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Though formal definitions of “blood 
compatible” have been published, blood 
compatibility is generally defined by 
performance in a specific test or 
application.

- Fundamentals to understanding blood-materials testing

- Actual results

Let’s discuss:
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Part I

blood and blood reaction to materials (the biology)

Blood Compatibility
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Devices and Materials Used in contact with blood

Pacemaker
Vascular Graft
Heart Valve
Stent
Artificial Heart
Left Ventricular Assist Device (LVAD)

In vivo

In vitro

Ex vivo

Diagnostics and sensors
Tubing
Blood bags

Catheters
Guidewires
Sensors (implanted)
Extracorporeal Oxygenation
Artificial Kidney (Hemodialysis)
Feminine Personal Care Products
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Medical Devices Interact with blood from minutes to  years

Catheters
Guidewires
Sensors
Pacemaker
Vascular Graft
Heart Valve
Stent
Extracorporeal Oxygenation
Artificial Kidney
Artificial Heart
Left Ventricular Assist Device (LVAD)

Min-days
Min-hrs
Min-months
10 yrs
lifetime
lifetime
lifetime
hrs
hrs
10 yrs
Days-yrs

Blood contact time
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• CVD was listed as a primary or contributing cause on about
1,400,000 death certificates.

• 700,000 strokes each year —Stroke is the U.S. No. 3 killer
• total economic costs = $175 billion
• 1600 heart transplants/year; 40,000 could benefit

but there are insufficient numbers of donors
• treatment costs = 40,000 x $200 K = $10 billion/year
• palliative CV treatment (last 6 months of life) = $9 billion

Economic Considerations(U.S.)
Cardiovascular disease (CVD) and biomaterials

Number of vascular grafts/yr.
Heart valves
Cardiovascular catheters
Stents
Heart assist devices

250,000
100,000

3,000,000
1,500,000+

10,000+
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2000 estimates- worldwide , Data of M. Lysaght

World Maintenance Hemodialysis Cost

Billions
of dollars

500

The nineties

Gold in
Fort Knox

Therapy cost-
Dialysis Patients

1990-1999

Total Wall
Street IPOs
1990-1999

$175

$430

$362
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Blood Compatibility - Clinical Manifestation

• Small diameter vascular grafts fail early due to thrombotic occlusion.
• Embolic complications are noted with artificial hearts and LVADs
• Embolic problems are frequently observed with catheters
• Non-tissue heart valves require lifelong anti-coagulation
• Sensors fail due to thrombus formation
• Long-term implants in the bloodstream are seen to be continuously

platelet consumptive
• Significant blood damage observed during extracorporeal oxygenation

& hemodialysis
• Stents must be treated with systemic pharmacologic strategies
• Venous prostheses cannot be made at all.
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Blood: An overview of
issues relevant to blood compatibility

• Composition
cellular elements
protein elements

• Viscosity and Flow 
• Reactions of blood and blood elements with...

enzymes (coagulation)
other cells
synthetic surfaces
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The composition of blood

8% of body 8% of body 
weightweight

45%
formed

elements
(cells)

55%
plasma

other solutesother solutes
1.5% 1.5% 

proteinsproteins
7% 7% 

waterwater
91.5% 91.5% 

erythrocyteserythrocytes
5 million/mm5 million/mm33

leucocytesleucocytes
7,000/mm7,000/mm33

plateletsplatelets
((thrombocyesthrombocyes))
300,000/mm300,000/mm33

neutrophilsneutrophils
65%65%

eosinophilseosinophils
3%3%

basophilsbasophils
1%1%

lymphocyteslymphocytes
21%21%

monocytesmonocytes
5% 5% 

albuminsalbumins
55%55%

globulinsglobulins
38%38%

fibrinogenfibrinogen
7%7%

gases, food,gases, food,
lipid, saltslipid, salts
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Blood Reaction to Biomaterials

•• Protein depositionProtein deposition
•• Lipid penetrationLipid penetration
•• SwellingSwelling
•• Degradation (Enzymatic / Oxidative / Hydrolytic)Degradation (Enzymatic / Oxidative / Hydrolytic)
•• Neutrophil Neutrophil activationactivation
•• Macrophage activationMacrophage activation
•• Complement activationComplement activation
•• Platelet activation and platelet (white)thrombusPlatelet activation and platelet (white)thrombus
•• Fibrin formation Fibrin formation -- red thrombusred thrombus
•• Fibrin Fibrin crosslinking crosslinking -- red thrombusred thrombus
•• Fibrin dissolutionFibrin dissolution



Buddy D. Ratner , University of Washington

Virchow’s Triangle

blood

flow surface
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blood

surface

adsorbed
protein
layer thrombus

complement system
white cells

intrinsic system
fibrinogen-fibrin

platelet adhesion
platelet release

Three Blood Coagulation Pathways 
Can Lead To Thrombus

venous flow

arterial flow
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Proteins Important for BiomaterialsProteins Important for Biomaterials

Albumin
Fibrinogen
Thrombin
IgG
Complement (C1q)
Complement (C3)
Fibronectin
Laminin
Vitronectin
Collagen (tropocollagen)

65,000
340,000
36,000
158,000
400,000
180,000
440,000
880,000
140,000
300,000

molecular weight

Important soluble proteins in blood
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We will address the 
intrinsic (protein) system
first.

