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changss of pisttrietsactivatadon glass and dimettnyldichiantsifane-tr~~t#d
glass were
in~~~ti~~t~d
using video microscopy. The pisteiet mo~hologi~i
changes vvere quant~ed by ~asu~ng the
area and circularity of spreading platelets. in addition, m-organization of cytoskeletai structures of spread
platelets was examined. The effects of precoated albumin and fibrinogen on the platelet spreading kinetics
were examined as a function of surface protein consentrations.
Resuits showed that platelet shape
changes were very sensitive to the surface concentration of precoated proteins. in general, platelets on
fib~nogen-precoated
surfaces spread fully to a circular shape and developed an e~ensive inner fiiementous
zone. in the presence of albumin on the surface. however, platelets could not spread fuiiy and the
deweio~ent
of the inner fiiaMentous zone was very poor. For both albumin and ~hrinogen, the ~axirnu~
effects of precoated proteins on platelet shape chauges were observed when the surface protein
concentration reached the monolayer concentration.

Although significant progress has been made recently in the
appti~ation of biomaterials for substitutes for natural organs,
the long-term success of blood-contacting prosthetic devices
is still very limited. The occurrence of thrombosis on
biomateriafs presents major difficutties in the development
of blood compatible materials. The mechanisms of surfaceinduced thrombosis are not completely understood and, as a
result, scientific and engineering criteria necessary for the
design of biocompatible materials have not yet been
developed.
Plstel~t-su~a~e interaction is a vary complex and
dynamic series of events. When a biomaterial is implanted
in vivo or ex vtio, adhesion of individual platelets on the
surface is invariably followed by the appearance of mural
platelet aggregates or thrombi’-4. It is the activation of
adherent platelets and subsequent thrombus formation that
causes the potential danger of using artificial materials
in vivo. Thus, platelet activation and thrombus formation
should be considered to assess accurately the thrombogenicity of biomaterials. Although the clinical trial will
provide the final verdict on the thrombogenicity of biomaterials, in v&o evaluation techniques need to be developed,
since the number of biomateriais to be tested clinicalty is
limited, due to the excessive time and cost involved5.
Traditionally, the number of adherent platelets was
measured as a parameter for surface thrombogenicity in
most in vim studies. The initial attachment of platelets,
however, is known to be less surface specific than spreading
and release6. Recently, it was suggested that the extent of
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Blood was withdrawn from healthy adult volunteers by
venous puncture after informed consent. AH volunteers were
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platelet spreading was a better parameter than the number
of contact-adherent platelets for estimating apparent blood
compatibility of biomaterials7. The thrombogenicity of the
upper surface of spread platelets has been well documented”‘. Even with blood of patients with von Willebran~s
disease or the Bernard-Soulier syndrome, formation of
platelet thrombi occurs normally once adhering platelets
spread out’, The platelets of patients with acute myocardial
infarction have an increased ability to undergo morphological
changes after contact with activating surface such as
glass “.” . Clearty, more understandjng on the pfatelet
spreading behaviour on biomaterials is necessary.
Morphological changes of platelets during spreading
on surfaces have been usually determined by counting the
number of platelets in various spreading stages, such as
discoid, dendritic, partially spread, spread and fully spread
forms’2-‘4. It would be better if platelet spreading could be
evafuated objectively using numeric values which describe
the stage of platelet spreading. We have found that the area
and circularity of spread platelets can be used as useful
parameters for the accurate description of platelets at
different spreading stages. These two parameters were used
to examine platelet morphological changes as a function of
experimental variables such as surface, protein type, and
surface concentration of proteins.
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acid, methanol and water in the ratio of 1 O:45:4520f2’. The
CBB-stained platelets were easily separated from the
background by thresholding of the digitized image. The area
and circularity were measured for platelets in 12 separate
microscope fields for each time point. The total number of
platelets examined per sample ranged from 100 to 200.
The circularity, C, is defined in the following equation.
C = P2/4nA

(1)

where A and P are the area and the perimeter of a spread
platelet, respectively. The circularity has a minimum value of
1 .O for a perfect circle and takes on larger values for more
complex shapes.

