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I.

INTRODUCTION

The field of biomedical engineering requires a wide variety of materials
which must be compatible with blood, tissue, and bone.

The most critical

area of application is concerned with materials which must be placed within
the body and function over extended periods of time.

Surgical implants of

polymeric materials have exhibited physical and chemical instability.

Metal

implants are usually stable physically, but often react chemically after
long periods of exposure to body fluids.

Ceramics, on the other hand, offer

the promise of both chemical and physical stability since they usually exist
in the highest oxidation states.
When considering a material which will be in contact with blood, tissue,
and bone, it is first necessary to determine its compatibility with blood.
That is, it should neither damage blood components nor incur clotting.
The clotting mechanism is activated by the introduction of a foreign
surface into the blood.
through an open wound.

Such a foreign surface could be air introduced
The foreign surface activates Factor XII, the

Hageman Factor which reacts with the other Factors, as shown in Figure 1,
to form fibrin.

Fibrin consists of strands or fibers which mass together

surrounding red blood cells and other erythrocytes.

Figure 2 depicts a

typical fibrin clot on the surface of soda-lime glass.
Past efforts to develop materials which are compatible with blood
(materials which are non-thrombogenic) have been limited, at least in part,
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Figure 1.

Blood Coagulation Mechanism (Ref 1, p 14).

Figure 2.

Typical Fibrin Clot on Soda-Lime Glass.

because of a lack of complete characterization of the materials.

This

incomplete characterization has contributed to the problem of obtaining
reproducibility in data from independent investigators.
The purpose of this study was to determine the suitability of ceramics
for biomedical engineering applications as well as to stimulate collaboration
between the life and physical sciences and engineering.

It is hoped that

this effort can establish a base-line for future, more sophisticated in
vivo compatibility studies.
II .
A.

EXPERIMENTAL PROCEDURE

Characterization
In order to adequately characterize inorganic materials for biomedical

applications the following parameters were selected as being nominal.

B.

1.

COMPOSITION (chemical elements exposed on surface)

2.

ROUGHNESS (surface texture)

3.

WETTABILITY (surface free energy)

4.

POROSITY (pore volume, shape, size)

5.

ZETA POTENTIAL (surface energy)

6.

SURFACE AREA (total exposed area including pores)

7.

CRYSTAL STRUCTURE (vitreous, grainy, crystalline)

8.

MICROSTRUCTURE (grain size, shape)

Materials Selection
The ceramic materials chosen for this study were silica (Si0 ) and
2

alumina (Al 0 ) since they are two of the most widely used and well
2 3
characterized single oxide ceramics.

The use of these particular materials

also provided a large range of property variation while maintaining a constant
chemical composition.

The silica was evaluated in the form of polished

fused quartz; and slip-cast fused silica to provide a porous surface.
Soda-lime glass was included in the program as a reference material
since its thrombogenic characteristics are generally thought to be well
established.

It also provided a "glass" surface for comparison with the

fused quartz but with a different composition.
The alumina was evaluated in a slip-cast form to provide a porous
alumina to compare with the porous silica; a hot pressed alumina to give
a surface comparable to the rough fused quartz; a translucent polycrystalline alumina (lucalox) of essentially zero porosity to simulate as
nearly as possible a "glassy" surface;and a plasma sprayed alumina to provide
an extremely rough textured surface.
Three metals, aluminum, titanium and stainless steel 316 were selected
for evaluation in order to provide a basis for comparison with ceramics.
addition, titanium and stainless steel are metals which are currently used
as implant materials.
Silastic rubber was also tested since it is widely used in surgical
implants and has been evaluated by many investigators who have studied the
thrombogenic behavior of materials.
The tested materials are characterized in a paper entitled, "Characteriz'ation of Ceramic Surfaces," by John H. Burson.
C.

Test Procedure

An in vitro technique using a Lindholm test apparatus was used to
determine the clotting time of whole blood on the selected

materials~/.

This procedure utilized 1 cc of fresh canine blood placed on the surface

In

of the test material which was in turn part of the Lindholm test apparatus.
The test apparatus is made up of a lucite bottom plate, the test material,
a silastic rubber well, an

1

0 1 ring and a top lucite plate with a hole in

the center to inject the blood.