It is exquisitely complex!

100’s of proteins
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Surface

Intrinsic Pathway

Extrinsic Pathway

Prekallikrein Kallikrein

Kininogen
Factor XII                          Factor XIIa

Factor XI                         Factor XIa

Factor IX                         Factor IXa

Factor X                         Factor Xa

Prothrombin Thrombin

Fibrinogen                   Fibrin

Factor VIIIa,
PL, Ca++

crosslinked
fibrin clot

Trauma

Factor VIIa Factor VII

Tissue factor

Factor X

Trauma

Factor XIIIa

Ca++

biological
amplification

Blood CoagulationBlood Coagulation ::
The ProteinThe Protein --Based MechanismBased Mechanism
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HMWK

HMWK = high molecular weight kininogen

Factor
XII

Factor
XIIa

prekallikrein       kallikreinprekallikrein       kallikrein

Initial Events in Contact Activation

Factor
XI

Factor
XIa a cofactor that 

binds XI and
kallikrein

1.

2.2.
3.
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Blood PlateletBlood Platelet

2 - 5 µm

Dense Granule
(0.2-0.3 µm)

Alpha Granule

ADP
ATP
Serotonin
Calcium

Fibrinogen
Platelet factor 4
bbbb-thromboglobulin
Albumin
Fibronectin
Thrombospondin
PDGF

Also:
microtubles
microfilaments
mitochondrion
glycocalyx
trilaminar membrane

(150,000 - 400,000 per µl of blood)

cannalicular
system

Receptor Group
(integrin )
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Cell surface receptors are important for:
platelets
macrophages
leucocytes

Integrin receptors are
perhaps the most important

The integrins contain one 
alpha chain and one beta
chain -- they are called 
heterodimeric
��������	
����
��������
��������������������������� �����	��������������
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http://www.geocities.com/CapeCanaveral/9629/tabab.htm

For example,
receptor for vitronectin
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GIIbIIIa Complex

Ca
+ 

Ca

Ca

Ca
+ 

+ 

+ 

S

S

COOH
COOH

GPIIIa
GPIIb

~50,000 GIIb-IIIa
receptors/platelet

(140,000D)

(105,000D)

can bind to:
fibrinogen
fibronectin
vWF
vitronectin

GIIb-IIa exists
in an activated
and inactivated
form

also called: 
Alpha-IIb/beta3

The beta-3 subunit is also known as CD61
The alpha IIb subunit is also know as CD41
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Platelets at Surfaces can:

react (without adhesion)

adhere (without reaction)

spread

dendrify

release

aggregate

embolize
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surface

adsorbs proteins

sticks platelet

platelet releases

other platelets
activated and adhered

These platelets
also secrete
fibrinogen and
convert Fb to
fibrin. This can
tie red cells into
the thrombus mass

Thrombus formation
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A platelet thrombus mass

5 µm
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SEM images of
platelets attaching
and spreading.
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Platelet - discoid Platelet - dendrified
(SEM images)
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Fibrinogen adsorption  (ng/cm^2)
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PIB

2000 PDMS

Pel

Bio

Adsorption : 2 hr. 1% plasma.  Adhesion: 2hr., static, 1.1 x 10^5 platelets per ml.

Relationship Between Baboon Platelet Adhesion and A dsorbed Fibrinogen

Chinn,JA; Horbett,TA; Ratner,BD (1991): Baboon fibr inogen adsorption and platelet adh
polymeric materials.  Thromb. Haemostas. 65(5), 608 –617.
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Wu, Simonovsky, Ratner, Horbett, J Biomed Mater Res 74A: 722–738, 2005

Platelet adhesion generally increases with fibrinogen adsorption
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The Complement System

C1

C3b
B   D   Mg
Prosperdin

C1r
C1s

C4

C4b2a

C3a C3b

C3b BbP

Mast
Cell

histamine and
inflammation C5

surface

C5b-C9

membrane lysis

antibody-
antigen
complex

C1q

C2a

C3a

or
endotoxin

aggregated IgG

C3

Alternate PathwayClassical Pathway
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Biomechanics in Flowing BloodBiomechanics in Flowing Blood

Cytoskeleton
and Protein

Nanomechanics

Cellular
Micromechanics

Interfacial
Mechanics

Tissue &
Biomaterial

Bulk Mechanics

Biomaterial

protein and ECM
nm µm µm mm - cm

mechanoreceptor

Flowing
blood
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Shear stress is the force/area tangential to the blood vessel surface

Shear stresses in the cardiovascular system from 0 to > 100 dynes/cm2

Flow is pulsatile.

Pressure waves propagate down the arterial tree inducing cyclic strain.

