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1. Introduction 

ABSTRACT 

Background: The dialysis patient is confronted with hundreds of litres of dialysis solution per 
week. which pass the natural protective barriers of the body and are brought into contact with 
the tissue directly in the case of peritoneal dialysis or indirectly in the case of renal dialysis 
(hemodialysis). The components can be tested for living specimens or dead pyrogenic (fever
inducing) contaminations. The former is usually detected by cultivation and the latter by the 
endotoxin-specific Limulus Amoebocyte Lysate Assay (LAL). However, the LAL assay does not 
reflect the response of the human immune system to the wide variety of possible pyrogenic 
contaminations in dialysis fluids. Furthermore. the test is limited in its sensitivity to detect 
extremely low concentrations of pyrogens, which in their sum result in chronic pathologies in 
dialysis patients. The In vitro Pyrogen Test (IPT) employs human whole blood to detect the 
spectrum of pyrogens to which humans respond by measuring the release of the endogenous 
fever mediator interleukin-l r~ . Spike recovery checks exclude interference. The test has been 
validated in an international study for pyrogen detection in injectable solutions. Methods: In 
this study we adapted the IPT to the testing of dialysis solutions. Results: Preincubation of 
50 ml spiked samples with albumin-coated microspheres enhanced the sensitivity of the 
assay to detect contaminations down to 0.1 pg/m I LPS or 0.001 EU/ml in water or saline and 
allowed pyrogen detection in dialysis concentrates or final working solutions. Conclusions: 
This method offers high sensitivity detection of human-relevant pyrogens in dialysis solutions 
and components. 

The word "pyrogen" comes from the Greek word "pyros" 
meaning "fire". Pyrogens induce an inflammatory response 
characterized among other symptoms by a fever reaction. 
Most known pyrogens are of microbial origin. They include 
bacteria, yeasts and fungi and their components. The best 
known pathogen-associated molecular patterns (PAMPs) 
responsible for the pyrogenic reaction are lipopolysaccharide 
(LPS, endotoxin) from Gram-negative bacteria, Iipoteichoic 
acid (LTA) and peptidoglycan (PGN) from Gram-positive 
bacteria, but also dusts and other organic and inorganic 
particles may have pyrogenic qualities. 

Rena[ dialysis patients are exposed to hundreds of litres of 
dialysis fluids every week with the dialysis membrane being 
the only barrier between the fluid and the blood stream. 
Although these membranes prevent whole bacteria from 
passing into the blood stream, they display variable efficiency 
in holding back pyrogens (Ledebo, 2004). The maximum 
pyrogen content of dialysis fluids is defined by various 
pharmacopoeias and the MMI (Association for the Advance
ment of Medical Instrumentation) and ranges between 0.03 
(ultrapure) and 2 endotoxin units per ml (Ward, 2004). These 
limits were likely defined based on the sensitivity of the 
detection methods available at the time. The use of ultra pure 
water is today considered state of the art (Ledebo, 2004). 
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The content of the best known and highly potent pyrogen 
LPS can be measured by Limulus Amoebocyte Lysate Assay 
(LAL). This method exploits the immune defence reaction of 
the Limulus crab's hemolymph, which coagulates when in 
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contact with LPS. The most sensitive variants of this method 
detect 3 pg/m I LPS, i.e. 0.03 EU/ml. However, this method has a 
number of drawbacks: other pyrogenic molecules are not 
detected; numerous substances interfere with the assay and 
the test reflects rather the amount of LPS than its actual 
inflammatory potential in humans. Regarding the latter point, 
we and others have shown that LPS from different species 
differ greatly in their immunostimulatory potential in humans 
(Fennrich et aI., 1999; Darveau et aI., 2004; Dehus et aI., 2006). 

The In vitro Pyrogen Test (IPT) is an alternative test which 
models the human fever reaction (Hartung and Wendel, 
1996). In the human body, pyrogens are recognized by 
pathogen recognition receptors (PRR) on monocytes in the 
blood and macrophages in the tissues. In response they 
release proinflammatory cytokines such as IL-l r->" TNFu and 
IL-6 into the blood stream. These bind to receptors on the 
blood-brain barrier and cause the release of prostaglandin E2 
in the brain, which in turn changes the temperature set-point 
in the hypothalamus, setting off the fever response (Dinarello, 
2004). The IPT detects the release of the proinflammatory 
cytokine IL-l r', in human whole blood in response to 
pyrogenic contaminations in test samples. 