These materials are sandwiched together

with brass nuts and bolts as shown in Figure 3.
Two well sizes were used in this study.

One was a large well which

had a diameter of 1-1/4" giving the amount of geometrical surface area of
2
material exposed to the blood of 1.2 in .

The other was a small well with

a diameter of 1·1/6", allowing an exposed geometrical surface area of
.
2
0.9 in . The small well was required because some of the study materials
were not readily available in sizes large enough to be accommodated by the
large well.
The cells were assembled the day before being used and the top openings
were sealed against dust-contamination.
The canine blood was obtained by a right foreleg venipuncture from an
unanethetized mongrel dog weighing 16-23 kg.

The puncture was made with a

19 g needle into a 10 cc polypropalene syringe.
about one hour apart, was made each day.
was run with each venipuncture.

A series of 3 venipunctures,

A total of 8 different samples

Soda-lime glass was run with each veni-

puncture to act as a control.
After drawing the blood, the needle was removed from the syringe and
1-2 cc of blood was discarded.
One cc was then consecutively placed in each cell simultaneously
starting a stopwatch at each 1 cc addition.
that the entire exposed surface of

~he

Each cell was tilted to ensure

material was covered by the blood.

The cells were individually tilted at set intervals just enough to
ascertain fluid movement.

When a c711 could be tilted at a 90 degree angle

Figure 3.

Lindholm Test Apparatus.

with no noticeable flow for at least 15 seconds, the stop watch was stopped.
The time on the stop watch added to the time the blood remained in the
syringe was considered the endpoint.
The cells were then disassembled, and the wells gently lifted from the
materials to see if there was any unusual sticking.

Most of the clots

adherred to the silastic wells.
After use, each piece of the cell was scrubbed in cold water.

The test

materials and silastic wells were then sonically cleaned one hour in a biodegradable cleaning solution, rinsed and again sonically cleaned one hour
in deionized water.

The cell components were then air dried under tissue

paper to prevent dust contamination.

III.
A.

RESULTS AND DISCUSSION

Data
Figure 4 shows the clotting times of whole blood on soda-lime glass

for the various dogs and dates that tests were run.
With Dogs No. 3 and No. 4, good reproducibility is shown (5 minutes is
considered good) during a series of tests on the same day as well as over
2 and 3 days with a maximum deviation of only 10 minutes.
Dog No. 3 was a 16 kg female having a hematocrit of 30 per cent red
whole blood cells and Dog No. 4 was a 16 kg male having a hematocrit of 33
per cent red whole blood cells.

There is no explanation for the higher

values of Dogs No. 1 and No. 2.

Dogs No. 1 and No. 2 were both male, 16 kg

dogs.
The clotting times of the blood in the small wells averaged longer
than the clotting time in the large wells indicating that the amount of
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Clotting Times of Whole Canine Blood on SodaLime Glass Controls.
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geometrical surface area exposed to the blood is a significant factor in
influencing the clotting times.
Figure 5 is a graph of the clotting times of whole canine blood on
selected materials using the large well.

The values are a ratio of the

material time versus the average clotting times of blood on soda-lime glass
during one day's testing.

The longest and shortest clotting times occurred

on the aluminas, with the non-porous alumina giving the longest time
and slip-cast alumina the shortest.
There was considerable adsorption of blood into the slip-cast alumina
which may have accounted for its shorter clotting time.

Roughness in the

case of fused quartz seems to have had little effect on the clotting time.
The shorter clotting time caused by the slip-cast fused silica probably
resulted from its porous structure and larger effective surface area as
compared with the fused quartz glass.
The shorter time exhibited by the plasma sprayed alumina il l ustrated
the probable influence of the rough-textured surface in shortening the
clotting time as compared with the polycrystalline non-porous alumina.
Silastic exhibited an average clotting time close to that of the
non-porous alumina.

However, there are only three points for comparison.

Figure 6 is a graph of the clotting times of whole blood on different
materials in the small well.

The values are a ratio of the material time

versus the average clotting times of blood on soda-lime glass during one
day's testing .