Cyclic stress inducing
tensile strain on the vessel

Laminar flow
in a tubular vessel
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Laminar flow
in a blood vessel

Endothelial cell

Velocity is highest at the center of the tube and falls to zero at the wall

For laminar flow:

Consider:
Red cells in the fluid flow (rouleaux formation)
Platelet transport to the vessel wall
Shear stresses transferred to the endothelium
Clot forming on the vessel wall
Flow bifurcations
Pulsatile flow
Turbulent flow
Eddies and stagnant flow
Blood is a non-Newtonian  fluid
Effect of flow on platelet release products and on clotting factors
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Low blood shear flow (venous):

High blood shear flow (arterial):

(<100 sec -1) Fibrinogen consumption

(>100 sec -1) Platelet consumption

Flow Effects

Red clot

White clotWhite clot
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Platelet adhesion from flowing red cell suspensions to PE tubes preadsorbed with proteins 

Pronounced flow effects and the importance of vWF

Kwak, Wu and Horbett, JBMR 74A, 69 2005
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Thrombus tends to accumulate
in regions of flow disturbance
(eddies and stagnant regions)
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1. platelet deposition and spreading to form a thin, n on-reactive layer

2. steady state platelet deposition with platelet rele ase, aggregation, 
accumulation and embolization

3. no platelet attachment, but steady state reaction l eading to activation
and release.

4. no platelet attachment and no platelet reaction
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Vascular Injury

Sub-endothelial collagen

Endothelial cells

There are similarities and differences between the reaction of blood 
with synthetic materials and with the vascular wall.
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ADP
TxA2

Platelet Adhesion & Activation
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Trapped Red
Blood Cells Strands of Fibrin

Platelet Plug Formation
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Leukocyte Interaction with EndotheliumLeukocyte Interaction with Endothelium

random contact        rolling         sticking         extravascularization

flow

selectins integrins

endothelium
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Part II

a short tour of some devices in the blood stream

Blood Compatibility
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Medical Devices Used in the BloodstreamMedical Devices Used in the Bloodstream

Catheters
Guidewires
Sensors
Pacemakers
Vascular Grafts
Heart Valves
Stents
Extracorporeal Oxygenation
Artificial Kidney
Artificial Heart (and LVAD)

We’ll start with an examination of devices in the bloodstream:
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Étienne-Jules Marey, Paris, 1881

Artificial Heart
1881
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Plutonium 238 Power Supply and blood pump for an Atomic Energy Commission
(AEC) Artificial Heart, circa 1974
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Dr. Robert K. Jarvik and coworkers developed the heart during  the late 1970s. The Jarvik 7 
consists of two ventricles (the heart's lower chambers) with air chambers and six valves. 
It attaches to the patient's natural auricles (the heart's upper chambers).

http://www.150.si.edu/150trav/remember/r817.htm

Jarvik 7
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Artificial hearts as we know them date back to the mid-1950s. Dr. Paul Winchell
patented an artificial heart. He was approached by Dr. Willem Kolff from the 
University of Utah to donate the patent. In 1957, Willem Kolff tested their model in 
animals to identify problems. In 1969, a team led by Denton Cooley of the Texas 
Heart Institute kept a human patient alive for more than sixty hours with their model. 

The modern inventor
of the artificial heart
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Thoratec VAD

Thoratec power unit

Left Ventricular Assist Devices (2006):

Heartmate (Thermo Cardio Systems)

Novacor (World Heart) Assist Pump

DeBakey VAD® Child - H030003

Thoratec Assist Pump

CorAide™ (Arrow)*

*clinical trials in Europe
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Thrombosis
Restenosis

The Cardiovascular Stent

Medtronic

www.kaweahdelta.org/images/programs/stent.gif

The cardiac artery stent has spawned many other related 
devices for carotid artery, superficial femoral artery, 
tracheobronchial, infrapopiteal, etc.

• Typically stainless steel or Nitinol, but polymers have been explored.
• Most new stents are drug eluting (Sirolimus or Paclitaxel)
• Prevents collapse of recently “cleaned” artery.

(	)������
���	�����
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Hard valves

Tissue valves
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� Thrombosis

� Calcification

� Infection

� Mechanical  failure

� Scarring
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Approximately 50,000 - 100,000 heart valves 
are implanted per year in the U.S.

Perhaps 250,000 implanted worldwide.

(>2,000,000 people, worldwide, are
alive with heart valves in them)
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Vascular Prostheses (Grafts)
Dacron WeaveDacron Weave

Dacron(weaves, knits, velours)
albumin impregnated
collagen impregnated

Teflon (porous)
Umbilical veinand 

other fixed natural tissue
Polyurethane(experimental)
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Late 19th century pacemaker 
based on a metronome

First transistor implantable 
pacemaker, 1958

Pacemaker Progress

http://www.bakkenmuseum.org/

A modern pacemaker
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Pacemaker Problems and Issues
Pacemakers are remarkably successful, but...