The test was originally developed for safety testing of 
parenterals and has been internationally validated for this 
application (Hoffmann et al., 2005; Schindler et aI., 2006). 
Further developments include safety testing of biomaterials 
(Mazzotti et aI., 2007), the evaluation of the inflammatory 
burden in the air (Kindinger et aI., 2005), which is associated 
with the development of chronic obstructive lung diseases, 
and special adaptations for pyrogen testing in immunomo
dulatory or toxic medications, e.g. injectable cortisone or 
chemotherapeutics (Daneshian et aI., 2006). In the latter 
study we described the use of albumin-linked beads to bind 
LPS or other pyrogens in the sample. This allowed the 
separation of the pyrogens from the interfering sample. The 
method was termed AWl PT (adsorption, washing and in-vitro 
pyrogen test). 

In the present study we adapted the AWl PT further to 
allow the detection of extremely low concentrations of 
pyrogens in dialysis fluids by accumulating pyrogenic spikes 
added to large volumes of fluid on the albumin-linked beads. 
Furthermore, this adaptation allowed the detection of pyro
gens in the dialysis concentrates and the workings solutions. 
This adaptation, termed AcWIPT (accumulation, washing and 
in vitro pyrogen test) shall allow a better evaluation of the total 
pyrogenic activity the patient is exposed to per dialysis cycle. 

2. Methods 

2.1. Pyrogens 

Endotoxin (LPS) from Escherichia coli 0-113 (EC-6, a kind 
gift from Dr. S. Poole, National Institute of Biological Standard 
and Controls, Herts, UK) was used. 100 pg of this LPS are 
defined as 1 endotoxin unit (EU) (Poole and Mussett, 1989). 
LTA from Staphylococcus aureus was isolated and prepared in
house as described previously (Morath et aI., 2001). Spike 
concentrations described in the text and figures always refer 
to the concentration in the sample solution. E. coli and S. 
aureus were cultivated in Luria-Bertani medium and har
vested at the exponential growth stage. 
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Table 1 
Composition of hemodialysis fluids 

2.2. Samples 

Hemodialysis fluids 204, 278, 294, 751, 787 and 200 as 
well as peritoneal dialysis fluids Gambrosol trio 10 and 
Gambrosol trio 40 were gifts from Gambro Healthcare, 
Stockholm, Sweden. Their contents are listed in Tables 1 and 
2. In the case of the hemodialysis fluids the working dilution 
is 1/35. The glucose concentrations of peritoneal dialysis 
solutions were adjusted to 1.5% or 2.5% or 3.9% (w/v), as 
administered to dialysis patients. The fluids and solutions 
were spiked in their working concentrations. 

2.3. In vitro pyrogen test OPT) 

Heparinized blood was drawn from healthy donors by 
venous puncture. Differential blood cell counts were routinely 
performed to rule out acute infections (Pentra 60, ABX 
Diagnostics). 100 ~tl test sample was diluted with 1 ml 0.9% 
saline and incubated with 100 ~tl blood over night at 37 DC and 
5% CO2 in a 1.5 ml polypropylene reaction vial. After 
incubation, samples were resuspended and spun down 
(2 min at 13,000 g) and supernatants were stored at -80 DC 
until cytokine measurement. Interleukin-l r~ was quantified 
using an in-house sandwich ELISA based on a matched 
antibody pair (R&D Systems). Binding ofbiotinylated antibody 
was quantified using streptavidin-peroxidase (Biosource) and 
the substrate 3,3',5,5'-tetramethylbenzidine (Sigma-Aldrich). 
Recombinant IL-l r-'> was a generous gift from Dr. S. Poole 
(NlBSC). 

