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Abstract 
In this study, a point source mathematical model is proposed to describe the 
diffusion of adenosine di-phosphate (ADP) from either damaged red blood 
cell (RBC) or activated platelet. The convective diffusion equation is reduced 
to describe the suggested problem. The final differential equation is solved 
using Laplace transforms and ADP concentration profiles around the source 
are obtained. Thrombi of 5 to 20 µm3 containing platelets and a range of red 
blood cells (RBCs) (0%, 25%, 50%, 75%, 100%) concentrations are used to 
apply the model. Reported ADP concentrations in the literature are used and 
its dynamic release from the point source is calculated. Results suggest that 
RBC chemical contribution to platelet aggregation in the bulk is much less 
than that of platelet (almost) negligible. However, the physical effect of RBCs 
is dominant in the bulk through augmentation of released ADP and platelets 
diffusivities. Moreover, the chemical contribution reported in previous stu-
dies is suggested to be as a result of interaction of RBC with the surface under 
the influence of shear stresses in the boundary region. 
 

Keywords 
Platelet, Red Blood Cell, Aggregation, Adhesion, Diffusion, ADP,  
Point Source, Chemical Contribution, Physical Contribution, Shear Stresses, 
Hemolysis 

 

1. Introduction 

Exposure of circulating blood cells to non-endothelialzed surfaces under the in-
fluence of shear forces potentiates platelet reduction (loss) via thrombi formation 
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on the site of the injury or on the artificial surfaces [1] [2] [3] [4]. Under normal 
circumstances, platelets do not adhere to endothelial surface that makes the lining 
of the interior walls of the circulatory conduits, and they usually do not adhere to 
other platelets (aggregate) either near the surface or in the bulk. However, for 
systems involving foreign surfaces or on the site of the injury or even in abnormal 
nature of a circulatory conduit surface (arteriosclerosis), platelets seem to have 
the tendency to adhere to such surface followed by aggregation to form a throm-
bus. About two million cardiovascular procedures and open-heart surgery are 
performed annually in the United States alone [5]. All such procedures require, at 
least, short-term blood cell contact with different biomaterials and a large portion 
of them involve implantation of a permanent prosthetic devices. 

As a result of blood cell interaction with the artificial, surfaces several platelet 
agonists, such as adenosine di-phosphate (ADP), thrombin, and thromboxane 
A2 are either released or generated. Substantial evidence has been found to sug-
gest that red blood cells (RBCs) exposed to shear potentiate platelet adhesiveness 
to other platelets and to artificial surfaces, due to shear induced release of ADP 
from RBCs [1] [2] [3] [4]. The mechanism is often referred to as the chemical 
mechanism. The other contributing mechanism to RBC potentiation of platelet 
aggregation (PAG) is referred to as the physical mechanism, which involves RBC 
augmentation of platelet convective diffusion and thereby increases the likelih-
ood of platelet-surface interaction (adhesion) as well as platelet-platelet interac-
tion (aggregation). 

Most of past studies concentrated on experimental means to clarify the me-
chanism by which platelet adhesion and aggregation occur [6] [7]. Limited stu-
dies considered mathematical modeling to investigate this problem [8]. Failure 
to produce active non-thrombogenic materials is a result of a failure to under-
stand the mechanism of biomaterial-associated thrombosis [9]. Platelets are known 
to act immediately to from thrombus at the site of the injury to stop bleeding 
forming what is known as a hemostatic plug [10]. Red blood cells are believed to 
play an essential role in platelet aggregation and adhesion under the influence of 
blood dynamics in artificial blood contacting devices [11]. Despite the effort of 
extensive research on blood constituents damage as a result of blood contact 
with artificial surfaces, the mechanism is still not fully understood [12]. Mechani-
cal trauma is reported to affect blood cells and mainly causes aging of red blood 
cell membrane which may accelerate damage of such membrane causing their 
constituents such as hemoglobin and ADP to be released in the bulk [13]. 

