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Abstract: Medical devices manufactured for implantation
into humans must be free of any contamination with via-
ble bacteria. However, remnants of dead bacteria and bac-
terial components alone may induce an inflammatory
immune response. Pyrogen tests for such inflammatory
contaminations are generally performed either by deter-
mining the content of lipopolysaccharide in rinsing solu-
tions of batch samples by limulus amoebocyte lysate assay,
by injecting the rinsing solutions into rabbits or by im-
planting batch samples into rabbits and measuring change
of body temperature. In this study, we show that the
in vitro pyrogen test (IPT), which measures the release of
the inflammatory cytokine IL-1B in fresh or cryopreserved
human whole blood, can be used to assess the pyrogenic
contamination of implantable medical devices. This test
was used to check neurosurgical implants, namely aneu-
rysm clips, as a proof of principle. Owing to the direct

contact of the test material with the blood cells, this test
does not require rinsing procedures, which have variable
efficacy. The use of human blood ensures the detection
of all substances that are pyrogenic for humans and
reflects their relative potency. The safety of the products
as delivered could be confirmed. The effects of steriliza-
tion and depyrogenization procedures on intentional
pyrogenic contaminations of samples could be followed.
This new application of the already internationally vali-
dated method promises to replace further rabbit pyrogen
tests. It generates extremely sensitive results with an
extended range of detectable pyrogenic contaminants.
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INTRODUCTION

All compounds that induce an inflammatory reaction
in the human body are termed “pyrogenic,” that is,
fever-inducing.' Various structural components of bac-
teria, yeasts, and molds have been isolated and charac-
terized as pyrogenic.”> Organic and inorganic dusts,
nanoparticles, and diesel exhaust particles may also
induce an inflammatory reaction, although the nature
of their pyrogenic components is not yet known.>”
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When the natural barrier function of the skin and
mucous membranes of the human body is compro-
mised or circumvented, for example, during an oper-
ation, the tissue comes into direct contact with medi-
cal devices (e.g., surgical tools, hypodermic needles,
and in some cases, long-term implants, e.g., stents,
aneurysm clips, and orthopedic devices). Although
these are routinely sterilized by irradiation, autoclav-
ing or gas sterilization, heat-stable pyrogens, which
induce an inflammatory reaction resulting in tissue
damage to the host or even rejection of the implant,
may remain on their surfaces.®”

The registration process of medical devices includes
the query of the so-called basic requirements. One of
these requirements is pyrogen-free quality. This is
proven in the development phase. In most cases, con-
trols accompanying production are not yet required.

Pyrogen tests currently used for medical devices
have various drawbacks.

The rabbit pyrogen test requires that sample test
materials are implanted into rabbits. A change in body
temperature indicates a pyrogenic reaction. One prob-
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lem is that the rabbit may respond differently to some
pyrogenic contaminations than a human.®® Also, this
method can only be performed with small implants.
The destruction of tissue during implantation into the
animal may itself cause an inflammatory reaction that
does not necessarily reflect the pyrogenic contamina-
tion of the material.

The rabbit pyrogen test may also be performed by
injecting a solution gained by rinsing the implant.
Generally this procedure is performed using purified
water or oil. The extraction efficacy probably de-
pends on temperature, shaking intensity, and storage
conditions. However, it is not clear how well pyro-
gens are solubilized by this procedure. It is also
unclear whether adherent pyrogens and pyrogens in
solution have different inflammatory properties. We
have found strong indications for this regarding the
inflammatory capacity of the Gram-positive pyrogen
lipoteichoic acid (LTA). Adherence of LTA to a poly-
styrene surface amplifies its capacity to induce pro-
inflammatory cytokines like TNFo by about three log
orders.' Thus, determination of the activity of LTA
in a rinsing solution would grossly underestimate its
biological potency when adherent to the respective
medical device.

A partial alternative method to the latter form of
the rabbit pyrogen test is the limulus amoebocyte
lysate (LAL) assay. The hemolymph of this horse-
shoe crab coagulates when brought into contact with
lipopolysaccharide (LPS)."" The assay can only be
performed with liquid samples, thus again only a
rinsing solution of the biomaterial can be assessed.’
The rinsing solution is prepared with purified water,
with or without a detergent (Tween 20). By detecting
LPS, the LAL detects the most common and most
potent pyrogen known with high sensitivity. How-
ever, it does not detect other pyrogens originating
from Gram-negative or Gram-positive bacteria, such
as lipoproteins, peptidoglycan and lipoteichoic acids,
or other pyrogens of a yet unknown chemical nature,
and it does not reflect the inflammatory potency of
LPS from different bacterial species in a human.”'?

