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Figure 12-Release profiles of pure and methylcellulose-treated hex- 
obarbital from hard gelatin capsules in water with varying concentra- 
tions ofpolysorbate 80 a t  37'. Key: open symbols, untreated drug; 0, 
0% polysorbate 80 ( 7 ~ ~ 0  = 70.1 dyneslcm); A, 0.01 % (45.4 dyneslcm); 
0, 0.05Cb (42.7 dyneslcm); 0 ,  0.1% (41.4 dyneslcm); V, 0.2% (39.3 
dyneslcm); 4.0.57; (37.7 dyneslcm); and *, 0.18% binder-treated drug 
in solutions with 0--0.5% polysorbate 80. 

According to Finholt and Solvang (19), the surface tension of human 
gastric juice is nearly independent of pH and secretion rate, having a value 
between 35 and 50 dynedcm. Therefore, a mean surface tension of human 
gastric juice of 43 dynes/cm would require a concentration of 0.05% po- 
lysorbate 80. To compare the release rates of pure and treated drug, the 
release profiles from capsules of hexobarbital, treated as described with 
a 3% methylcellulose solution and immersed in dissolution media of 
varying surface tension, are incorporated in Fig. 12. The results show the 

release rate of the treated drug to be independent of the surface tension 
of the dissolution medium. Because of the aforementioned differences 
in the surface tension of human gastric juice, the realization of a release 
rate from capsules that is independent of the surface tension of the me- 
dium is of practical importance, especially where absorption is dissolution 
rate limited. 
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Abstract A study of the aggregation kinetics of human platelets using 
an electronic count.ing device is reported. The experimental data were 
analyzed quantitatively by a physical model, which assumed that the 
initial disappearance rate of single platelets uersus time fitted a sec- 
ond-order type of aggregation with respect to platelet number. The 
mechanism of aggregation was surface barrier controlled. Thus, the 
aggregation rate constants in different adenosine diphosphate concen- 
trations (1.5-9.0 pg) were 10-100 times greater than the rate constant 
(6.6325 X cm3/sec) for a diffusion-controlled process as calculated 
from Smoluchowski's model. Also, the stability constant values, which 
were equal to unity in a fast diffusion-controlled mechanism, were smaller 
in the surface-barrier-controlled process and ranged from 0.00741 to 
0.0467. The extent of aggregation was indicated by the calculation of a 
sticking probability constant as determined by the barrier. Adenosine 

diphosphate induced a rapid aggregating effect. Prostaglandin El pro- 
duced the most drastic deaggregating effect as compared to dinoprostone 
(prostaglandin Ez) and dinoprost (prostaglandin Fza). Aspirin completely 
blocked the aggregating effect of arachidonic acid. 

Keyphrases 0 Aggregation, platelet-kinetic study, effect of adenosine 
diphosphate, various prostaglandins, and arachidonic acid 0 Kinet- 
ics-human platelet aggregation, effect of adenosine diphosphate, various 
prostaglandins, and arachidonic acid 0 Adenosine diphosphate-effect 
on human platelet aggregation with and without various prostaglandins, 
kinetic study 0 Prostaglandins, various-effect on human platelet 
aggregation with and without adenosine diphosphate, kinetic study 
Arachidonic acid-effect on human platelet aggregation with and without 
aspirin, kinetic study 

The origih, morphology, chemical composition, lifespan, 
and role of some endogenous substances on blood coagu- 
lation and platelet aggregation have been reported (1-13). 

Nevertheless, very few quantitative and mechanistic 
studies have been conducted on human platelet aggrega- 
tion. The present study was an attempt to develop exper- 
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THRESHOLD 

Figure 1-Cumulatiue size distribution plot of the number of particles 
oversize versus threshold for polyuinyltoluene-polystyrene latex cali- 
bration material, Key: a, 1.15-pm diameter latex; and b, 1.87-pm di- 
ameter latex 

imental techniques to provide data suitable for quantita- 
tive treatment and analysis. 

EXPERIMENTAL 

Particle Counting and Machine Calibration-An electronic 
counting device' was employed for platelet counting. According to esti- 
mates of platelet-size distribution (2-4 pm in diameter) (14). a 50-pm 
aperture opening tube was installed in the machine. Standard monosized 
calibration materials with a size range of 5-20% of the aperture diameter 
were used for calibration. The latex particles were dispersed in parti- 
cle-free normal saline solution and placed on the counter stand for 
counting. The desired dilutions of the calibration material were made 
such that, at  low threshold values (15), the machine would count a t  low 
coincidence factor. 

Standard calibration curves were obtained when a plot of the number 
of particles oversize (15) uersus threshold were drawn as shown in Figs. 
1 and 2. The dotted lines in Figs. 1-4 indicate the threshold values cor- 
responding to 50% of the number of particles in suspension (15) and, thus, 

o!l I 0  2b 30 40 50 $0 7b 
THRESHOLD 

Figure %--Cumulative size distribution plot of the number of particles 
ouersize versus threshold for polystyrene-diuinylbenzene latex of 
5.02-pm diameter. 

1 Coulter counter model A, Coulter Electronics, Hialeah, Fla. 

\ .b Ib  20 30 ' 40  ;o $0 70 
THRESHOLD 

Figure 3-Cumulatiue size distribution plot of the number of particles 
ouersize versus threshold for human blood cells. Key: a, size distribution 
for platelets; b, size distribution for red blood cells; and c ,  size distri- 
bution for white blood cells. 

estimate the mean size distribution of particulate matter. 
Preparat ion of Particle-Free Stock Solution-The particle-free 

stock solution was prepared as follows. Sodium chloride2, 9 g, was dis- 
solved in lo00 ml of distilled water. A stainless filter holder3, adapted with 
a 47-mm, 0.45-pm membrane filter3 and attached to a vacuum flask, was 
used for the filtration of the stock solution. The filtrate was refiltered until 
almost particle free as checked by the counter. 