Red blood cells and platelets are both responsible for thrombus formation [6]. 
The contribution of red blood cell contribution is not well understood [2]. Ma-
thematical models to explain the chemical and physical contributions of RBCs 
are limited. Platelet adhesion rate constant was shown analytically determined as 
a function of shear rate, hematocrit, and average size of platelets and RBCs [14]. 
Physical and chemical effects of RBCs have been suggested to affect platelet ag-
gregation and adhesion on the surface and the bulk [1] [2] [6]. Physical effect is 
due to the presence of the large size of RBCs which augments the diffusion of 
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platelets to the surface, and the chemical effect is due to the release of ADP from 
RBCs. Platelets aggregates (thrombi) may capture RBCs that are detached from 
the surface after their temporary adhesion. The release of ADP from these ag-
gregates has not been studied as a point source in the stagnant region near the 
surface, where initially activation of platelets may occur and consequently thrombi 
formation. This study will discuss the contribution of RBCs and platelets to ADP 
release from formed thrombus as a stagnant point source near the surface. As a 
result, the level of the physical and chemical effects of RBCs on platelet adhesion 
may be evaluated. Therefore, this theoretical study is designed to consider the 
release of ADP from thrombus as a point source problem. Concentration of ADP 
away from the source is obtained to evaluate the effect of RBCs on platelet adhe-
sion and aggregation. 

2. Methodology 
2.1. Mathematical Model Formulation 

The damaged RBC, activated platelet, or a thrombus that is formed of RBCs and 
platelets are considered as point sources of ADP releases in to a stagnant bulk 
near the surface (Figure 1). Red blood cells and platelets concentrations are low 
in the surface region and high in the core. Moreover, previous studies suggest that 
the release of ADP, as a platelet agonist, occurs at the surface from platelets and 
possibly form RBCs (chemical mechanism) [1] [2] [15]. Therefore, thrombus 
formation starts in the boundary region where the fluid can be considered stag-
nant. 

The dimensions of either platelet or RBC are too small compared to the di-
mensions of the apparatus that contain them. Diffusion from the point source is 
too fast that may be considered to occur in seconds. Therefore, the convective 
diffusion equation in spherical coordinates is reduced to: 

2A A
AB

C CD r
t r r

∂ ∂∂
=

∂ ∂ ∂
                      (1) 

Several approaches have been suggested in the literature to solve the point 
source diffusion problem [16], and Laplace transforms approach is adopted in 
this study to solve this problem for its applicability to the problem in hand. The 
following condition is considered to be valid in order to be able to adapt Laplace 
transforms to this point source problem: 

AZ rC=                           (2) 

The equation can be solved using Laplace transforms, however, we have to 
substitute Equation (2) to be able to transform the equation in a form that can be 
handled by the method of solution, so we get: 

2
2AB
ZZ D

t r
∂∂

=
∂ ∂

                        (3) 

To get reasonable initial and boundary condition we assume the next two valid 
conditions:  
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Figure 1. Point source schematic model; Red Blood Cell: , Platelet: 

, Thrombus: . 

 
1): AZ rC=  is finite 
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∞
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where: 0n  is the initial amount of ADP within the source. 
Applying the above two condition we can obtain the required initial and 

boundary conditions as: 

0 : 0 0At C Z= = → =  

Applying the following Laplace transforms to Equation (3) to obtain Equation 
(4) below: 

( ) ( ) ( )
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( ) 2
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or:  
2

2

d 0
d AB

s
D

Z
r

Z− =                        (4) 

Equation (4) has a general solution represented by: 

( ) 1 2, e eAB AB

s sr r
d dZ s r C C

−

= +                   (5) 

Now, the next two steps include application of the suggested assumptions as: 
1) Applying the first assumption (i.e.) AZ rC=  is finite leads to: 

1 0C =  

Therefore, Equation (5) reduces to: 

( ) 2, e AB

S r
DZ s r C

−

=                        (6) 

Next,  
2) Applying the second assumption by performing Laplace transform we get 

Equation (7): 
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Substituting for Z  of Equation (6) into Equation (7) to get Equation (8) be-
low:  

0
2

0

4 e dAB

S r
D n

C r r
S

∞ −

=π ∫                      (8) 

The general solution of the above integral is in the form: 

1
0

!e d , 1,2,3,b ax
b

bx x b
a

∞
−

+= =∫ 
 

Provided that: 0a > , where 
AB

Sa
D

= …from Equation (6) above. 