RESULTS
Platelet spreading and circularity
The platelet transformation from spherical to fully spread
shape on glass and DDS-coated glass was examined for 2 h.
Platelet spreading was quantitated using spread area and
circularity parameters. As a platelet spreads, its area
increases. The circularity, however, can either increase or
decrease depending on the shape of spread platelets.
Figure 7 shows platelets in different stages of spreading and
their circularities. Whether platelets are dendritic or spread,
the circularity depends largely on the number and length of
pseudopods. The circularity of platelets with a few short
pseudopods is usually around 2.O.As the number and length
of the pseudopods increase, the circularity also increases.
The top three rows show this trend. If platelets are spread
fully and no distinct pseudopods are seen, then the
circularity approaches the value of 1 .O (bottom row). In no
circumstances, however, do platelets become perfectly
circular.

When platelet suspensions are prepared and applied
to a surface, not all platelets adhere to the surface at the same
time and undergo shape changes at the same rate. This
results in a distribution of platelets in different spreading
stages. It is therefore important to examine a large number of
platelets to characterize the status of platelet spreading on a
given surface. In our study, the circularity and area of at least
100 platelets were measured. When the majority of platelets
on thesurfacewerefullyspread,
theaveragecircularityvalue
was smaller than 2.0. If the average value was higher than
2.0, the majority of platelets possessed distinct pseudopods. Therefore, the average circularity value of 2.0 was
used as a reference value which indicates full spreading of
the majority of platelets. It is recommended that the
referencevalue of 2.0 should be used in conjunction with the
area of spread platelets. Contact adherent or discoid platelets
with the area of about 15 pm*cannot be described as fully
spread, even though their circularity value may be below 2.0.
The area of fully spread platelets is around 50pm2. The
important point here is that platelet spreading can be
numerically described using the circularity and the area.

Kinetics of platelet spreading
Figure 2 shows the kinetics of platelet spreading on glass.
When platelets were allowed to adhere and spread on glass
in the absence of exogenous proteins, the platelet area
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Figure 2
Kinetics of platelet shape changes on glass as measured by
spread area and circularity (average ? SEM). Platelets were allowed to
spread on glass (0). fibrinogen-coated glass (0) and albumin-coated glass
(A). Glass was precoated with either fibrinogen (0.1 mg/ml) or albumin
(1 mg/ml) for 1 h at r.t..
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gradually increased as platelet spreading continued up to
2 h. The area of spread platelets reached about 40 pm* after
2 h of spreading. The circularity did not show any tendency
of increase or decrease during platelet spreading and
remained at relatively high values, usually above 3.0. The
precoating of the glass surface with albumin at 1 mg/ml for
1 h at r.t. did not result in significant changes in the platelet
spreading kinetics (Figure 2). As described below, the
surface albumin concentration was only 0.05 pg/cm*. This
surface albumin concentration is well below a monolayer,
making the slight difference in spreading behaviour relative
to glass understandable. On the fibrinogen-precoated glass,
however, platelets spread in such a way that the edges of
spreading platelets were always smooth with only a few
pseudopods. After 20 min spreading, the circularity became
smaller than 2.0 and reached a plateau value of about 1.7.
The area of spreading platelets on the fibrinogen-coated
glass was about 50 ,um* after 1 h spreading (Figure 2). The
presence of fibrinogen on the surface accelerated the
platelet spreading to a circular form.
The kinetics of platelet spreading on DDS-glass was
also examined as shown in Figure 3. The area of spread
platelets reached 50pm* and the circularity was reduced
below 2.0 after 40 min of spreading. As the circularity
values in Figure 3 indicate, most platelets spread fully to a
circular shape on DDS-glass even in the absence of the
precoated

fibrinogen.