Pyrogens are recognized in the body by mono-
cytes in the blood and by resident macrophages in
the tissues. These cells control the immune response
by releasing cytokines. One of the first cytokines
released is interleukin (IL)-1."* IL-1B was initially
termed an “endogenous pyrogen,” as injection of the
recombinant material into a human or animal
directly initiates a fever response. IL-1B binds to
receptors in the brain where it induces the release of
prostaglandin E, (PGE;), which modulates the
body’s set temperature.'*

The in vitro pyrogen test (IPT) exploits this reac-
tion to detect the presence of pyrogens in a given
sample.'”” Fresh human whole blood or cryopre-
served blood'® is brought into contact with the sam-
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ple and the release of IL-1B is measured by ELISA.
A comparison can be made between the IL-18
response to the sample and the response to different
concentrations of a standard LPS preparation.

The IPT was originally developed as a safety test for
injectable medications. It has recently been validated
as an alternative method to the rabbit pyrogen test in
an international study and is currently discussed for
inclusion into the European Pharmacopoeia.'”

In the present study, we used the IPT to demon-
strate its high sensitivity to detect pyrogenic contam-
inations on small implantable materials by direct
incubation of the sample material with human
blood. We were able to demonstrate spike recovery
as well as to follow the effects of sterilization and
depyrogenization procedures.

MATERIALS AND METHODS

Sample materials

LPS from Escherichia coli strain O-113 (EC-6, a generous
gift from Dr. S. Poole, National Institute for Biological
Standards and Controls, Herts, UK) or Zymosan A (Sigma)
were used as pyrogenic stimuli.

As test implants we used industrially manufactured
Yasargil aneurysm clips made of titanium alloy (Ti6Al4V
according to ISO 5832-3) produced by B. Braun (Aesculap,
Tuttlingen, Germany), which are used for intracranial
aneurysms (Fig. 1). The clips were supplied in y-irradiated
condition in two series, cleaned by different standard
washing processes established for the cleaning of medical
metallic implants. According to limulus amoebocyte lysate

Figure 1. Yasargil titanium aneurysm clip.
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assay measurements done in previous production control
steps, the Yasargil clips show values below 1 EEU (endo-
toxin equivalent unit), well below the accepted safety limit
of 20 EEU.

Handling of aneurysm clips

To obtain a reference point and to evaluate the sensitivity
of the in vitro pyrogen test with regard to these medical
devices, the aneurysm clips and all forceps used were heat-
treated for at least 4 h at 250°C, a well-accepted and highly
effective depyrogenization procedure. Afterwards, some of
the clips were contaminated by incubation in a solution con-
taining of 1 ng/mL LPS overnight. Depyrogenization by so-
dium hydroxide treatment involved incubation of the clips
in 50 mL of 1 M NaOH thrice for 20 min each. Each step was
performed in a fresh 50-mL falcon. The clips were then
rinsed twice with saline.

Standard washing procedures

To evaluate the best practice cleaning procedure for the
clips, clips taken directly from the production line, which
had undergone the standard in-house cleaning process,
were compared with clip samples that had undergone an
alternative cleaning process.

The standard cleaning process entails that the clips are
washed in an ultrasonic bath with an alkaline cleaner
(pH 10), rinsed with de-ionized water, and dried with hot
air. Subsequently, they are washed in alcohol in an ultra-
sonic bath for 10 min and packaged in a cleanroom.

The alternative cleaning process was adapted from the
well-established cleaning procedure for decontamination
of standard surgical instruments in hospitals. In this proce-
dure, the clips are processed for about 90 min at 55°C in
the washing step and up to 95°C in the disinfection step.
In the washing step, the pH-value is in the range of 10-11.

Whole blood incubation with fresh blood

Differential white blood cell counts were routinely per-
formed with a Pentra 60 (ABX Diagnostics, Montpellier,
France) to exclude acute infections of blood donors.