Taking the appropriate terms and the required rearrangements we can evaluate 

2C : 

From the relation: 0
24 AB nDC

S S
=π  we get: 

0
2 4 AB

n
C

D
⇒ =

π
                         (9) 

To get the concentration in time domain we apply the following Laplace in-
verse: 

2
1

3
e exp

42
k S k k

tt
− −  −


π

= 
 

  

Application of the above Laplace inverse on Equation (6) with k is taken as the 
following relation: 

AB

rk
D

=  

The time domain ( ),Z t r  is obtained as: 

( )
2

2
3

, exp
4 ABAB

rC rZ t r
D tD t

 −
=  

 π
                (10) 

Substitution for AZ rC=  from Equation (2) we get the final concentration 
profile ( ),AC t r  of the point source diffusion model proposed, with A represents 
ADP concentration profiles as: 

( )
2

0

3

4
, exp

4
AB

A
ABAB

n D rC t r
D tD t

 −
=

π



π



               (11) 

2.2. Model Application 

The above model was used to evaluate the concentration profiles of ADP around 
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RBC, platelet, and different thrombi combine both RBCs and platelets. The vo-
lume of RBC was taken as 87 μm3 and platelet volume was 4.19 μm3. The ADP in-
side the RBC was considered as 17.7 × 10−9 nM/RBC and 40 × 10−9 nM/platelet. 
The diffusion coefficient of ADP was considered as 1 × 10−9 cm2/s [17]. These 
values were used to obtain ADP concentration profiles at distances; 2, 4, 6, 8, and 
10 μm away from 5, 10, 15, 20 (μm)3 thrombi containing; 0%, 25%, 50%, 75%, 100% 
RBCs.  

3. Results 

The ADP concentration profiles were obtained for different thrombi sizes of 
platelets and RBCs in the bulk or detached from the surface. Results indicate in-
significant chemical contribution of red blood cells to platelet activation and fur-
ther adhesion and aggregation at the surface and in the bulk, and their contribu-
tion is dominant by their physical effect. The chemical contribution seems to be 
less significant as compared to physical contribution reported in other studies [1] 
[15]. Therefore, a positive possible role of RBCs may be seen due to their exis-
tence with platelets in the different thrombi designed in this study. Figure 2 
shows that the initial ADP concentration released, from pure 5 (µm)3 platelet 
thrombus, is above 10 and less than 100 μM at 2 and 4 μm distances away from 
the thrombus. This concentration is at a level that can cause irreversible aggrega-
tion of platelets [15] [17] [18]. Initial concentrations at distances between 6 and 
10 μm are at a magnitude level of 1 μM or less which indicates a reversible effect 
of ADP on virgin platelets at these positions. Asymptotic ADP concentration of 
about 1 μM is reached at about 60 s for all distances. Therefore, thrombus of 5 
(μm)3 of pure platelets shows a formation of ADP cloud up to 5 μm away which 
can initiate irreversible bulk aggregation. The effect lasts for about 60 s only after 
which the concentration of ADP becomes ineffective, which is less than the 2 
minutes’ threshold needed to cause ADP induced platelet activation [2] [3] [15]. 

Figure 3 shows the release from 5 (μm)3 thrombus consisting of 25% RBCs and 
75% platelets. Initial concentrations at 2 and 4 μm are at a level that can still cause 
irreversible aggregation, but the corresponding concentrations are lower than 
that of pure platelet thrombus. Asymptotic value of 1 μM is also reached at 60 s 
time. Moreover, increasing RBCs concentration seems to reduce the ADP re-
leased levels. 

Figure 4 shows the release for the same size thrombus but with composition of 
50% platelets and 50% RBCs. The same trend is seen as the previous figures; 
however, the ADP concentrations are lower than those coming from thrombi 
with higher platelet composition. Moreover, the asymptotic ADP concentration 
falls below 1 μM in 60 s for all distances, at which reversible aggregation may oc-
cur. 

Figure 5 shows the results of 5 (μm)3 thrombus of 75% RBC concentration. In-
itial ADP concentrations are reduced for all distances. Ineffective ADP concen-
trations at 2 and 4 μm appear after 50 s. The results lead to suggest insignificant 
RBCs chemical contribution. 
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Figure 2. ADP concentration as a function of distance away from 5 μm thrombus of 0% 
RBC. 

 

 
Figure 3. ADP concentration as a function of distance away from 5 μm thrombus of 25% 
RBC. 

 

 
Figure 4. ADP concentration as a function of distance away from a 5 μm thrombus of 
50% RBC. 
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Figure 5. ADP concentration as a function of distance away from a 5 μm thrombus of 
75% RBC. 