• Infection
• Thrombosis
• Scar formation
• Loosening of electrodes
• Removal of electrodes
• Can you die with a pacemaker implanted?
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Part III

blood compatibility
assessment and significance
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Three levels to consider:

1. Blood-material interactions

2. Blood compatibility

3. Device performance in the bloodstream

Blood compatibility has always been associated with the performance
of devices in blood.

Devices are made of materials.
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Let’s look at the issue of the evaluation of blood compatibility from a historical standpoint:

In 1972, we were funded to treat the blood contacting surfaces of the 
AEC artificial heart  by the radiation grafting process:

Diagram by Allan Hoffman
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A series of tests were widely used by the NIH around 1974 for blood compatibility testing 

Dr. Vincent Gott

Dr. B. Kusserow
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Kusserow Renal Embolus Test

http://www.anatomy.uq.edu.au/gmc/tutorials/grosskidney/abaorta

A 1 cm. tube section is placed in the
renal artery of a dog. The lumen of the
ring is examined for adherent thrombi. 
The kidney is examined for infarts
(damage sites) associated with shed emboli.

Kusserow,BK (1972): The use of pathologic technique s in the evaluation of 
emboli from prosthetic devices. Bull. NY Acad. Med.  48(2), 468-481.
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Dr. Whiffen’s description of thrombus observed
luminally

longitudinally

Ratner,BD; Hoffman,AS; Hanson,SR; Harker,LA; Whiffen,JD (1979): Blood compatibility-water 
content relationships for radiation grafted hydrogels. J. Polym. Sci., Polym. Symp. 66, 363-375. 

Conclusion: hydrogels are
blood compatible

circa 1975
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circa 1975 Conclusion: hydrogels are not blood compatible
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Instead of examining adherent
blood elements, lets examine blood
reaction with materials systemically

adherent
# in

# out
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Silicone rubber
Teflon connector
Test material

femoral artery

femoral vein

• •

The A-V Shunt Model
Inconsistent results
with other blood compatibility
tests led to the development
of the baboon A-V
shunt system.

Dr. L. Harker
Dr. S. Hanson
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Comparison of Baboon and Man
Hematologic Parameters

Baboon Man 

Hematocrit
Hemoglobin
Platelet count
WBC count
Fibrinogen, mg %
Prothrombin, %
Factor V, %
Factor VII, %
Factor VIII, %
Factor IX, %
Factor X, %
Recalcif. time (sec)

41.1
12.7

26,000
10420

408
102
98

132
208
91
84

156

47.0
14.0

26,000
7000
442
100
100
100
100
100
100
240
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Inject radiolabeled platelets

Harker,LA; Hanson,SR (1979): 
Experimental arterial thromboembolism 
in baboons. Mechanism, quantitation, 
and pharmacologic prevention. 
J. Clin. Invest. 64, 559-569.

Platelets destroyed
per square cm. per day

The model behind 
the AV-shunt system
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Advantages of the AV Shunt System

Quantitative (rate constant measured)
Reproducible

(animal to animal and day to day)
Analogous configuration to clinical devices
Baboon hematologically similar to humans
Model validated with clinical studies
Many tests on one animal
Long term monitoring
Results are independent of:

shunt diameter
shunt length
flow rate
platelet count
surgical variables
heparinization
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Ratner,BD; Hoffman,AS; Hanson,SR; Harker,LA; Whiffen,JD (1979): Blood compatibility-water 
content relationships for radiation grafted hydrogels. J. Polym. Sci., Polym. Symp. 66, 363-375. 

Platelet Consumption of Radiation-Grafted Hydrogels 
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If platelets are being consumed,
where are they going?
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Stroke

Myocardial Infarct

Organ Infarct

Consequences of
thrombosis and 

thromboembolism
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Prof. Larry Reynolds



Buddy D. Ratner , University of Washington

Scattering cell

Laser scattering emboli
detection system.
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An Embolus on the A-V Shunt
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ESCA C1s spectrum of a polyurethane

Hydrocarbon
(non-polar)
component

Polar contributions
to surface
properties
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POLYURETHANE PLATELET CONSUMPTION

The NIH thought
these polymers 
were the best??
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Baboon shunt
Catheter occlusion In vitro flow cell

Vena cava ring Bead column Rotating probe
Dog shunt

NIH Consensus Conference Lecture - 1980
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Rotating extracorporeal shaft

Clot
weight

Clot
platelets

Clot
fibrin

Clot
hemoglobin

Vena
Cava
ring

Sheep
shunt

Bead
column

Baboon
shunt

Material

Poly(methyl methacrylate)

Poly(methyl acrylate)

Poly(ethyl methacrylate)
Poly(propyl methacrylate)

Poly(dimethyl siloxane)

Polystyrene

Poly(vinyl chloride)

Polypropylene

Polyethylene (LDPE)

Polyacylamide

Poly(hydroxyethyl methacrylate)

Teflon

Silastic

Biomer

Avcothane 81

Dacron

Goretex

Glass

Stainless steel

Carbon (GW)