2.4. Preparation of albumin beads 

Macroporous acrylic beads (Eupergit, Degussa) decorated 
with human serum albumin, fraction V (low endotoxin) 
(Serva, Heidelberg, Germany) via covalent carboxyl linkage as 

Table 2 
Composition of reconstituted peritoneal dialysis solutions 
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described previously (Zimmermann et aI., 1999; Zimmer
m ann, 2000) were provided by Fresenius Hemocare (St. 
Wendel, Germany) in vacuum sealed, sterile cartridges. 
Approximately 2.5 g were transferred into 50 ml polypropy
lene tubes (Greiner) and rinsed with 50 ml 0.9% saline (Berlin 
Chemie) to remove residual unbound albumin. After sedi
mentation of the beads, the supernatant was removed. In 
initial experiments, the beads were rinsed with 50 ml 
priming solution (4 mM ~, 1.75 mM Ca2

+, 0.5 mM Mg2
+, 

106.5 mM cr, 134 mM Na+, 36 mM HC03, 5.7 mM citrate, 
6.2 mM dextrose, pH 7.2, provided by Fresenius Hemocare). 
40 ml of supernatant was removed and 2% v/v DMSO (Cryo
sure, WAK Chemie) was added. In later experiments, these 
steps were omitted and beads were used directly after 

- sedimentation without further treatment. 

2.4.1. AWIPT (adsorption, washing and in-vitro pyrogen test) 
The AWIPT was performed as described (Daneshian et aI., 

2006). 
Adsorption: 100 1-11 bead suspension was incubated with 

100 pI sample or LPS spike in a 2 ml reaction vial at 4 ·C 
horizontally overnight. 

Washing: 1 ml saline (Sigma, cell culture grade) was added 
to the beads, then removed using a suction pump after 
sedimen tation. This procedure was repeated three times with 
clinical saline solution. 

I PT: the whole blood incubation protocol (see above) was 
adapted as follows: to each bead-containing tube, 250 1-11 
saline (Berlin Chemie) and 100 1-11 heparinized blood of a 
healthy donor were added, and incubated over night at 37 ·C 
in the presence of 5% CO2• 

2.4.2. AcWIPT (accumulation, washing and in vitro pyrogen test) 
Accumulation: 100 1-11 bead suspension was transferred to 

a 50 ml reaction tube (Greiner bio-one). 50 ml sample with or 
without LPS spike was added to the beads, and the tube was 
rolled over night at room temperature to allow efficient 
adsorption. The washing and IPT procedure was identical to 
that described for the AWIPJ'. 

2.4.3. IAL (Umulus amebocyte lysate test) 
LAL testing was performed by using a kinetic, chromogenic 

endpoint LAL kit (Charles River Endosafe, Charlston, SC, VSA) 
following the manufacturer's instructions. 

2.5. Data analysis 

According to the standard operating procedure of the IPT, 
the IL- l l3 secretion in response to the LPS spike 'must be 
greater than the mean of the control samples plus three 
times their standard deviation for the test to be valid. A 
sample is deemed interfering with pyrogen detection if the 
sample spiked with LPS induces IL-l l3 release that is less than 
50% or more than 200% of IL-l f:l released in response to the 
same spike concentration in the absence of sample. 

2.6. Statistics 

Data are presented as means±SEM. Statistical significance 
was determined using GraphPad Prism 3.0 (GraphPad soft
ware,San Diego, V.SA). Groups were compared by one-way 

ANOVA followed by Dunnett's multiple comparison test. *, 
p < 0.05; **, p < O.Ol in comparison to the control. 

3. Results 

3.1. Lack of requirement for priming of beads 

The original protocol developed for preparing the albumin 
beads required them to be "primed" before use by incubation 
and washing in a special solution. As this procedure is time
intensive and beads are lost by repeated washing, we 
evaluated whether this procedure is necessary to enable the 
beads to absorb pyrogens. Comparison of cytokine induction 
in whole blood induced by incubating previously unprimed or 
primed beads with different concentrations of LPS, LTA or 
zymosan and then with whole blood showed higher absolute 
amounts of IL-l /3 induced in the unprimed beads while the 
curve shapes were the same and the controls remained non
stimulatory (Fig. 1). Therefore, all further experiments were 
performed with unprimed beads. 