 
Figure 6 represents ADP concentrations as a function of distance for pure 5 

(μm)3 RBC thrombus. The initial ADP release in the bulk at 2 μm is seen to be at 
1 μM level, which is considered to be non-effective with respect to platelet activa-
tion. Therefore, at this size of RBCs aggregate ADP release in the bulk seems to be 
non-effective, which supports the above suggestion of insignificant chemical con-
tribution of RBCs in the bulk. 

Figure 7 represents ADP concentrations data related to a 10 (μm)3 pure plate-
let thrombus. A significant initial increase above the 5 µm3 thrombus and asymp-
totic ADP concentration is observed to be above 2 μM even after two minutes. 
Hence, pure platelet thrombi in the bulk seem to be extremely effective for 10 µm3 
thrombus size. 

Figure 8 shows results of 10 (μm)3 including 25% RBC concentration. It is ob-
vious that addition of RBCs to the platelet thrombus reduces ADP released con-
centration. However, the overall effect of ADP release is still within extreme ef-
fective levels. 

Figure 9 shows the effect of increasing RBCs concentration to 50% of the 10 
(μm)3 thrombus. The concentrations of ADP are reduced further, and the asymp-
totic concentrations approach the reversible effect levels after two minutes of ini-
tial release. 

Figure 10 represents ADP concentration profiles associated with 75% RBCs of 
a 10 (μm)3 thrombus. The reduction of ADP concentrations is obvious compared 
to the 50% RBCs thrombus. Moreover, the asymptotic ADP reversible value is 
reached in about 100 s. 

ADP Concentration profiles associated with pure RBCs thrombus of 10 (μm)3 
are presented in Figure 11. Initial ADP release is only significant at 2 μm distance 
(i.e.) a thin film forming a cloud around the thrombus. Reduction of about 90% is 
seen in pure RBCs thrombus as compared to a 75% RBCs one. Further, the con-
centrations, for all distances, drop below effective ADP concentration just after 30 
seconds. 
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Figure 6. ADP concentration as a function of distance away from a 5 μm throm-
bus of 100% RBC. 

 

 
Figure 7. ADP concentration as a function of distance away from a 10 μm 
thrombus of 0% RBC. 

 

 
Figure 8. ADP concentration as a function of distance away from a 10 μm 
thrombus of 25% RBC. 
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Figure 9. ADP concentration as a function of distance away from a 10 μm 
thrombus of 50% RBC. 

 

 
Figure 10. ADP concentration as a function of distance away from a 10 μm 
thrombus of 75% RBC. 

 

 
Figure 11. ADP concentration as a function of distance away from a 10 μm 
thrombus of 100% RBC. 
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Figure 12 shows the results for platelet pure thrombus of 15 (μm)3. An initial 
increase of about 150% above 10-micron thrombus, of the same composition, is 
obvious. Also, asymptotic ADP values stay well above the minimum effective 
concentration. The effect of such thrombus, if it exists, will extend to far distances 
away from the source. 

Effect of including 25% RBCs in a thrombus of 15 (μm)3 is clearly seen in Figure 
13. Overall concentrations are reduced; however, all values are still way above the 
minimum ADP effective concentration. As pointed above, if this type of thrombus 
exists in a system, then there effect will extend to a far distance from the source. 

Figure 14 represents ADP concentrations obtained from a 15 (μm)3 thrombus 
containing 50% RBCs. The initial concentrations as well as the asymptotic values 
are reduced; however, they are still in a range that consequence effects are vital 
with respect to platelet activation and further adhesion and aggregation. The effect 
of increasing the concentration of RBCs within a 15 (μm)3 thrombus on ADP re-
lease is shown in Figure 15. The concentration profiles are reduced and the asymp-
totic values are seen to be slightly above the minimum effective ADP concentration. 
This also may suggest that a thrombus of this type may not exist within known ar-
tificial systems, especially those under the influence of low shear stresses. 

ADP concentration profiles associated with pure RBCs of 15 (μm)3 thrombus 
are presented in Figure 16. Initial concentrations up to 60 s after ADP release are 
at a level that may cause irreversible aggregation. Therefore, it may be suggested 
that if damaged RBCs can form aggregates; this will lead to formation of an ADP 
cloud around the thrombus for about 60 s. However, asymptotic values drop be-
low the effective ADP concentration just after 65 s. 

Results on ADP concentration profiles originating from pure platelet thrombus 
of 20 (μm)3 size are shown in Figure 17. The high concentration values, reported 
in the figure, are impossible to exist in real system. Therefore, these results sup-
port the suggestion that only small size pure platelet aggregates may exist in real 
systems with reasonable stress levels are available and blood compatible surfaces 
are lining the blood flow compartments. 