There is a larger range in these points compared with the

range of the points with the large wells.

The average clotting times are

also longer in the small wells than the large wells with the possibility
of the increase in clotting time causing evaporation to have more of an
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SS316

effect giving the wider range of values.

The polycrystalline alumina

(lucalox) again exhibited the longest average

t~ne

agreeing with the large

well results.
Blood clotted on the aluminas in a longer average time and on the
silicas in a shorter average time than on the metals or silastic rubber.
B.

Test Method
During the performance of this study several variables in the test and

test procedure which could have affected the results and particularly the
reproducibility of the data were recognized.
1.

CLEANING TECHNIQUE

2.

SURFACE AREA EXPOSED

3.

BLOOD-AIR INTERFACE

4.

STATIC SYSTEM

5.

TEMPERATURE, HUMIDITY

6.

PARTICUlATE NUCLEATION

7.

FINAL CLOT AS END POINT

8.

SEVERAL CONTACT MATERIALS

9.

TISSUE JUICE CONTAMINATION

10.

The more significant ones are:

HISTORY AND RED BLOOD CELL COUNT

Long chain sodium stearate molecules in detergents activate Factors XII
and XI, thus iniitiating the clotting mechanism

l/,

and chromate ions in

potassium dichromate cleaning solutions fix proteins in

situ~/.

Therefore,

because of the problems introduced by these cleaning solutions, sonic
cleaning in a biodegradable soap was chosen as a cleaning technique.

To see

if detergent or chromate ions had any effect, samples of soda-lime glass were
sonically cleaned in the usual way, samples were soaked.overnight in a

concentrated detergent (Tide) solution and samples were soaked overnight in
a potassium dichromate cleaning solution.
The various methods of cleaning did not appear to affect the average
clotting times significantly, but the appearance of residue remaining on
the slides after clot removal was interesting.

Figure 7 shows the type of

clot residues remaining on the glass surfaces cleaned by the three techniques.
The samples that were sonically cleaned showed so l id clot masses with a
serum type liquid.

The samples that were cleaned with potassium dichromate

showed solid masses with almost no liquid.

The samples that were cleaned

with. Tide showed liquid with no solid masses.
The amount of geometrical surface area exposed to the blood is also a
significant factor as evidenced by the difference in clotting times in the
large and small wells.
The blood-air interface was considered controlled in this case since
a glass control was run each time.

However, there was a small air cavity

where the plunger of the syringe did not fully reach the hilt, causing
frothing when the blood was drawn.

Mercury could not be used to fill the

void because it is a heavy metal which is poisonous to the system and
would also introduce another foreign surface.
was used.

So lactated Ringer's solution

The volume of air to be displaced was on the order of 0.1 cc and

the syringe was filled with about 12 cc of blood.

However, the average

clotting times were increased about 10 minutes indicating dilution effects.
Because the system was static, sedimentation of the cells would be
expected and could have initiated the clotting mechanism.
Temperature and humidity are expected to affect clotting times.

For

example, standard hospital blood coagulation tests require that the testing

Figure 7.

Clot Residues on Soda-Lime Glass Treated with Various Cleaning
Techniques. (Ultrasonic cleaning (19,13,20) potassium dichromate
(5,22,10); Tide (23,6,11.)

condition temperature be maintained to within± 0.5° C.

Humidity would

control the amount of evaporation and, therefore, the concentration of blood
components in the test liquid.
Since the clotting blood was exposed to the room air through the hole
in the top lucite plate, dust or other foreign substances could have
initiated clot formation.
Using the final clot as an end point was a very subjective and operator
sensitive procedure since a skin formed on the surface of the blood before
it was solid.

This skin obscured the liquid blood and made it difficult

to know the exact point at which the clot became solid.
The syringe and needle, as well as air, introduced material variables
since they were additional materials with which the blood came in contact
and could have affected the clotting time.
Tissue juice contamination occurs when a needle picks up tissue
components during the venipuncture.

This type of contamination is then

introduced as a foreign surface when the needle enters the vein and thus,
as is shown in Figure 1, initiates the clotting mechanism.

To avoid tissue

juice contamination, the two syringe method is necessary, and in the case
of an unanesthetized dog this would be difficult.