Dog
shunt

Whole
Blood

clotting

Platelet
adhesion

Platelet
Adhesion/

release

Platelet
Adhesion/
Release
+heparin

Platelet
Adhesion/
Release
-heparin

Catheter
occlusion

Summarized Blood-Material Interaction Data

High blood compatibility
Intermediate blood compatibility
Low blood compatibility

Test

Ratner,BD (1984): Evaluation of the blood compatibi lity of synth
consensus and significance. In: Contemporary Biomat erials: Mater
Response, Clinical Applications, New Technology and  Legal Aspect
(Boretos,JW; Eden,M, eds.) Noyes Publications, Park Ridge, NJ, 19
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Factors to Account for the 
Discrepancies in Ranking

Animal species
Interaction time
Shear regime
Test surface configuration
The parameter being measured
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Species Differences

Platelets attached/mm2 following exposure of 
cuprophane to flowing blood

Dog            28,400±5000 38,900±6000

Human 18±3 23±4

10 minutes                                  20 minutes

Grabowski, et al, J. Lab. Clin. Med.  88 368 (1976)
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Short Term Blood Reaction
versus Long Term Reaction

Short Term

• rapidly changing protein film

• vigorous reaction

• hypothesis: short term dictates long term

Long Term

• passivation

• healing and cellularization

Short Term Blood Reaction
versus Long Term Reaction
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Flow Effects

biomaterial biomaterial

k1

biomaterial

k2

Diffusion limited: k2 > k1 Kinetically limited: k1 > k2
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Low blood shear flow (venous):

High blood shear flow (arterial):

(<100 sec -1) Fibrinogen consumption

(>100 sec -1) Platelet consumption

Flow Effects

Red clot

White clotWhite clot
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Problems With Existing Blood Compatibility
Assessment Schemes

Complicating flow and geometric considerations

Inadequateley characterized test materials and blood

Use of inappropriate animal models

Animal rights restrictions

Lack of validation to clinical data

Tests which look at adherentplatelets/thrombus
formation, but neglect to evaluate systemic reactions
(platelet activation or embolization).

Existing test methods often yield contradictory res ult

Where are we so far?
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Baboon Chronic
Arterio venous 

Shunt

Canine Chronic
Arterio venous 

Shunt

Test device configurations analogous to devic
currently in clinical use

Quantitative, steady state results

Baboon model validated by comparison with
human clinical results.

PLATELET CONSUMPTION RATES

Can we emulate these systems in vitro?
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Platelet Activation from:

Venipuncture

Blood Manipulation

Temperature Changes

Contact with Surfaces in
the System other than the

Test Surface

Biomaterial Induced
Platelet Activation

SIGNAL : NOISE

A critical experimental consideration
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45°

Biomaterial Tubing

Whole Blood

Silastic®
Connector

The Chandler Loop Test System
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60 cm of PE
tubing coated

with test
biomaterial

12 cm of 
thick-walled

Silastic™
tubing

Perstaltic
Pump

direction of 
blood flow

The UW In Vitro Model

Haycox,CL; Ratner,BD (1993): In vitro platelet inte ractions in whole 
human blood exposed to  biomaterial surfaces: insig hts on blood compatibility. 
J. Biomed. Mater. Res. 27, 1181-1193.
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30 60 90 120
0

1

2

3

Minutes of Recirculation

P
er

ce
nt
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em
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ys

is

Percent Hemolysis with Time for Whole Blood in the 
PeristalticPump at a Wall Shear Rate of 150 sec-1
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Tubes Filled with Anticoagulated Whole Human Blood (A

Blood Recirculated for 30, 60 or 120 mins

Blood added to Edinburgh Anticoagulant Mixture 
to Arrest Further Platelet Activation

 Released 
b-TG 

Intraplatelet
b-TG

Circulating
Platelet 

Count

Number and
Morphology of

Adherent Platelets

SEM GPIIIa
Stain
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*
* * * * * * *

*
*

S

Biomaterial

Platelet

*

S

Mouse Anti-Human 
GPIIIa antibody

Biotinylated Rabbit 
Anti-Mouse antibody

Substrate-Chromogen
Reagent

Alkaline Phosphatase-
labelled Streptavidin

GPIIIa antigen

An antibody stain for platelet
membrane fragments on the surface:
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Biomer ®

Polyethylene (PE)

PEU-2000-ODCE

Polyvinyl alcohol (PVA)

A commercial segmented polyurethane, used in th
fabrication of the total artificial heart

A polyurethane synthesized in our laboratory, wi
surface rich in hydrocarbon moieties

A widely used, relatively hydrophobic biomaterial

A hydrophilic hydrogel
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ESCA Surface Composition (Atom %)

PE   

Chromic Acid
Etched PE

Biomer®   

PEU-2000-ODCE

PVA

C         O          N

98.9±1.2    1.0±1.1                             

90.0±3.3    8.6±3.0                             

72.1±1.9    18.7±1.3     3.2±0.4      5.5±0.8   

79.5±3.8   14.7±2.6      3.4±0.4     1.5±0.5    

69.4±1.6    29.1±1.9                      1.3±1.