3.2. Highly sensitive detection of pyrogens by AcW/PT 

To test the sensitivity of the AcWIPT method in compar
ison to the AWl PT and the standard IPT, we incubated beads 
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Fig. 1. Treatment of albumin-linked beads with priming solution does not 
increase LPS binding capacity. LPS from E. coli 0113 (in EU/ml. 1 EU g 100 pg/ 
ml), LTA from S. aureus and Zymosan A (both in ~g/ml) were detected by 
AWl PT after albumin-linked beads had (A) or had not (B) been treated with 
priming solution. Note the different scales of the Y-axis. Data are mean 
±range. n =3 representing three independent experiments. 
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Fig. 2. The sensitivity of the AcWIPT procedure for pyrogen detection far 
exceeds that of the IPT and the AWIPT. Pyrogen-free water or saline was 
spiked with the given concentrations of LPS from E. coli 0113 and employed 
in the standard IPT (A). the AWIPT (8) and the AcWIPT (C) procedure. Data are 
means±SD. n=3 pooled from three independent experiments. *. p<0.05 ; **. 
p <0.01 in comparison to the control. Only first concentrations that are 
significantly different from controls are marked. 

with a serial dilution series of LPS in water or saline according 
to the different developed protocols and measured IL-l f~ 
release in human blood. Although the AWIPT procedure led to 
increased levels of IL-l r~ release in comparison to the IPT, the 
sensitivity remained approximately the same (25 to 50 pg/ml 
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LPS. i.e. 0.25 to 0.5 EU/ml LPS). Increasing the volume of 
sample combined with rolling during the preincubation step 
at room temperature allowed the detection of LPS spikes as 
low as 0.1 to 0.2 pg/ml LPS or 0.001 or 0.002 EU/ml in saline or 
water respectively (Fig. 2). 

3.3. Spike recovery of LPS in diluted dialysis concentrates and 
solutions by AcWIPT 

Hemodialysis concentrates interfere with pyrogen testing. 
probably due to their osmolarity and potassium content 
known to inhibit caspase-l. which processes pro-IL-lf'> to IL-
1['> for secretion (Walev et al.. 2000). The AcWIPT procedure 
enabled LPS spike recovery in two of the undiluted 
hemodialysis concentrates tested and of the LTA spike in all 
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I f, induction by all unspiked samples was below the detection limit of the 
ELlSA (3.4 pg/ml). 

of the concentrates. The working dilutions produced excel
lent spike recovery in all solutions, whereas the 1:3 dilution 
also affords a sufficient spike recovery (Fig. 3). Thus this assay 
is sensitive to 0.3 pg/ml LPS in diluted hemodialysis fluids, 
whereas no dilution is necessary for detection of LTA in these 
fluids. 

Reconstituted peritoneal dialysis solutions were also 
subjected to the whole blood assay (Fig. 4). In the AcWIPT 
assay, the peritoneal dialysis solutions did not interfere either 
with LPS or with LTA spike recovery: the amounts of IL-l ~~ 
induced upon stimulation with 0.1 pg/ml spike (AcWIPT) or 
50 pg/m I spike (AWl PT) are not significantly different from 
those induced in saline. 

Notably, neither the hemodialysis fluids nor peritoneal 
fluid solutions induced detectable IL-l f~ without being spiked 
with pyrogens. 

3.4. Detection of living microbes using ffYf by AcWffYf 

In addition to the experiments aiming to recover pyrogens 
(LPS, LTA) we also tested the adsorption and detection of 
living microbes, i.e. E. coli and S. aureus. As shown in Fig. 5 
there was a tenfold improvement of the detection limits for 
both specimens in the AcWIPT over the IPT assay . 

3.5. Recovery of low concentrated LPS spike with LAL 

Hemodialysis and peritoneal dialysis fluids and solutions 
were spiked in working concentrations with 1 pg/ml LPS and 
the spike recovery was tested in a commercially available LAL 
kit. The spike could be recovered in six of twelve spiked 
samples. In the other six samples the recovery was below the 
50% marker (Fig. 6). 

4. Discussion 

Some outbreaks of sterile peritonitis in dialysis patients 
have been traced back to endotoxin contaminations 
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l,AL assay: spiked dialysis fluids and solutions 
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Fig. 6, Spike recovery in hemodialysis and peritoneal dialysis fluids and solutions by LAL Hemodialysis fluids (given in numbers) and peritoneal dialysis solutions 
(GlO's arid G40 's) were spiked in working concentration with 1 pg/ml LPS and subjected to LAL assay, The endotoxin values recovered in the samples were 
calculated by comparison with the concentration response curve of the LAL endotoxin stafldard, Data are pooled from two independent experiments (n=4), 