The sample materials (aneurysm clips) were inserted
into 1.5-mL polypropylene reaction vials (Eppendorf) with
heat-sterilized forceps together with 1000 pL isotonic saline
solution (Berlin-Chemie AG) plus 100 uL of LPS diluted in
saline or 100 pL saline as control. A concentration-response
curve for LPS (1000 pL isotonic saline plus 100 pL of LPS
diluted in saline to 12.5, 25, 50, 100, 200, 400 pg/mL LPS)
was set up in the same type of reaction vials in parallel.
This resulted in incubations with a total of 1.25-40 pg LPS
per incubation. 100 pL of heparinized blood freshly taken
from healthy volunteers was added to each reaction vial to
reach a final incubation volume of 1200 pL (the volume of
the aneurysm clips was neglected). The reaction vials were
closed and incubated overnight at 37°C without agitation
(according to the protocol of the Endosafe-IPT kit). Cell-
free supernatants were obtained by centrifugation and

used for cytokine determination immediately or stored at
—80°C. IL-1B determination was performed with the Endo-
safe-IPT kit.

Whole blood incubation with cryopreserved blood

Cryopreserved blood was prepared as described.'®
Briefly, the heparinized blood was precooled in ice water
for 15 min. Clinical grade dimethylsulfoxide (DMSO, Waco
Chemicals) was added to the blood in small amounts to a
final concentration of 10% under constant gentle agitation.
Blood was pipetted as 4 mL aliquots into precooled cryo-
tubes (Nunc) and cooled down to —5°C at a rate of 1°C/
min in a Nicool Plus PC (Air Liquide). The temperature in
the freezing chamber was set to —30°C. The crystallization
temperature was -12°C. When this temperature was
reached, the blood was cooled down to —40°C at a rate of
2°C/min. The blood was given 120 s to stabilize before
being cooled down to —120°C at a rate of 10°C/min. After
freezing, the tubes were removed from the freezer and
stored in the vapor phase of liquid nitrogen (Air Liquide).
After thawing for 30 min at 37°C, the blood was used
essentially as described earlier for fresh blood. Instead of
incubation in saline solution, the cryopreserved blood was
incubated in RPMI 1640 (BioWhittaker, Verviers, Belgium).

RESULTS

Evaluation of pyrogenic activity of
heat-depyrogenized clips

To evaluate the basal pyrogenic activity of the an-
eurysm clip material and to evaluate the sensitivity
of the IPT in this setting, aneurysm clips were
completely depyrogenized by heat-treatment, then
employed in the IPT, and spiked with 100 pL saline
containing no (0 pg), 5 pg or 40 pg LPS from E. coli
0113 for 2 h before addition of fresh blood and incu-
bation overnight (Fig. 2). No IL-1B was released in
response to the uncontaminated clips. The IL-1B
release in response to the clips spiked with 5 pg and
40 pg LPS was comparable (i.e., between 50% and
200% spike retrieval) to IL-1P release in response to
the same amount of LPS in the absence of the clips
(marked by horizontal lines in the figure). Thus, the
clip material (titanium) does not interfere with the
test.

Recovery of LPS, Zymosan A and manual
contamination on heat-sterilized clips

To demonstrate that the IPT can detect different
types of contamination on the titanium alloy, clips
were spiked with the yeast extract Zymosan A or
were manually contaminated by handling by numer-
ous lab workers not wearing gloves.
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Figure 2. Heat-sterilized titanium clips can be tested by
IPT. Clips were sterilized at 250°C for 4 h, and then incu-
bated with 0, 5, or 40 pg LPS in saline. In parallel, a con-
centration response curve of LPS was set up and 100 pL
fresh human whole blood was added to result in a final
reaction volume of 1200 pL. IL-1 was measured in the su-
pernatant after 24 h incubation at 37°C. Data are means *
SEM of blood from four donors. The horizontal line indi-
cates IL-1P release by the respective standard LPS concen-
tration without a clip. According to the standard operating
procedure of the IPT, if the IL-1P release in the sample is
at least 50% of the release in the respective standard LPS
concentration, interference is excluded.

Only microgram quantities of Zymosan A induced
IL-1P release in human whole blood; however, cyto-
kine induction was in the same order of magnitude
in the presence and in the absence of the clips, indi-
cating spike retrieval also of this non-LPS pyrogen
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Figure 3. IL-1B induction by Zymosan A in the absence
or presence of titanium clips. Whole blood incubation with
given amounts of Zymosan A in a total reaction volume of
1200 pL in the presence or absence of titanium clips. Data
are means = SEM of blood from four donors.
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Figure 4. IL-1P induction by manually handled titanium

clips. Titanium clips were contaminated by manual han-
dling by laboratory workers without gloves or with 10 and
100 pg LPS and IL-1B release was measured by ELISA.
Data are means = SEM of blood from three donors.

(Fig. 3). Touching of the clips led to pyrogenic con-
tamination comparable to that of 10 pg LPS, that is,
0.1 EEU, in the absence of the clip (Fig. 4).