The surface composition of the materials used in this study was understood:
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0
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PVA
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Beta-Thromboglobulin (bbbb-TG) release:
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b-TG release: the 30 and 60 minutes data from the previous slide:
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Biomer ®       PEU-2000- ODCE      PE         

Biomer ®

PEU-2000-ODCE

PE

PVA

*

* * *
* *

30 mins above the line; 60 mins below the line

* p<0.05 by the Tukey-Kramer post-hoc means test

No significant differences found after 120 mins of recirculati

Statistical significance:
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In baboon AV shunt, found to be one of the
least platelet consumptive materials tested
In the canine AV shunt no significantly enh
platelet regeneration relative to shunt onl
a test section.

Has not been tested in an in vivo schemePEU-2000-ODCE

PE

In baboon AV shunt, found to be one of the
most highly platelet consumptive materials 

In the baboon AV shunt, high platelet consu
has been demonstrated on hydrogel surfaces.
In the canine AV shunt PVA has been tested 
shows high platelet consumption in the abse
large numbers of adherent platelets

BIOMER®   

PVA

Comparision to other studies:
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Conclusions
a novel, short-term (up to 60 mins)in vitro
testing scheme to evaluate platelet interactions
with biomaterials

provides an inexpensive initial screening test
for biomaterials before more expensive in vivo tests.

some surfaces (i.e., PE) appear to be "passivated" 
by the formation of a thin layer of highly spread 
platelets on the surface.

a synthesized polyurethane, PEU-2000-ODCE, 
appeared to have excellent short-term blood
compatibility compared to Biomer® and PVA.

numbers and/or morphology of surface adherent
platelets alone is not sufficient to make conclusions
regarding the degree of platelet activation
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Four reactions of materials with blood (arterial fl ow)

1. platelet deposition and spreading to form a thin, n on-reactive layer

2. steady state platelet deposition with platelet rele ase, aggregation, 
accumulation and embolization

3. no platelet attachment, but steady state reaction l eading to activation
and release.

4. no platelet attachment and no platelet reaction

PE

Biomer

PVA

ODCE-PEU
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Coagulation

prothrombin fragment F1.2, thrombin–antithrombin(TAT) 

Fibrinolysis

D-dimer 

Platelet activation

platelet factor 4 (PF4), beta thromboglobulin (BTG), flow cytometric 
detection of p-selectin expression,

Complement

C3a, C5b-9

Leukocyte activation

flow cytometric detection of monocyte tissue factor expression,
monocyte–platelet microaggregates, granulocyte–platelet microaggregates

Wagner, et al. J. Biomat Sci, Polym. Ed., 11(11), 1 239 (2000) 



Buddy D. Ratner , University of Washington

Other materials commonly used in the bloodstream:  PVC, SS, PE, Dacron

“Blood Compatible” Materials - 2006

Polyurethane/Sil-PEU
Silicone elastomer
Poly(ethylene glycol)
Goretex / PTFE
Pyrolytic carbon
Heparinized surfaces
Albumin-rich surfaces
Phospholipid surfaces
Treated natural tissue
NO releasing
Drug releasing

Hydrophilic    Hydrophobic     Hard     Soft

• •
•                           •

•                                                 •
•                           •

•                                       •    
•                                                 •
•                                                 •
• • •
• •
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Three General Strategies for 
Blood Compatible Materials

1. Inert, blood compatible surfaces
C18 polyurethane
PEO

2. Bioactive molecules on the surface
Heparin
Plasminogen

3. A cellular surface
endothelium
smooth muscle cells
“passivated” platelets
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Blood-Materials Interactions

Points to Ponder

Blood-Materials Interactions

Points to Ponder

the difference between blood interaction studies 
and blood compatibility studies

the difference between platelet reaction with the 
Subendothelium and platelet reaction with synthetic 
materials

the difference between platelet adhesion and 
platelet consumption
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Harker,LA; Hanson,SR (1979): Experimental arterial thromboembolism in baboons. Mechanism, 
quantitation, and pharmacologic prevention. J. Clin. Invest. 64, 559-569.    

Hanson,SR; Harker,LA; Ratner,BD; Hoffman,AS (1980): In vivo evaluation of artificial surfaces 
with a nonhuman primate model  of arterial thrombosis. J. Lab. Clin. Med. 95(2), 289-304. 

Hanson,SR; Harker,LA; Ratner,BD; Hoffman,AS (1982): Evaluation of artificial surfaces 
using baboon arteriovenous shunt model. In: Biomaterials 1980, Advances in Biomaterials. Vol. 3. 
(Eds: Winter,GD; Gibbons,DF; Plenk,H,Jr) John Wiley and Sons, Chichester, England, 519-530.

Ratner,BD; Hoffman,AS; Hanson,SR; Harker,LA; Whiffen,JD (1979): Blood compatibility-water 
content relationships for radiation grafted hydrogels. J. Polym. Sci., Polym. Symp. 66, 363-375. 

