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A b s t r a c t: Many factors can affect the characterisation of biomaterials 
during testing. These include drugs administered prior to testing and shear stress on 
blood cells induced by different blood flows and specific blood donor conditions. Some 
of the misconceptions in testing are described here and serve to indicate that a systems 
approach, and not only individual test parameters, is best when testing for biocom-
patibility. 

"Methodology is everything and the devil is in the details", remarked Paul 
Simmons, the current president of the International Society for Stemcell Research, in an 
article in Nature magazine [1]. The article refers to current problems related to the 
reproducibility of data in stem cell research. Reproducibility in in vitro testing is also 
mandatory when selecting polymers for medical device applications. Many mechanical 
and physical engineers are surprised when they realise the enormous standard deviations 
(sometimes between 50 and 100%) of data found in biological or physiological invest-
tigations of biomaterials. The reasons for this are the complexity of physiological 
parameters such as the nature of blood originating from a variety of donors and hour-to-
hour and day-to-day physiological differences. As a consequence, standardisation is a 
conditio sine qua non in biomaterial testing, and knowledge of possible pitfalls is 
absolutely necessary. 

Therefore ISO 10993-4, Biological Evaluation of Medical Devices, Selection 
of Tests for Interaction With Blood, [2] provides a practical tool, including a decision 
tree for use in the selection of appropriate polymers for biomaterial applications. 
However, the interested reader finds in Section 3.1 of ISO 10993-4 the definition of 
blood-device interaction: "Any interaction between blood or any component of blood 
and a device, resulting in effects on blood, or on any organ or tissue, or on the device". 
A note added to this definition further clarifies: "Such effects may or may not have 
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clinically significant or undesirable consequences." This prompts one to ask if effects 
leading to undesirable consequences that are not clinically significant would be helpful 
to the polymer chemist.  

This article provides some observations and examples of the misconceptions 
and pitfalls that exist in testing biomaterials for biocompatibility.   
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Importance of close simulation 
 

The scientific literature offers a quantity of data on biocompatibility 
parameters. Polymers have been tested in relation to their capacity to cause 
coagulation, cell activation, inflammation and hypersensitivity (allergy) as well 
as their effects on the blood vasculature (Figure 1). It is still not yet clear which 
parameter best describes the final clinical situation. Conditions in testing should 
always simulate as closely as possible the clinical situation. Conditions such as 
the polymer surface area in contact with blood, blood flow in hollow fibre 
devices, and device sterilisation should be matched between the testing and the 
clinical situation. For example, blood trauma caused by repeated exposure to 
shear stress in a capillary tube of 1 mm inner diameter led to an irreversible 
stiffening of red cells, yet this effect was less pronounced in continuous shear 
conditions [3]. These observations may apply to blood recirculation experi-
ments using a peristaltic pump and a low volume blood reservoir. In addition, 
miniaturised devices should always be assessed with a blood flow that is 
proportionally reduced to the actual surface area in contact with blood. By this 
means, mechanically induced shear forces remain in the same order of mag-
nitude as those found in the original device. 
 
 

Testing with healthy donors 
 

Biocompatibility testing of polymers for application in medical devices 
is routinely performed with blood from healthy donors. However, medical 
devices are normally employed in patients suffering from a variety of diseases 
or during the administration of medicinal drugs that can interfere with polymer 
properties. It is questionable whether polymer testing with healthy blood 
represents the correct final clinical situation. Some examples originating from 
the application of biomaterials in haemodialysis are provided here to better 
explain this notion. This is a useful application to examine because, to date, the 
majority of publications on the biocompatibility of biomaterials in clinical 
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application deal with haemodialysis. This is no surprise. Chronic exposure of 
blood  to foreign  polymer surfaces  takes place during haemodialysis treatment,  
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Figure 1 – Literature on biocomaptibility parameters and their assessment would 
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because patients are treated thrice weekly for the rest of their lives. Further-

certainly fill a huge living-room. However, a clear-cut opinion in favour of one 
or the other parameter for a concise biomaterial characterisation is still lacking.  

A solution for this dilemma might be the application of a score model which 
incorporates a combination of several representative parameters 

1 ‡ Literatura za biokompatibilnite parametri i nivn
procenuvawe nesomneno }e iсpolni ogromna soba za `iveewe. Sepak,  
strogo definirano mislewe vo polza na eden ili drug parametar 
a koncizna karakterizacija na biomaterijal s# u{te nedostasuva

Re{enie za taa nedoumica mo`e da bide primena na model 
 na bodirawe koj }e inkorporira kombinacija na nekolku 

 reprezentativni parametri 

 

more, polymers for haemodialysis are used for a variety of applications such as 
capillary membranes, dialyser housings, tubing systems and bags for infusion 
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solutions. Thus, they are the most widely used biomaterials in the world. Their 
increasing application in single use devices means that even more biomaterials 
will be used in haemodialysis in the near future. 

