

contaminated water sources. Minor differ-
ences in the outcomes were noted between
CSE and EC.

The active bacterial endotoxin adsorption
methodology used in this study, consisting of
substrate incubation for 1 hour followed by
aseptic removal and testing of the remaining
incubation solutions, was performed to
mimic potential in-process material exposure
conditions during medical device manufac-
turing. We purposely avoided the direct
inoculation and drying of endotoxin onto
substrate surfaces to avoid potential adsorp-
tion drying artifacts and to avoid the known
limitations of reproducible endotoxin
recovery from surfaces.** Therefore, follow-
ing incubation in the endotoxin solution and
drying, the sample extraction results (per-
formed in water free of detectable endotoxin)
yielded low endotoxin recoveries. This
observation supported the low active bacte-
rial endotoxin adsorption results obtained in
this study.

Endotoxin does not show the same affinity
for all surfaces. Further, diverse types of
endotoxin exhibit different degrees of affinity
for the same surface. For the medical device
materials studied, the affinity for endotoxin
was low, with the highest observed affinity
being for very nonpolar surfaces (e.g.,
UHMWPE). Of note, although PEEK is
similar to UHMWPE from a hydrophobic
point of view, it demonstrated the lowest
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observed affinity along with metallic materi-
als (e.g., stainless steel [passivated], titanium
alloy [anodized]). This may be related to
differences in available oxygen at the surface.
A moderate correlation also existed between
contact angle and the affinity of a surface for
endotoxin, with the interesting exception
being glass. For UHMWPE—a material with
a high contact angle (low surface energy)—
the affinity for endotoxin (CSE) was greater.
Several types of sterilization methods can
have a beneficial effect on reducing the
activity of endotoxin, in addition to the
traditional depyrogenation method using dry
heat. Our studies have shown that various
sterilization modalities have an effect on
reducing multiple sources of endotoxin, as
well as on different medical device materials.
E-beam sterilization shows substantial
reduction in endotoxin activity for some
substrate materials. Of note, differences exist
between the endotoxin source and surface
interaction with sterilization. We have yet to
investigate the impact at lower doses. What
can be concluded from these experiments is:
«Moist heat (steam) shows considerable
reductions in endotoxin activity across a
spectrum of materials and endotoxin types.
« Dry heat, which is suitable for some
materials, shows a good reduction of
endotoxin activity across a number of
materials and endotoxin types. This is the
classical example of depyrogenation, but
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the conditions tested in this case are
considered lower than typical depyrogena-
tion cycles. Additional investigations
would also suggest that the onset of
inactivation of endotoxin readily occurs at
temperatures in excess of 150°C (unpub-
lished results).

«EO also exhibits a reduction in endotoxin
but is more profoundly affected by the
substrate material than other modalities
in demonstrating effectiveness.

« E-beam sterilization is most effective in
reducing endotoxin activity on metallic
substrates and to a lesser degree on
nonmetallic materials.

Using other in vitro and in vivo (animal)
models, further testing is needed regarding
endotoxin structure, interaction, and inacti-
vation. This will help elucidate the precise
nature of the molecular structural contribu-
tions to endotoxin affinity (polysaccharide
versus LPS versus lipid), as well as the
susceptibility of the molecular structural
components to sterilization modalities and
confirmation in an animal model of the
reduction or elimination of pyrogenicity. It
can also be suggested that further investiga-
tions in affinity may include the use of
naturally occurring bacterial endotoxin
remaining bound to or an intrinsic part of
the source gram-negative bacteria.
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