Ratner,BD (1984): Evaluation of the blood compatibility of synthetic polymers: consensus and 
significance. In: Contemporary Biomaterials: Material and Host Response, Clinical Applications, 
New Technology and Legal Aspects. (Boretos,JW; Eden,M, eds.) Noyes Publications, Park Ridge, 
NJ, 193–204.

Ratner,BD (1993): The blood compatibility catastrophe. J. Biomed. Mater. Res. 27, 283–287.

Haycox,CL; Ratner,BD (1993): In vitro platelet interactions in whole human blood exposed to
biomaterial surfaces: insights on blood compatibility. J. Biomed. Mater. Res. 27, 1181–1193.

A few UW group blood compatibility papers
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Vascular Prostheses (Grafts)

Dacron Weave

Dacron (weaves, knits, velours)
albumin impregnated
collagen impregnated

Teflon (porous)
Umbilical vein and 

other fixed natural tissue
Polyurethane (experimental)

Issues: Thrombosis
Compliance
Foreign body reaction

Biodegradation
Suturability
Endothelialization?
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The vascular wall

Blood

Endothelium
Basement membrane

Smooth muscle cells
in ECM
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An SEM image showing the “cobblestone” appearance of the vascular endothelial lining
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Sites in the cardiovascular tree
that are prone to occlusion…

(and commonly replaced by grafting)

•Typically, compromised or complex flow

•Atherosclerotic buildup

•Needs for small diameter grafts:
limb salvage
coronary arteries

Smooth muscle cell proliferation
Fatty deposits
Calcification
Thrombus
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Some Criteria for a Small Diameter Vascular Graft

Ease of handling (“feel” to the surgeon)
Suturable
Kink resistant
Compliance matching with natural blood vessel
Wall thickness
Shelf-life (durability; availability when needed)
Sterilizable
Biocompatible
Thrombogenicity
Biostable(?)
Burst strength (and burst strength over time)
Remodeling response (endothelialization?)
Ease of regulatory approval
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The Vascular graft problem -- 50 years of frustration

Large diameter vascular grafts (>5mm function largely OK)

Small diameter vascular grafts (<4mm) fail rapidly

Longer graft segments, higher the failure rates (�������������������������������	���� )
Grafts fail early due to thrombosis
Grafts fail later due to anastomotic hyperplasia
Graft failure often leads to limb amputation.

Interesting observations

The concept of graft porosity was envisioned as a “trellis” for cell ingrowth.
Grafts “heal” (endothelialize) in many animal species; not in humans
In humans, endothelium grows in 1cm from the suture line at each end

(panus ingrowth; further ingrowth does not happen)
Vascular grafts are preclotted -- “red surface rapidly goes to glistening white”
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Data shown by William Abbott (very loosely paraphrased) for
clinical performance of 5mm diameter grafts

Months 

0  10   20    30    40 50   60 70

Percent
Patent

100

0

Umbilical vein graft

Goretex

Dacron
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History
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Rob C. Vascular surgery. In: Gillis L, editor. Modern 
Trends in Surgical Materials. London: Butterworth & Co.; 
1958. p 175–185

“The Terylene, Orlon or nylon cloth is bought from a draper’s shop 
and cut with pinking shears to the required shape. It is then sewn 
with thread of similar material into a tube and sterilized by 
autoclaving before use.”

The early days…
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Some materials used in vascular prostheses:

Silk
Vinylon N
Dacron
Teflon
Umbilical vein
Polyurethane
Numerous other polymers
Gelatin-coated
Albumin coated
Heparin coated
Bioresorbable (PLA, PGLA)
Seeding, Sodding
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Lester R. Sauvage, MD
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A study showing the preparation of a 
Teflon-like surface for vascular prostheses
that exhibited low platelet reactivity.

The surface is made by RF-plasma deposition

Garfinkle,AM; Hoffman,AS; Ratner,BD; Reynolds,LO; H anson,SR (1984): Effec ts of a 
tetrafluoroethylene glow discharge on patency of small diameter Dacron vascular gr
Trans. Am. Soc. Artif. Int. Organs 30, 432-439.
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RFRF--Plasma ReactorPlasma Reactor

Matching
Network

RF
Generator

specimensspecimens

Mass flow controller
“O” ring fitting

Teflon flow valve

Heating
mantle

Capacitance
Manometer Gauge

Throttle
valve

Roughing
pump

Reactor constructed
from 4” diameter
Pyrex water pipe

Micromaze
Oil
trap

controller controller

Shut-off valves

LN2
trap
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Use the plasma
reactor to
deposit a
Teflon-like,
ultrathin coating
on Dacron
fabrics.

Dacron

Fluoro-treated
Dacron
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AV Shunt
Data

(graft patency)
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Doppler flow measurement
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Untreated DacronUntreated Dacron

Fluorinated DacronFluorinated Dacron
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The fluoro grafts are non-thromboadhesive. Are they non-embolic?
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Laser embolus measurement (Prof. Larry Reynolds)
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Molecular and Cellular 
Design of Vascular 

Prostheses

Molecular and Cellular 
Design of Vascular 

Prostheses
Control of porosity
Compliance control
The anastomoses
Multilayer structures

Immobilize biomolecules (heparin, proteins)
Peptide immobilization
Create receptor sites
Antithrombotic agent release
Antibiotic release
Cell seeding and sodding
Genetically engineered cells

materials
cell types

biological 
strategy

materials 
strategy
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What does the future hold for vascular grafts?