The

precoating

of DDS-glass

with

60
1

P

I

P

fibrinogen did not increase the area of spread platelets to
more than 50pm*, which appears to be the maximum area
that platelets can spread under our experimental condition.
The fibrinogen-precoating, however, reduced the circularity
further down to 1.20.The effect of fibrinogen was noticeable
only with the circularity values. Unlike on glass, the
behaviour of platelets on DDS-glass was significantly
influenced by precoating the surface with albumin. When
DDS-glass was precoated with 1 mg/ml of albumin for 1 h
at r.t., platelet spreading was markedly reduced. The area of
spreading plateletswas reduced to 30 pm* and the circularity
became much larger than 2.0 (Figure 3). This pronounced
effect of albumin on the platelet spreading behaviour may
be explained by the surface albumin concentration of
0.22 pg/cm’ which is the same as the monolayer concentration.
As shown in Figures 2 and 3, platelets continuously
change their areas and circularities during spreading. Thus, it
is important to control the time for platelet spreading, if
platelet shapes on different surfaces or under different
experimental conditions are to be compared. On both glass
and DDS, the effects of precoated fibrinogen on the platelet
area and the circularity were consistent: circularity decreased
and the area increased. It should be noted that fibrinogenprecoating on DDS-glass did not increase the spread area,
probably because platelets were able to spread to a
maximum value (50 pm*) even in the absence of fibrinogen.
The decrease in circularity and the increase in area due to
precoated fibrinogen will be called fibrinogen effects. When
platelets were spread on the albumin-precoated DDS, the
spread area was decreased and the circularity was increased
(Figure 3). Thus, the increase in circularity and the decrease
in area will be referred to as albumin effects.
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We examined relationships between the surface fibrinogen
concentration and the extent of the fibrinogen effects. The
surface fibrinogen concentration was varied by adjusting the
bulk fibrinogen concentration for adsorption. The fibrinogen
adsorption isotherms on glass and DDS-glass are shown in
Figure 4. The initial part of the isotherms clearly indicates
that fibrinogen adheres stronger to DDS-glass than to glass.
Figure 5 shows the changes in the area and circularity of
platelets which were spread on glass and DDS-glass for
30 min as a function of the surface fibrinogen concentration.
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spread on DDS-glass (0).fibrinogen-coated DDS-glass (a) and albumincoated DDS-glass (A). DDS-glass was precoated with either fibrinogen
(0.1 mg/ml) or albumin (1 mg/ml) for 1 h at Lt..
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Figure 5
Changes in the area and circularity of platelets spread on glass
(0) and DOS-glass (a) as a function of surface fibrinogen concentration.
Platelets were allowed to spread for 30 min at r.t.. Average * SEM.

Fibrinogen at different bulk concentrations was precoated at
r.t. for 1 h and the surface fibrinogen concentration was
calculated from the isotherms in Figure 4. The area of spread
platelets on the fibrinogen-coated glass remained the same
as that on the control glass until the surface fibrinogen
concentration
reached 0.16 pg/cm’.
The circularity,
however, linearly decreased as the surface fibrinogen
concentration increased up to 0.16 pg/cm’.
Above this
concentration, area and circularity did not change further.
Changes in the area and circularity on glass clearly show that
the maximum fibrinogen effects appear when the surface
fibrinogen concentration reaches 0.16 pg/cm’. Therefore
0.16 pg/cm* appears to be the critical surface fibrinogen
concentration above which the platelet response remains
the same. It appears that the circularity is more sensitive than
the area to changes in the surface fibrinogen concentration.
Figure 5 also shows the relationships between the
platelet spreading behaviour on DDS-glass and the surface
fibrinogen concentration. The area of platelets did not
depend on the surface fibrinogen concentration as described
above. The circularity, however, was changed as the surface
fibrinogen concentration was varied. The drop in circularity
values was observed at the surface fibrinogen concentration
of 0.1 5 pg/cm’. The critical surface fibrinogen concentration
on DDS-glass is practically the same as that on glass. It
appears that the maximum fibrinogen effects are observed
as long as the surface fibrinogen concentration is 0.15 pg/cm’
and higher. If we assume that fibrinogen22,23 is 45 nm long
and 9 nm thick with a mol wt of 340 000 the surface
fibrinogen concentrations required for side-on and end-on
packed monomolecular layers are calculated to be 0.14 and
0.89 pg/cm’, respectively. The critical surface fibrinogen
concentration observed in this study is essentially the same
as the concentration of side-on packed monolayer.
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Albumin adsorption isotherms on glass and DDS-glass are
shown in Figure 6. The amount of albumin adsorbed on
glass was <O.l ,ug/cm’, even when the bulk albumin
concentration was increased up to 5 mg/ml. The initial part
of the isotherms shows that albumin adheres much stronger
to DDS-glass than to glass. We examined the effects of
surface albumin concentration on the area and circularity of
spread platelets. Platelets were allowed to spread on glass
and DDS-glass for 30 min at r.t.. The surface albumin
concentrations were varied by precoating the surfaces with
albumin at different bulk concentrations for 1 h at r.t.. On
DDS-glass, the area and circularity remained the same as
those on the control surface until the surface albumin
concentration reached 0.1 6pg/cm2
(Figure
7). As the
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Figure 7 Changes in the area and circularity of platelets spread on glass
(0) and DOS-glass (0) es a function of surface albumin concentration.
Platelets were allowed to spread for 30 min at r.t.. Average f SEM.
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surface albumin concentration increased further, the area of
spread platelets gradually decreased and reached a plateau
value at the surface albumin concentration of 0.23 pg/cm*.
The circularity increased dramatically at the same surface
albumin concentration. Thus, the critical albumin concentration appears to be 0.23 pg/cm*.
It seems that the area is more sensitive than the
circularity to changes in the surface albumin concentration
on DDS-glass. On glass, no significant changes were
apparent in the area and circularity due to the precoated
albumin (Figure 7). Unlikeon DDS-glass, the largest surface
albumin concentration obtained on glass under our experimental conditions was slightly >O.l ,ug/cm*. Since this
concentration is much smaller than the critical concentration, it is understandable that no apparent albumin effects
were observed on glass.
If albumin can be depicted as an oblate ellipsoid24,25,
with axes 4 X 14 nm and a mol wt of 66 500, the surface
albumin concentrations required for side-on and end-on
packed monomolecular layers are calculated to be 0.20 and
0.85 ,ug/cm*, respectively. The critical albumin concentration observed in figure
7 is very close to the side-on
monolayer concentration. Like fibrinogen, the maximum
albumin effects were observed when the surface is covered
with a monolayer of albumin.
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b