Depyrogenization attempts with NaOH
or by rinsing with water

Next to depyrogenization by dry heat treatment,
incubation in sodium hydroxide is known to destroy
pyrogens effectively. Clips were contaminated with
100 pg LPS, then incubated in sodium hydroxide
and rinsed extensively with pyrogen-free water.
Alternately, the clips were contaminated and then
only rinsed with water without contact with sodium
hydroxide. Figure 5 demonstrates that the contami-
nation was completely destroyed by sodium hydrox-
ide but that rinsing with water alone (one way to
prepare an extract for the LAL test) did not readily
solubilize the contamination from the clips.

Evaluation of contamination levels during
production

To evaluate the aneurysm clip production process,
which does not involve heat-sterilization procedures,
clips taken directly from the end of the company’s
standard production line (including the standard
cleaning procedures) were employed in the IPT
(Fig. 6) with and without LPS spikes. The clips dis-
played a low but significant pyrogenic activity eq-
uivalent to between 10 and 20 pg LPS, that is,
between 0.1 and 0.2 EEU (endotoxin equivalent
units) per clip. This activity lies well below the cur-
rently accepted limit of 20 EEU per implant. Interest-
ingly, the pyrogenic activity appeared to synergize
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Figure 5. Depyrogenization of LPS-contaminated tita-
nium clips with sodium hydroxide in comparison to
rinsing with pyrogen-free water. Clips were contami-
nated by incubation with 100 pg LPS. Then clips were
incubated with 1 M NaOH three times for 20 min and
rinsed twice with saline, or they were merely rinsed
excessively with pyrogen-free water. IL-1P release was
determined by ELISA. Data are means = SEM of blood
from three donors.

with the LPS spike of 5 pg, indicating that the resid-
ual contamination may not stem from LPS.

Evaluation of a different cleaning procedure
for production

A second batch of aneurysm clips, which had been
processed by an alternative cleaning procedure es-
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Figure 6. Low contamination of titanium clips during pro-
duction. Titanium clips packaged for sale were employed
directly in the whole blood assay in the presence or absence
of LPS. IL-1B release was measured by ELISA. Data are
means = SEM of blood from four donors.
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Figure 7. Effect of a new cleaning procedure on the basal
contamination of clips during production. Titanium clips
that had been washed with an alternative cleaning proce-
dure were incubated in the whole blood assay in the pres-
ence or absence of LPS. IL-1B release was measured by
ELISA. Data are triplicates of blood from one donor for
each clip. Erythrocytes lysed during the incubation proce-
dure where indicated.

tablished for the decontamination of standard surgi-
cal instruments in hospitals, was tested in the IPT
(Fig. 7). Although the basal contamination of the
clips was slightly lower than that measured in Fig-
ure 6, residues on some of the clips caused lysis of
the erythrocytes in the blood incubation (clips 15
and 17) and interfered with IL-1p measurement.

Comparison of pyrogen detection using fresh
with cryopreserved blood

Clips were spiked with 5 pg LPS and incubated
with fresh blood or cryopreserved blood overnight
(Fig. 8). Although the cryopreserved blood generally
releases a greater quantity of IL-1B than fresh blood,
the sensitivity of both assays was the same. The LPS
spike added to the clips was detected both in the
fresh blood and in the cryopreserved blood (crite-
rion: at least 50% spike recovery).

DISCUSSION

Until now the IPT is established and validated for
the testing of parenterals, that is, liquids.'” In this
study, we attempted to measure pyrogenic contami-
nation of model medical devices, that is, aneurysm
clips, by IPT. To control for possible effects of our
reaction vessels and to allow evaluation of spike re-
covery, a dilution series of a standard LPS prepara-
tion was always set up in parallel in the same reac-
tion vessels. We could show that the titanium of
which the clips are made does not interfere with the
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Figure 8. Comparison of the use of fresh and cryopreserved human blood for pyrogen detection on titanium clips. Heat-
sterilized titanium clips were incubated with or without 5 pg LPS and compared to a concentration response curve to LPS
in fresh (A, quintuplicates of one donor) or cryopreserved (B, quintuplicates of a pool of five donors) blood.

detection of pyrogens. As this may not be the case
for all conceivable biomaterials, interference will
have to be controlled individually for every type of
biomaterial tested. Some materials may display in-
herent pyrogenic activity which would preclude bio-
compatibility.