Tissue engineering?
Biospecific control?
Drug eluting?
Stem cells?
Regenerative medicine?
Prevention of vascular disease?
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Blood Compatible Biomaterials:
Where we are -- What’s next?

Evaluation of Blood Compatibility 
Where we are -- What’s next?
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A study showing the preparation of a 
poly(ethylene glycol)-like surface (glyme), that
resists platelet pickup.

The surface is made by RF-plasma deposition

Lopez,GP; Ratner,BD; Tidwell,CD; Haycox,CL; Rapoza,RJ; Horbett,TA (1992): 
Glow discharge plasma deposition of tetraethylene gly col dimethyl ether 
for fouling-resistant biomaterial surfaces. J. Biome d. Mater. Res. 26(4), 415- 4
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Zeiss ICM 405 
Inverted Microscope

Dage-MTI
SIT 66X

Video Camera

Auto/Man
Control

Panasonic
Time-Date
Generator

Sony
Monitor

JVC  S-VHS
Recorder

Mac II with
Image software

Epi-Fluorescent Video Microscopy (EVM) System

Blood Flow Cell

Syringe Pump
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Untreated Biomer

Human blood platelets contacting an untreated PEU (4 min)
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Human blood platelets contacting a plasma-glyme treated PEU (4 min)

Optical
defect

C. Haycox

Plasma Glyme-treated Biomer

(low platelet adhesion, but is it blood compatible?)
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Tetraglyme 
downstream

Tetraglyme
upstream

Untreated Acid etched

Recent experiments: Lan Cao, Ken Solen, Tom Horbett, Buddy Ratner

These experiments have continued: SEMs of flow surfaces
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Recent experiments: Lan Cao, Ken Solen, Tom Horbett, Buddy Ratner
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Methods for assessing blood
compatibility, circa 2000+

1. Qualitative assessment (look at the clot)
2. Count adherent blood elements or measure clot
3. Platelet morphology
4. Measure platelet release (blood draw)
5. Clotting times and related coagulation assays (blood draw)
6. Measure soluble products of thrombosis (blood draw)
7. Platelet consumption
8. Fluorescence activated cell sorter (FACS) measure of activation
9. Microparticles (FACS measurement)
10. Embolus measurement (light scattering, Doppler ultrasound)

FACS = fluorescent activated cell sorter

Methods summary - part I
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Measurement of Thromboembolism

1. Postmortem pathological examination

2. Kusserow ring test

3. Screen filtration pressure

4. Laser measurement of emboli scattering

5. In    platelets and imaging the peripheral vascu lar bed

6. In    imaging of ex vivo shunts

7. I    measurement of ex vivo shunts

111

111

125

Measurement of Thromboembolism

Methods summary - part II
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What is needed in a 
blood compatible material?

• will not activate platelets
• will not activate intrinsic clotting
• will not activate complement
• will endothelialize
• compliance matching / mechanical
• stability / manufacturability

biospecificbiospecific
control?control?

yes
partially
partially
yes
no
no

Blood compatible materials summary
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Blood Compatibility StrategiesBlood Compatibility Strategies

1. low energy surface (fluoropolymer)

2. albumin affinity surface (alkylated)

3. heparinized surface

4. heparin-like surface

5. hydrogel surface

6. PEO surface

7. Phospholipid surface

8. NO releasing surfaces

9. Drug eluting materials

10. Endothelialization (correct phenotype)

Arterial

YES

YES

NO/Maybe

Maybe

NO

Maybe

Maybe

YES

YES

YES

Venous

Maybe

Maybe

YES

YES

Maybe

Probably

Maybe

Maybe

YES

YES
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Long n-alkyl chains and
blood compatibility

• consistent with fibrinogen adsorption
• consistent with albumin adsorption
• consistent with platelet consumption assay
• consistent with in vitro platelet release assay
• consistent with SEMs of static platelet interaction

Hypotheses:An albumin layer is “blood compatible.”
A fibrinogen layer will activate blood cells
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One more surface-based strategy:

A drug eluting medical device
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Rate-limiting 
membrane made by 

glow discharge 
plasma deposition Bound 

echistatin / RGDS-6

PEUU 
matrix 

Entrapped
echistatin / RGDS-6 

and pore former 

Interfacial 
zone

Pore former

Platelet

Drug Releasing Materials: Anti-platelet Agent

M. Takeno, et al
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Blood Contacting Materials: The Future

Drug releasing (including NO)

Non-fouling (protein-resistant)

Tissue-based (collagen; decellularized)

Tissue engineering and regeneration



Buddy D. Ratner , University of Washington

But, for now, with millions of devices going into 
people’s blood streams, we must make rational decisions 
on the choice of materials without clear consensus or 
precise data!