spreading

Platelet spreading is accompanied by extensive re-organization of a three-dimensional cy-toskeletal network. The
platelet cytoskeletal reorganization during spreading was
examined using VEIRM. As platelets spread fully on
surfaces, they develop four distinct zones: peripheral web,
outer filamentous zone, inner filamentous zone (IFZ) and
central granulomere region14, *‘. 27. Figure 8a shows platelets
which were spread on the fibrinogen-precoated glass for
40 min. It is clearly seen that most of the spread hyaloplasm
is filled with microfilament bundles. The extensive development of the IFZ (arrows in Figure 8a) is characteristic to the
platelets spread on the fibrinogen-coated glass. Platelets
developed such an extensive I FZ on DDS-glass even without
precoated fibrinogen. In the presence of albumin on DDSglass, however, platelets developed only a poor IFZ.
Cytoskeletal structures of platelets spread on the albuminprecoated DDS-glass for 40 min are shown in Figure 8b. Not
all platelets were able to fully spread on the surface. Even
though some platelets spread to a circular shape, the
development of the IFZ was very poor (arrows in Figure 86).
On DDS-glass, albumin precoating at the bulk concentration
of 1 mg/ml for 1 h at r.t. was sufficient to inhibit formation of
extensive IFZ. On glass such effects of albumin were
noticeable only when the bulk concentration for precoating
was 25 mg/ml and above. It was a consistent observation
that, on the albumin surface, platelets could not spread well
and the development of the IFZ was very poor, even in the
spread platelets.
In addition to the poor development of IFZ, platelets on
albumin-precoated glass and DDS-glass maintained a large
central granulomere region and granule release was not
active. Active degranulation was observed from platelets
spreading on the fibrinogen-precoated
surfaces. The
differences between platelets spread on the albumin- and
fibrinogen-coated surfaces are summarized in Tab/e 7. It is
clear that platelet spreading behaviour is markedly affected
by the type of protein present on the surface.

Figure 8
Cytoskeletal srroctores of plafelets spread on glass precoated
with fibrinogen (aJ and DDS-glass precoated with albumin (bJ. Platelets
were allowed to spread for 40 min before treated with Triton-X, glutaraldehyde and acetic acid solution in sequence and imaged with VEIRM. Glass
and DDS-glass were precoated with fibrinogen (0.1 mg/mlJ and albumin
(1 mg/mlJ. respectively, for I h at r.t..

DISCUSSION
The ideal biomaterial would be the one which does not allow
platelets to adhere at all. Unfortunately, however, complete
prevention of platelet adhesion for an extended period of
time is very difficult to achieve. Previous studies suggest that
the transformation of contact-adherent platelets to the fully
spread form on biomaterials is the first step toward the mural
thrombus formation4,*.‘.
Platelets spread to increase the
area over which the adhesive interaction occurs. Thus, the
extent of spreading is expected to affect the total adhesive
interaction**. The adhesion and desorption of individual
platelets without significant transformation is not expected
to cause any serious clinical problems. Therefore, it is