Patients with uraemia or with kidney disease experience disorders of 
blood p

 normally 
assessed

Testing and medication 
 

A neglected area in biomaterials testing is the previous or simultaneous 
adminis

mg of aspirin had been administered to the blood donor (Figure 3).  

hysiology, that is, their blood cells and blood composition are different 
from normal blood. White blood cells from uraemic patients show an increased 
oxidative metabolism [4], a decreased antioxidant capacity depending on the 
progress of the uraemia [5], a reduced capacity for phagocytosis [6], and an 
increased number of reticulated platelets [7], which may lead to disturbances in 
the coagulation behaviour of uraemic blood. In addition, the lipid composition 
of uraemic platelets differs from normal thrombocytes [8], which may lead to a 
change in platelet aggregation. The behaviour of platelets in biocompatibility 
testing is extremely important because these cells determine the initial events of 
the blood-clotting cascade. For example, metabolically inhibited platelets do not 
adhere to glass test tubes, whereas their passive adhesion to polypropylene 
tubes remains unchanged [9]. How could this conclusion be reached if biocom-
patibility testing is only performed using blood from healthy donors? 

Experiments on extracorporeal cardiopulmonary bypasses are
 with blood from a calf or a pig. Analyses of blood count in the animal 

model after a prolonged perfusion of up to 7 days [10] proved that species type, 
whether bovine or porcine, had an impact on the haematology profile. Absolute 
values of red cell count were found to be higher in the calf, and normalised 
values were higher in the pig. Leukoctye counts did not behave similarly.  
 
 

tration of medicinal drugs. Drugs such as aspirin or angiotensin-con-
verting-enzyme (ACE) inhibitor may interfere with results on biocompatibility 
parameters to the extent that a clear-cut conclusion on whether or not a material 
is biocompatible cannot be drawn. Two examples illustrate this notion. After the 
administration of aspirin, the enzyme cyclooxygenase I is blocked. As a conse-
quence, the formation of prostaglandins from arachidonic acid derived from 
activated cell membranes is also blocked and the thromboxanes A2 or B2 are not 
formed (Figure 2). The analysis of aspirin effects on the formation of throm-
boxane by different biomaterials used in haemodialysis such as polymethyl-
methacrylate (PMMA) and cellulose showed that the formation of thromboxane 
was halved with PMMA and completely blocked with cellulose [11] when 1000 
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Figure 2 – Aspirin blocks the action of cyclooxygenase I on arachidonic acid 
 fr m activated cell membranes. As a result, thromboxane and prostacyclin  

S a 
 na arahidonsk na membrana.  

 second example relates to the beha materials bearing a 
defined negative charge density, for example, the blend between polyacry-
lonitrile

o
are not formed. Aspirin administration to blood donors, therefore, affects 

 biocompatibility assessment of biomaterials 

lika 2 ‡ Aspirinot go blokira dejstvoto na ciklooksigenazat
ata kiselina na aktiviranata kleto~

Kako rezultat na toa tromboksanot i prostaciklinot  
ne se sozdavaat. Kako posledica na toa, davawe na aspirin 

 na d sta onorite na krv vlijae  na procenkata na biokompatibilno
 na biomaterijalite 

 
A viour of bio

 and methallylsulphonate employed as a polymer for capillary mem-
branes for haemodialysis. Negative surface charges are able to stimulate the 
contact phase of coagulation, depending on charge density. As a consequence, a 
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cascade is initiated. This includes the formation of bradykinin, which is a nonapep-
tide that is able to down-regulate blood pressure through prostaglandin forma-
tion (Figure 4). It is fortunate that in the healthy human, the half-life of 
bradykinin is extremely short because of the activity of ACE. However, when 
ACE inhibitors are administered for medical reasons, the degradation process of 
ACE is inhibited and down-regulation of blood pressure is observed. This effect 
is dose-dependent, as shown in a sheep model (Figure 5, [12]). 
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Figure 3 – Thromboxane forma n by means of blood/material 

 Interaction  is affected by aspirin, whereby the level of reduction 

 na kr ot, 

 

 

tio

 of thromboxane formation depends on the polymer type [11] 
 

Slika 3 ‡ Formiraweto na tromboksanot  so pomo{ 
v/materijal interakcijata e afektirana od aspirin

 pri {to nivoto  na namaluvaweto na formiraweto  
na tromboksanot zavisi  od tipot na polimerot [11] 
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Figure 4 – Negatively charged biomaterials activate the contact phase 
 of coagulation. The degree of activation depends on charge density. As a result, 

bradykinin is formed and blood pressure is down-regulated. Normally  
the h ting 

kontak avisi  
o

 