The test confirmed the high safety level of the prod-
uct used as a model medical device. The reason for
choosing this product for these investigations was its
convenient size: it fits into a 1.5-mL reaction vial. Nat-
urally, other solutions will have to be found for the
testing for large or irregularly shaped biomaterials.
We have already shown in studies to measure air-
borne pyrogens that the total reaction volume of
diluted blood can easily be increased three-fold,'® and
this can probably be increased even further. Also, the
IPT can be performed in closed reaction vials, thus
incubation of larger objects in sealed, pyrogen-free
plastic bags may be a suitable approach.

Our contamination tests showed that titanium sur-
faces are able to bind significant amounts of contam-
inants that are not washed away by mere rinsing
with water. This observation has implications for
other pyrogen tests. As both the rabbit test and the
LAL test are based on rinsing solutions prepared
from the sample materials, it appears that these can-
not adequately reflect the surface contamination of
the material if the pyrogens are not efficiently solubi-
lized, as already suggested by other authors.'” In
line, it has been shown that the addition of a deter-
gent (Tween 20) during rinsing greatly increases the
efficiency of pyrogen extraction.?’ In further studies,
we shall directly compare the pyrogen spike recov-
ery from medical devices attained by these methods.

Depyrogenization of clips with sodium hydroxide
treatment or with dry heat was very effective and
could be followed with the IPT. As treatment with
sodium hydroxide carries the risk of retaining alka-
line residues on the surface of the material, the heat-

treatment is generally preferred, as long as it does
not damage the material.

The experiments performed in this study focused
mainly on LPS, the most prominent and a highly
potent pyrogen. Previous studies have demonstrated
that the IPT can also detect pyrogens other than LPS,
including lipoteichoic acids, fungal spores, yeast
extracts such as Zymosan A.'7'®222 This was con-
firmed exemplarily for the application to biomaterials
discussed here by using samples contaminated with
Zymosan A, manually contaminated samples, and
samples taken directly from the production line. Re-
garding the latter two examples, the nature of the con-
tamination is unknown; however, manual handling
represents a realistic source of contamination in a pro-
duction line. Further studies are required to address
how well other known pyrogens are detected on bio-
materials and whether their binding to a surface alters
their immunostimulatory capacity. The read-out, that
is, IL-1P release by blood, does not allow conclusions
to be drawn on the type of contamination detected;
however, it reflects how the human body would react
to the contamination.

As the pyrogenic activity detected on the clips
was far below the current limits set for implants, it
is evident that the test can be used to evaluate differ-
ent cleaning processes due to its high sensitivity.
When used during the production process, the IPT
can sound a warning before a dangerous contamina-
tion level is reached. The limit at which adverse bio-
logical reactions in humans occur in response to
pyrogen-contaminated medical devices needs to be
defined more precisely now that this sensitive direct
test method is available, and in some cases the cur-
rently accepted limits might be reassessed.

We show that biomaterials may be tested with cryo-
preserved blood as well as with fresh blood. This is
important for users who do not have a constant sup-
ply of fresh blood available for the assay. The cryopre-
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served blood can be produced in large batches which
undergo quality control including screening for HIV
and hepatitis virus. The stability of the cryopreserved
blood over a period of months also ensures a high
comparability between different experiments.'®

In human whole blood IL-1B is released mainly
by monocytes. Therefore, the individual donor’s
monocyte count influences the absolute amount of
cytokine released. These interindividual differences
must be controlled by characterizing the individual
donor’s response or the response of the cryopre-
served blood to a dilution series of standard endo-
toxin in every test procedure.

Flow cytometric studies have shown that approxi-
mately 90% of the monocytes survive the cryopreser-
vation procedure.'® Stimulating fresh or cryopre-
served blood from 10 donors individually with 5 pg
LPS resulted in coefficients of variation in the abso-
lute IL-1p response of 37% and 75% respectively.
This larger interindividual variation in case of the
cryopreserved blood is reduced by pooling blood
from at least five donors before freezing. As shown
previously, this results in a cytokine response that
represents the average of the response of the indi-
vidual donors."

Although it is difficult to correlate problems with
medical devices with pyrogenic contamination retro-
spectively and the awareness for their adverse influ-
ence may not yet be very high, some reports strongly
indicate a role of pyrogens in problematic medical
devices, especially those made of or coated with mate-
rials of biological origin.”*?

Taken together, using a model implantable mate-
rial, we have shown that the IPT can be used to
evaluate pyrogenic contaminations on medical devi-
ces. This assay could lead to a replacement of the
rabbit pyrogen assay for this application and could
improve current safety testing of biomaterials.

We thank Silvia Asmus for technical assistance.
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