Table 1

Effects ofprecoated albumin and fibrinogen on platelet behaviour

Features

Surface

area

Albumtn

Fibrinogen

<40pm2

>50~td

Circularity

>2.0

<2.0

Degradation

Rare

Common

PO0r

Extensive

Development

of IF2
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reasonable to examine the ability of a surface to elicit platelet
spreading for the evaluation of surface thrombogenicity. The
kinetics and extent of platelet spreading were numerically
described using the area and circularity. The two parameters
are independent but complement each other in characterizing platelet spreading. Estimation of the numerical values
of the two parameters allowed a rigorous approach to
comparing platelet spreading kinetics under different
experimental conditions.
The kinetics and extent of platelet spreading depend
on the nature of a surface and the type of protein present on
the surface. In the presence of fibrin~en
on the surface
above a certain concentration, platelets spread fully with the
maximum spread area and the minimum circularity. The
critical surface fibrinogen concentration on both glass and
DDS surfaces was found to be 0.15 pg/cm’. This surface
concentration is the same as the monolayer concentration of
side-on fibrinogen molecules. Platelet spreading was the
same as long the surface fibrinogen concentration was
above the critical value. It appears that a minimum or
threshold surface density of fibrinogen is required forthefull
spreading of platelets. Since most of the surface is covered
with fibrinogen molecules at the critical surface concentration, the binding of fibrinogen receptors of the platelet
membrane to fibrinogen on the surface is ensured. In this
way, platelets can make continuous, simultaneous contacts
with the surface during spreading. Such contacts may be
necessary for continued spreading and other platelet
activities such as granule release or development of the
extensive IFZ. It is common to observe the threshold surface
concentration of cell-adhesive proteins for the maximum
spreading of cells, Alpin et a/.2s*3o observed that maximum
spreading of trypsinized BHK cells required a certain
concentration of fibronectin on the surface. Fibronectin is
also known to promote platelet spreading significantly on a
variety of sutfaces3’, 32. It will be interesting to examine the
critical surface concentration of fibronectin for maximum
spreading of platelets.
The observation that platelets can spread fully and
develop extensive IFZ on DDS-glass even in the absence of
precoated fibrinogen deserves further consideration. It is
possible that platelets release their own fibrinogen and other
adhesive proteins to the surface before spreading. It is
equally possible, however, that membrane proteins, including
fibrinogen receptors, on platelet membranes directly adsorb
to the surface. As shown in Figures 4 and 6, both albumin
and fibrinogen have high affinity to DDS-glass. Thus, we can
expect nonspecific, strong adsorption of membrane proteins
onto DDS-glass. This may result in multiple platelet-surface
interactions which generate signals for platelet activation. It
is generally known that biocompatibility is improved by
precoating surfaces with albumin33. It must be noticed,
however, that platelets can still adhere and spread on the
albumin-coated surfaces, although the number of adherent
platelets and the extent of spreading is not as large as on the
fibrinogen-coated surfaces.
Since it is believed that platelets do not have receptors
for albumin, the adhesion and spreading of platelets in the
presence of albumin suggests that platelets displace
adsorbed albumin from the surface. Thus, platelets would
have more difficulty in displacing albumin as the affinity of
albumin to the surface becomes larger. This means that the
albumin effects are expected to be more pronounced on
surfaces which have higher affinity to albumin. This can
explain why platelets could not spread well on DDS-glass
when only a monolayer of albumin was present (Figure 7).
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We observed previously that platelets can spread fully on
glass even in the presence of albumin in the bulk solution at
the concentrations up to 50 mg/ml, although the kinetics of
spreading was very slow”. As shown in Figure 6, albumin
has a much higher affinity to DDS-glass than to glass.
The ability of glass and DDS-glass to elicit platelet
spreading is strongly dependent on the nature and the
amount of adsorbed proteins. Thus, when these surfaces are
exposed to blood, the actual response will depend on the
type of proteins adsorbed on the surface. Horbett34 has
suggested that the biocompatibility of polymers in vivo is
determined by their ability to fractionate plasma proteins and
concentrate them at their surface. The mechanisms of
protein adsorption from a complex mixture such as plasma,
however, are not yet understood. One of the factors which
make the study of protein adsorption more difficult is the
displacement of adsorbed proteins by other proteins35’36. A
recent study by Slack and Horbett37 suggests that the
relative affinity of plasma proteins to a finite number of
adsorption sites can explain various aspects of protein
adsorption including displacement phenomenon. The study
on protein adsorption has to be followed by the study on
platelet activation. Whether the adsorbed proteins are
biologically active or not can be determined by the ability of
the adsorbed protein to elicit platelet activation. The
quantitative comparison of platelet activation using numeric
values such as the area and circularity should be useful in the
study of various aspects of protein adsorption.
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