 

 
Figure 12. ADP concentration as a function of distance away from a 15 μm 
thrombus of 0% RBC. 
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Figure 13. ADP concentration as a function of distance away from a 15 μm throm-
bus of 25% RBC. 

 

 
Figure 14. ADP concentration as a function of distance away from a 15 μm throm-
bus of 50% RBC. 

 

 
Figure 15. ADP concentration as a function of distance away from a 15 μm throm-
bus of 75% RBC. 
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Figure 16. ADP concentration as a function of distance away from a 15 μm 
thrombus of 100% RBC. 

 

 
Figure 17. ADP concentration as a function of distance away from a 20 μm 
thrombus of 0% RBC. 

 
Figure 18 shows the effect of introducing 25% of RBCs within the thrombus. 
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Figure 20 shows the ADP concentration profiles for the 20 (μm)3 of 75% RBCs. 
Initial concentrations are reduced compared to the previous results of lower 
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0.0001

0.001

0.01

0.1

1

10

A
D

P 
C

on
ce

nt
ra

tio
n 

(μ
M

)

Time (s)

2 μm
4 μm
6 μm
8 μm
10 μm

1

10

100

1000

10000

100000

1000000

10000000

A
D

P 
C

on
ce

nt
ra

tio
n 

(μ
M

)

Time (s)

2 μm
4 μm
6 μm
8 μm
10 μm

https://doi.org/10.4236/abb.2022.132004


T. M. Alkhamis, B. M. Alma’atah 
 

 

DOI: 10.4236/abb.2022.132004 105 Advances in Bioscience and Biotechnology 
 

safe level (1 μM) just after 125 s as we increased RBCs concentration.  
Figure 21 shows some sort of decrease in initial ADP release concentrations 

associated with pure RBCs within 20 (μm)3 thrombus. Asymptotic values reach 
safe ADP concentration levels just after 110 s. Moreover, such thrombi of RBCs 
alone may not exist in real systems because RBCs are not known to adhere to 
each other, therefore, the results shown in the figure cannot be used to support 
their chemical effect. 

Table 1 presents the effective distance with respect to platelet activation and 
consequently platelet aggregation as a result of ADP release from thrombi of var-
ious sizes. Moreover, the elapsed times of the effective ADP concentrations are 
also presented (Table 1). It is obvious that as the increase of RBCs concentrations 
reduces the effective distances as well as the elapsed time which reaches below the 
threshold of irreversible aggregation of two minutes in all results of 5 µm dimeter 
thrombi and high RBCs concentrations of other thrombi. 

 

 
Figure 18. ADP concentration as a function of distance away from a 20 μm 
thrombus of 25% RBC. 

 

 
Figure 19. ADP concentration as a function of distance away from a 20 μm 
thrombus of 50% RBC. 
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Table 1. Effective ADP concentration released from different thrombi sizes and the duration at 2, 4, 6, 8, and 10 µm distance from 
thrombus point source. 

Thrombus  
Size (µm) 

RBCs  
Concentration (%) 

Distance away from the source to  
have ADP concentration at a level  

to cause irreversible aggregation (µm) 

Time elapsed for the released ADP to 
stay at a level to cause aggregation (s) 

5 

0 2, 4 60 

25 2, 4 60 

50 2, 4 60 

75 2, 4 50 

100 <1 0 

10 

0 
2, 4, 6 

8 after 20 s 
10 after 25 s 

>125 

25 
2, 4, 6 8 

10 after 25 s 
>125 

50 
2, 4, 6 

8 after 15 s 
10 after 25 s 

>125 

75 
2, 4, 6 

8 after 20 s 
>100 

100 2, 4 <15 

15 

0 
2, 4, 6 

8 after 15 s 
10 after 20 s 

>125 

25 
2, 4, 6 

8 after 15 s 
10 after 20 s 

>125 

50 
2, 4, 6 

8 after 15 s 
10 after 20 s 

>125 

75 
2, 4, 6 

8 after 20 s 
10 after 20 s 

>125 

100 
2, 4 

6 after 20 s 
≈65 

20 

0 2, 4, 6, 8, 10 >125 

25 
2, 4, 6 

8 after 10 s 
10 after 15 s 

>125 

50 
2, 4, 6 

8 after 5 s 
10 after 15 s 

>125 

75 
2, 4, 6 

8 after 15 s 
10 after 20 s 

>125 

100 
2, 4 

6, after 10 s 
8 after 20 s 

≈110 
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Figure 20. ADP concentration as a function of distance away from a 20 μm 
thrombus of 75% RBC. 