Thi the future 
should involve investi red medicinal drugs. 

alf-life of bradykinin is short, due to the presence of angiotensin-conver
enzyme-form tissue. In the presence of ACE-inhibitors, bradykinin  

degradation is inhibited and blood pressure down-regulation occurs 
 

Slika 4 ‡ Negativno napoenite biomaterijali ja aktiviraat  
t fazata na koagulacijata. Stepenot  na aktivacijata z

d gustinata na nabojot. Kako rezultat na toa se formira 
bradikininot i krvniot pritisok e ponisko reguliran.  
Normalno polu`ivotot na bradikininot e kratok kako 

 rezultat na prisustvoto na tkivniot angotenzin konvertira~kiot 
enzim. Vo prisustvo na ACE-inhibitorite razgradbata 

 na bradikininot  e inhibirana i se pojavuva poniska  
regulacija na krvniot pritisok 

s indicates that biocompatibility testing of biomaterials in 
gations on simultaneously administe
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Old and new medicinal drugs may express synergistic effects between polymer 
composition and physiological cascades of the body, which can ultimately lead 
to adverse clinical events. 
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Figure 5 – Down-regulation of systolic blood pressure with negatively charged 
 biomaterials depends on the presence of ACE-inhibitors in a dose-dependent manner, 

as shown in a sheep model. Blood pressure drop is partially counterbalanced 
 here by an increased heart rate 

 n   
na model na ov sok e delumno  

kon tо 
  

A ral phy-
sio i-

tion pathways, depend on the presence of Ca  or Mg  ions. The use of 
sodiumcitr  

Slika 5 ‡ Poniska regulacija na sistolniot krven pritisok 
 so negativno napoenite biomaterijali zavisi od prisustvoto 
a ACE inhibitorite vo dozno zavisen na~in, kako {to e poka`ano

ca. Padot na krvniot priti
trabalansiran со porаstot na фреквенцијаtа на рабоtаtа на srce

nticoagulants may also affect biocompatibility testing. Seve
logical cascades such as complement and coagulation, as well as cell act

2+ 2+va
ate as an anticoagulant affects the release of the enzyme elastase

from white blood cells, reduces complement activation and blocks the coagu-
lation cascade, depending on the polymer under investigation [13]. 
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Liquids for testing for extractables 
 

"Blood is a very peculiar liquid," stated Mephisto to Faust in the drama 
Faust, by the German writer Johann Wolfgang von Goethe. Indeed, blood, 
which contains electro  apart from water, is 
capable of extracting l devices in a highly 
efficien

loytes, enzymes, lipids and proteins
leachables from p lymers or medicao

t manner. Consequently, biomaterial testing should always examine 
extraction capacity with the help of appropriate extraction media. One reason 
for the occurrence of extractables is a shift to broader molecular weight 
distribution during polymer synthesis (Figure 6). Polymer ageing adds to the 
source of extractables as well as the degradation of some polymers in a wet 
atmosphere or after some sterilisation procedures.  

 

MolecularMolecular WeightWeight Distribution of a PolymerDistribution of a Polymer
GPC- Analysis

12 10 8 6 4 2 0

Chemically
modified polymer
(endproduct) Polymer at start of reactions

Retention time      min
 

Figure 6 – The GPC analysis of polymer formation shows a broadening 
 of the polymer´s molecular weight distribution at the end of reaction. This effect 
 may give rise to extractable material which may leach out in contact with blood 

Slika 6 ‡ GPC analizata na formiraweto na polimerite poka`a 
pro{i e na te`inata na distribucijata na molekulite 

 na po vod  
ruvaw

limerot na krajot od reakcijata. Toj efekt mo`e da dade po
za ekstraktibilniot materijal koj mo`e da  iste~e vo kontakt 

 so krvta 
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ISO 10993-12 prescribes those extraction media that should be used for 
the i late 
the ex imise 
th f 
extra  for 
extraction to be simulated effective

 media with serum.  

d even fatal
dences he 
scientifi

n later be extracted 
from medical devices and accumulated in patients associated with adverse 
clinical 

pecifi-
cities, anticoagulants, physical conditions of blood flow and drugs administered 
to the blood donor. Consequently, a simple and clear-cut analysis of testing 
results is difficult and somet table. Testing polymers and 
other biomaterials for their application in medical devices should always be 
perform

 ISO 10993-4 Biological evaluation of medical 
evices. Part 4: selection of tests for interactions with blood. 2nd Edition. ISO, 2002, 
0–15. 