So to circumvent this an

around 16 g catheter was used where the needle could be removed leaving a
plastic catheter in the vein.

Before the testing sample was taken, 2 to 3 cc

of blood was allowed to drain out of the catheter.

We could not be sure

that the dogs were healthy since history on the mongrels was limited to
24 hours to one week.

Hematocrits were performed to find out the

concentration of red cells.
30-50 per cent.

The red cell count varied on the dogs from

Because of the other variables involved, it was not possible

to tell what effect this may have had.

Further testing was not possible

because time and funds were limited.

V.
1.

CONCLUSIONS AND RECOMMENDATIONS

A definite trend was exhibited in the clotting times of the whole
blood on the ceramic materials with the aluminas tending to have a
longer average clotting time.

2.

Reproducibility in clotting times on soda-lime glass within± 2.5
minutes was obtained on the same dog during tests made on different
days.

3.

An increase in the geometrical surface area of the tested material
caused a decrease in the whole blood clotting time.

4.

Porosity decreased the clotting time of whole blood.

5.

There was no significant difference in the clotting time of blood
from a male or female dog having generally the same hematocrit.

6.

An extremely roughened surface tended to shorten the clotting time.

7.

Blood clotted on the aluminas in a longer average time and on the
silicas in a shorter average time than on the metals or silastic
rubber.

8.

There was rto significant difference in the whole blood clotting times
on materials cleaned with a biodegradable soap, a detergent or a
potassium dichromate solution.

9.

Dilution with lactated Ringer's solution on the order of 0.1 cc/12 cc
increased the clotting time.

Although this test is useful for the preliminary evaluation of materials,
more sophisticated in vivo tests with animals are required before the suitability of various materials for bioengineering applications can be
established.
It should be emphasized that this test was used only to gain an insight
into the trend of possible material effects on clotting.

This was only a

starting point to gain experience with blood and the effects porosity, zeta
potential and other material properties might have on the clotting mechanism.
The results of this study should not be used to eliminate certain
materials for surgical implant applications because of their apparent effects
in shortening the blood clotting time.

Clot initiation may promote tissue

growth inside the pores or on the surfaces of prosthetic devices thus
incorporating the device into the body.

As an example tissue growth would

be desirable in the case of a tooth or bone.
In vivo and in vitro compatibility with blood is only a preliminary
step in the search for surgical implant materials.

In vitro and in vivo

compatibility studies with tissue and bone are also necessary with emphasis
placed on long term acceptance of rejection by the body and ultimate effects
on the life functions.

VI.

1.

EXPENDITURES STATEMENT OF FUNDS

Personnel

% of Time
Month
Kathryn V. Logan, Assistant Res. Eng.

Total 12 mo. salary

25.4

$2,550.52

Hadley W. Wellborn, Assistant Res. Eng.

0.4

40.57

Richard A. Swan, Research Technician

0.2

12.53

Jean K. Williams, Secretary III

0.9

64.87

Patricia Hambrick, Secretary II

1.1.

75.51

Total 12 Months Personnel Expenditure

2,744.00

2.

Consumable Supplies

198.27

3.

Travel

146.04

4.

Retirement

198.95
Total Grant Expenditure

VII.

$3,287.26

AUTHOR'S OPINION OF GRANT INFLUENCE

This grant has provided a substantial beginning in furthering my program
activities in the biomedical field.

It has provided experience in working with

people of the medical profession as well as 'with other engineers here at
Georgia Tech.
The results of the project provided a basis for a seminar which had as its
topic "Ceramics for Biomedical Applicationsn and included presentations
describing Bioengineering facilities here at Tech.
I feel also that the project has provided the necessary experience with
which future, more sophisticated in vivo studies can be undertaken.

Presently

the High Temperature Materials Division is working in cooperation with the
Bioengineering Center in a series of conferences with Georgia surgeons to
determine immediate biomedical research needs with the hope to begin specific
projects based on these needs.
On the whole this grant has provided a wide source of new activities for

the High

T~mperature

Materials Division in the biomedical field as well as new

sources of collaboration with the Bioengineering Center and the medical
profession.
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