 

 
Figure 21. ADP concentration as a function of distance away from a 20 μm 
thrombus of 100% RBC. 
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ADP release from thrombi, the concentrations at 2 µm distance from 5, 10, 15, 20 
µm3 are reported in Table 2. Results of ADP release from all thrombi sizes is at a 
level that can cause platelet adhesion aggregation. However, the duration of effec-
tive ADP concentration is less than 2 minutes for 5 µm3 thrombi sizes and pure 
RBCs thrombi (Table 1). Moreover, the increase of RBCs concentration decreases 
the ADP levels of all thrombi sizes. This may indicate a lower level of chemical 
contribution of RBCs to platelet adhesion and aggregation. 

4. Discussion 

Results indicate that an increase of RBCs concentrations within a thrombus re-
duces the ADP concentration levels and the duration time of effective concentra-
tion. Thrombi of 5 µm3 size, the concentration of ADP is at a level that can in-
itiate platelet activation after 2 seconds period, and All of ADP diffuses in 3 
seconds. Therefore, it is clear that when ADP starts to release from this size  

0.0001

0.001

0.01

0.1

1

10

100

A
D

P 
C

on
ce

nt
ra

tio
n 

( μ
M

)

Time (s)

2 μm
4 μm
6 μm
8 μm
10 μm

0.0001

0.001

0.01

0.1

1

10

A
D

P 
C

on
ce

nt
ra

tio
n 

(μ
M

)

Time (s)

2 μm
4 μm
6 μm
8 μm
10 μm

https://doi.org/10.4236/abb.2022.132004


T. M. Alkhamis, B. M. Alma’atah 
 

 

DOI: 10.4236/abb.2022.132004 108 Advances in Bioscience and Biotechnology 
 

Table 2. ADP released concentration after 5 seconds at 2 µm distance from thrombus 
point source as a function of RBCs concentration. 

Thrombus 
size (µm3) 

RBCs Thrombus Concentration (%) 

0 25 50 75 100 

ADP Concentration after 5 seconds at 2 µm  
distance from the thrombus point source 

5 48.1 36.4 24.6 12.8 1.03 

10 385 296 197 102 8.21 

15 13 × 102 982 664 346 27.7 

20 30.8 × 105 2330 1570 819 65.7 

 
thrombus a cloud starts to build that has the potential to activate platelets during 
the first 5 seconds. Effective ADP concentration is observed at 2 and 4 µm only, 
however this level lasted only for less than 60 s. It is clear that time which is re-
quired for ADP to be at a level that can activate platelets at different diameters 
increases as the diameter increases. Moreover, the results may indicate that RBCs 
chemical contribution to platelet aggregation in the bulk is not significant, and 
the dominant effect is due to platelets. However, the increase of RBCs concentra-
tion within the thrombus decreases the effective release of ADP, and consequent-
ly decreases the potential of platelet aggregation within the bulk. Thrombi of 5 
µm3 in the bulk do not seem to have a significant effect on platelet activation. It is 
evident that duration of effective ADP concentration at this size is less than 60 
seconds, which is not enough to cause irreversible platelet aggregation [1] [2] [3] 
[15]. 

Released ADP concentration from 10 µm3 thrombus show effective levels at 2, 
4, and 6 µm within 5 seconds of starting the release, while it appears after about 
20 seconds at 8 µm and after about 25 seconds at 10 µm. containing 75% RBCs. 
Increasing the concentration of RBCs decreases the time required for ADP effec-
tive levels to be observed and the time of duration of these effects. This may indi-
cate that increasing the concentration of RBCs increases diffusivity of ADP and 
decreases the release. Therefore, it may be suggested to have more physical con-
tribution of RBCs than chemical contribution. Pure RBCs thrombi show effective 
level at 2 and 4 µm, however this level lasts for less than 15 seconds which sup-
port the above findings (Table 1) concerning the physical and chemical contribu-
tion of RBCs. 