solation of leachables [14]. Solvents, selected as extractants, "shall simu
traction which occurs during clinical use of the device and/or max

e amount of extract." For a reliable extraction of all leachables three types o
ctants should be used, and using all three allows the blood properties

ly: 
1. Polar media such as water, saline (0.9% NaCl) or culture media 

without serum derived from cell culture technologies;  
2. Nonpolar media such as vegetable oil (cotton seed or sesame oil);  
3. Mixtures of ethanol-water, polyethyleneglycol 4000 (PEG 4000), 

dimethyl-sulfoxide (DMSO), or culture
 
Recently, severe adverse clinical events [15, 16] an  inci-
[17] originating from extractable material have been reported in t
c literature. These data show that aged polymers [15], degraded poly-

mers [16] or liquids used for device integrity tests during the manufacturing 
process [17] may give rise to extractable material. This ca

events. In many of these cases analyses are extremely time-consuming 
because the correct extractant has not been applied in the first instance.   

 
 

Recommendations 
  
It has been shown that a series of factors may interfere with the bio-

compatibility performance of polymers. Among these are blood donor s

imes even unpredic

ed as a systems approach taking into account a series of side-effects. 
The development of a score model [18] which summarises several impact fac-
tors at a time may be a solution. 
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R e z i m e 
 

TESTIRAWE NA BIOMATERIJALI ZA PRIMENA 
VO VE[TA^KITE ORGANI: VLIJANIETO NA POSTAPKITE, 

MO@NOSTITE NA DONORITE I PACIENTITE 
 

 
 

Mnogu faktori mo`at da vlijaat na karakterizacijata na biomate-
rijalite za vreme na testirawet ~uva lekovi davani pred testi-
raweto i go deli stresot vrz krv  predizvikan od razli~ni krvni 
protoci i gre{nite 
fa}awa v a sistem-
kiot priod, a ne samo poedine~nite parametri na testot, e najdobar koga ja 
estira

estiraweto e isto zadol`itelna koga se 
izbiraa

ilo komponenta od krvta 
i uredo

Vienken J. 
 

BioSciences, Fresenius Medical Care, Bad Homburg, Germany 

o. Toa vklu
nite elii}

 specifi~ni sostojbi na krvta na donorot. Nekoi od po
o testiraweto se opi{ani ovde i slu`at da uka`at deks

s
t me biokompatibilnosta.  

„Metodologijata e sè i |avolot e vo podrobnostite“, zabele`al Pol 
Simon, sega{niot pretsedatel na Me|unarodnoto zdru`enie za istra`u-
vawe na mati~ni kletki, vo tekstot vo spisanieto Nature [1]. Tekstot se 
odnesuva na sega{nite problemi koi se odnesuvaat na mo`nosta za reprodu-
cirawe na podatocite vo istra`uvaweto na mati~nite kletki. Mo`nosta 
za  reproducirawe vo in vitro t

t polimeri koi se primenuvaat vo medicinskite uredi. Brojni 
ma{inski in`eneri i fizi~ari se iznenadeni koga gi sogleduvaat ogrom-
nite standardni devijacii (ponekoga{ pome|u 50 i 100 %) na podatocite 
najdeni pri biolo{kite ili fiziolo{ki istra`uvawa na biomaterija-
lite. Pri~inite za toa se vo slo`enosta na fiziolo{kite parametri kako 
{to e prirodata na krvta {to poteknuva od razli~ni donori i fiziolo{-
kite razliki od ~as vo ~as i od den do den. Kako posledica, standardiza-
cijata e conditio sine qua non vo testiraweto na biomaterijalite i poznava-
weto na mo`nite zamki e apsolutno potrebno.  

Zatoa, ISO 10993-4, Biolo{ka evaluacija na medicinski uredi, 
selekcija na testovi za interakcija so krv [2] pretstavuva prakti~no 
alatka, vklu~uvaj}i steblo na odluki za upotreba vo odbirawe na pogodni 
polimeri za primena na biomaterijali. Sepak, zainteresiraniot ~itatel 
vo delot 3.1 od ISO 10993-4 }e najde definicija za interakcija na krvta i 
uredot: „Sekoja interakcija me|u krvta ili koja b

t, pri~inuva posledici na krvta, ili na bilo koj organ ili tkivo, 
ili na uredot“. Zabele{kata dodadena na taa definicija ponatamu raz-
jasnuva: „Takvi efekti mo`at ili ne mo`at da imaat klini~ki zna~ajni ili 
nesakani posledici.“ Toa doveduva do pra{aweto dali efektite koi vodat 
do nesakani posledici {to ne se klini~ki zna~ajni }e im bidat od pomo{ 
na hemi~arite za polimeri.  
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Ovaa statija dava nekoi opservacii i primeri na pogre{nite pret-
stavi i zamki {to postojat pri testirawe na biomaterijali za biokompati-
bilnost. 
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