(Karanicolas et aI., 1977; Mangram et al.. 1998). Although 
variants of the !AL test have a sensitivity of about 3 pg/ml LPS. 
this test does not detect pyrogens other than LPS or reflect the 
different pyrogenic activity of LPS from different species. This 
is especially pertinent with regard to the most prominent 
contaminant of water: Pseudomonas aeruginosa. The LPS of 
this bacterium is half as potent as the LPS standard used in the 
!AL, but 1000 fold less pyrogenic than that LPS in human 
whole blood (Dehus et al.. 2006). This means that Pseudo
monas LPS in water samples is overestimated by a factor of 
about 500 in the !AL. This observa~ion is especially relevant 
when one considers that 80% of pyrogen tests are done on 
water samples used for preparation and production of 
parenterals and dialysis solutions. 

Furthermore, Gram-positive bacteria and the yeasts, 
which can form biofilms that are highly resistant to disinfec
tion treatment. are likely to be culprits in causing symptoms 
in dialysis patients. A prominent example in which dialysis 
solutions caused aseptic peritonitis was traced back to 
contaminations with peptidoglycan from a Gram-positive 
bacterial biofilm (Martis et aI., 2005). The fact that neither the 
in vivo rabbit pyrogen test nor the !AL were positive for these 
solutions highlights the relevance of employing an assay that 
can detect all pyrogens that are relevant for humans (Martis et 
aI., 2005). It has been estimated that 20 to 50% of the 
cytokine-inducing activity in dialysis fluids stems from non
LPS contaminants (Ward, 2004). 

In this study. we expanded the application of the In vitro 
Pyrogen Test by increasing its sensitivity drastically. This was 
achieved by building on the concept of binding pyrogens in 
solution to immobilized albumin described previously (Dane
shian et al.. 2006) and increasing the sample volume to allow 
accumulation of low pyrogenic spikes on the beads. A fine 
concentration response curve of known concentrations ofLPS 
performed with blood from the same donors in parallel to the 
testing of an unknown sample allows an estimate of the 
concentration of pyrogen contained in that sample. 

The test was simplified by omitting washing and priming 
of the beads which were shown to be unnecessary for the 
detection ofLPS or of LT A from Gram-positive bacteria and the 
yeast extract zymosan. Spike recovery of only 5 pg LPS in 
50 ml of any of the dialysis solutions measured was possible. 
proving that a concentration of at least 0.1 pg/ml LPS would 

have been detected. This is far below the current require
ments of 0.3 EU/ml (i.e. 30 pg/ml LPS 0113) for ultrapure 
dialysate. Possibly, the fact that the binding step was 
performed at room temperature under rolling improved the 
spike recovery in comparison to the AWIPT procedure. 

The albumin-coated beads were originally developed to 
adsorb endotoxin from the blood of septic patients (Zimmer
mann et aI., 1999; Ullrich et al.. 2001; Staubach et al.. 2003). 
Binding components other than albumin might further 
increase the sensitivity of the assay. however. as the nature 
of many pyrogens is not yet known. it is not clear. how this 
would limit the spectrum of detectable pyrogens. However, it 
should be considered whether these albumin-linked beads 
could be used as an additional fi lter in the production of the 
dialysate. 

Assuming that a patient is exposed directly or indirectly 
to 200 I of fluid per session and that 100% of the pyrogenic 
load passes the dialysis membrane, dialysis fluid that does 
not induce cytokine release in an AcWIPT assay with a 
sensitivity of 0.1 pg/ml LPS (i.e. 0.001 EU/ml). would contain a 
total pyrogenic burden of less than 2000 endotoxin equiva
lent units (EEU). Assuming a body weight of 70 kg, this 
amounts to 3 EEU/kg. Pyrogen tests for parenterals must be 
able to detect pyrogenic contaminations that would result in 
5 EEU/kg as this is considered the fever threshold. This 
comparison demonstrates that only now. for the first time. 
the AcWIPT procedure allows pyrogen detection in dialysis 
fluids with a sensitivity that is high enough to truly rule out a 
systemic fever reaction. Regular testing of dialysis fluids with 
a method of this sensitivity combined with the use of a 
modern dialysis membrane that is less permeable to 
pyrogens could ensure the safety and preserve the health of 
dialysis patients. 
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