Large size thrombi (15 and 20 µm) show extensively high ADP released con-
centration at an order of magnitude of 102 to 105 µM (Table 2), which are at levels 
that may not be possible to exist in real system. The effect of the ADP released 
from these thrombi lasts for more than 2 minutes for all distances except that of 
pure RBCs thrombi which lasted for less than 110 seconds. This result, also, sup-
ports the suggestion of higher physical effect, of RBCs, than chemical effect with-
in the bulk. 
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The results presented above indicate more chemical contribution of platelet 
than RBC, in the bulk, to platelet aggregation as a result of ADP release. The RBCs 
contribution is limited due to their sizes. Presence of RBCs within thrombus ne-
gatively affects diffusion of ADP in the bulk. The overall picture of RBCs contri-
bution to platelet adhesion and aggregation at the surface and the bulk can be 
understood if diffusion of ADP from the surface is considered along with the 
findings of this model. Spreading of platelets and RBCs may increase RBC con-
tribution to ADP concentration profiles due to limited RBC size effect. The phys-
ical contribution of RBC to platelet aggregation may be larger than its chemical 
contribution. Further development of the model will show RBC exact contribu-
tion. 

Therefore, it may be suggested that as RBCs increase, in the thrombus, the ef-
fect of ADP release decreases and the duration of the effect decreases to levels be-
low 60 s, which are not enough to cause irreversible aggregation. Small size thrombi 
(5 µm) do not show effective ADP levels even in the absence of RBCs. Thrombi of 
10 µm3 show an effective level at up to 10 µm and a duration time of more than 2 
minutes except for pure RBCs thrombi which show effective levels at 2 and 4 µm 
and a duration time of 100 seconds. Large sizes thrombi show impossible levels of 
released ADP concentration. Therefore, it may be suggested that thrombi of 5 to 
10 µm may exist in the bulk. Moreover, ADP release from pure RBCs thrombi 
does not show significant effective levels. This may indicate a low chemical con-
tribution of RBCs to platelet aggregation and adhesion. 

The above results may indicate that the contribution of RBCs to platelet aggre-
gation in the bulk is dominant by physical effect through increasing the diffusivi-
ty of platelets and ADP. On the other hand, the chemical effect of RBCs which is 
not significant in the bulk is yet to be determined in future work at the surface. 
Moreover, this results imply that RBC chemical contribution reported in previous 
studies [1] [2] [3] [15] may be suggested to occur at the surface due to reversible 
adhesion of RBC at the surface which leads to stretching the membrane and con-
sequently increasing the diameters of the pores, under the influence of shear 
stresses, that allows hemoglobin and other smaller molecules such as ADP to be 
released. 

Moreover, the results of this study will contribute to the comprehensive under-
standing of the role of RBCs in platelet adhesion and aggregation under the in-
fluence of low shear stress conditions. This is because a much improved know-
ledge of ADP release and how it affects thrombosis is needed. Mechanisms of this 
phenomenon are close to being suggested. If the right mechanism is obtained the 
solution of problems concerning the use of artificial organs may be achieved. 

5. Conclusions 

It may be concluded that as RBCs increase, in the thrombus, the effect of ADP 
release decreases and the duration of the effect decreases to levels below 60 s, 
which are not enough to cause irreversible aggregation. Small size thrombi (5 µm) 
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do not show effective ADP levels even in the absence of RBCs. Thrombi of 10 µm3 
show an effective level at up to 10 µm distances and a duration time of more than 
2 minutes except for pure RBCs thrombi which show effective levels at 2 and 4 
µm and a duration time of 100 seconds. Large sizes thrombi show high levels of 
released ADP concentration which are impossible to exist. Therefore, it may be 
suggested that thrombi of 5 to 10 µm may only exist in the bulk. Moreover, ADP 
release from pure RBCs thrombi does not show significant effective levels. This 
may indicate a low chemical contribution of RBCs to platelet aggregation and 
adhesion. 

Therefore, the main conclusions of this study include that the contribution of 
RBC to platelet activation in the bulk is mainly physical through augmentation of 
platelet and released ADP diffusivities as a major contribution while their chemi-
cal contribution through ADP release is almost negligible. Moreover, existence of 
RBCs within thrombi decreases the released levels of ADP, which makes it unlikely 
to have them in thrombi within the bulk. Furthermore, the chemical effect of 
RBCs is more likely due to temporary adhesion to the surface followed by mem-
brane stretching and reversible deformation to allow hemolysis (hemoglobin re-
lease as well as ADP and similar compounds). 
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