Part of the freshly prepared particle-free stock was used to fill the 
reservoir of the machine; this procedure was necessary to avoid leakage 
of particulate matter from the reservoir during flushing of the inner part 
of the aperture tube. Control studies were run in the following manner. 
The solution was poured into a clean beaker and then placed on the stand 
of the counter. Counts were recorded a t  specific threshold settings and 
were considered as background counts. The rest of the particle-free stock 
solution was used as suspending fluid for the calibration material and 
platelets. 

Preparation of Platelet-Rich Plasma-Human blood was collected 
from the antecubital vein of healthy volunteers, 25-30 years old. The 
volunteers did not donate blood whenever they were under any type of 
drug therapy. To nine parts of blood, one part of 3.8% sodium citrate2 was 
added. The mixture was then centrifuged" a t  77Xg for 15 min. The su- 

4500 - m 
LT 
!A 

'1, 8 '  16 24 32 40 bS 56 
THRESHOLD 

Figure 4-Cumulative size distribution plot of the number of platelets 
ouersize versus threshold for human platelets in platelet-rich plas- 
ma. 

E. Merck, Darmstadt, Germany. 
3 Millipore Corp., Bedford, Mass. 
4 International clinical centrifuge model C.L., International Equipment Co., 

Needham, Mass. 
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Figure 5-Proposed model for irreversible aggregation of human 
platelets. 

pernatant platelet-rich plasma layer was collected. Then 0.5-ml samples 
of platelet-rich plasma were distributed into carefully cleaned 10-ml 
erlenmeyer flasks and placed in a water baths maintained a t  37". 

Blood Particle Counts-After calibration of the counter, 2 pl of 
human blood was injected into 80 ml of particle-free normal saline using 
a microliter syringe6. The suspended particles were stirred for 5 sec with 
a rotary glass stirrer attached to the counter. Counts were estimated per 
0.05 ml of the suspension a t  different thresholds (Fig. 3). 

Platelet  Counts in Platelet-Rich Plasma-Twenty microliters of 
platelet-rich plasma was added to 80 ml of particle-free normal saline, 
and the number of platelets oversize uersus threshold was estimated in 
a way similar to that used for blood particle counts (Fig. 4). The dotted 
lines in Fig. 4 show that threshold 9 was the setting for the average platelet 
size. 

Control Experiments-Control experiments were regularly per- 
formed on every blood sample. A platelet-rich plasma sample was placed 
in an erlenmeyer flask in the water bath. Then 10 p1 of normal saline, 
which was used as a solvent for the compounds to be tested, was added 
to this control flask. Samples of 10 p1 were withdrawn at  0,15,30,45,60, 
75, and 90 sec and added to 80 ml of normal saline to be counted. 

Aggregation Experiments-At zero time, the test compounds were 
added with a microliter syringe to 0.5-ml platelet-rich plasma samples 
in a water bath a t  37". Sampling and analysis were done in exactly the 
same manner as described under Platelet Counts in Platelet-Rich 
Plasma. The compounds tested were prepared as follows. 

The sodium salt of adenosine 5'-diphosphate7 was dissolved in normal 
saline in a concentration of 5 mg/5 ml. The stock solution was frozen, 
stored at  - Z O O ,  and thawed when used. 

Stock solutions of prostaglindin El8 and dinoprostone8 (prostaglandin 
E2) were prepared by dissolving 2 mg in 0.02% sodium carbonate. The 
pH was adjusted to 7.35 with a pH meterg, and the final concentration 
of each prostaglandin was made up to 2 mg/lO ml with normal saline. 
Solutions were stored at  -20' and thawed only when used. 

A stock solution of dinoprost (prostaglandin Fz,) tromethamine salt8 
was prepared by dissolving a specific weight equivalent to 2 mg of dino- 
prost acid/lO ml of normal saline. The solution was stored a t  -20" and 
thawed only when used. 

Arachidonic acid10 solution was prepared by dissolving 5 pl of arachi- 
donic acid in 0.3 ml of isotonic sodium chloride containing 0.02% sodium 
carbonate. The final concentration was 15 pg/pI. The solution was stored 
at  -20" and thawed only when used. 

Thermocirculator model 1818. Beckman Instruments. Fullerton. Calif. 
Hamilton Co., Reno, Nev. 
Koch-Light Laboratories, Colnbrook Brecks, England. 
The Uoiohn Co.. Kalamazoo. Mich. 
ExpaLdomatic SS-2, Beckman Instruments, Fullerton, Calif. 

lo Sigma Chemical Co., St. Louis, Mo. 

Aspirin2 solution was prepared by dissolving 2.25 mg in 100 ml of 
normal saline for a final concentration of 2.25 pg/lO p1. The solution was 
stored a t  -20" and thawed only when used. 

Calculations-Model-Figure 5 shows an irreversible particle-par- 
ticle aggregation model for human platelets. The rate equations for the 
disappearance of singlets and for the formation of doublets, triplets, etc., 
may be written as: 

-= d(pT) K s ~ P s P ~  - PT(K,TP~ + KDTPD + KTTPT + . . .) (Eq. 3) 

where f,, Po, and PT refer to singlet, doublet, and triplet counts, re- 
spectively; and K,,, K,D, K,T, KDD, KDT. and KTT are the rate constants 
of formation of doublets, triplets, and quadruplets. Similar equations 
can be written for higher aggregates. 

dt  

Assumptions- 
1. Human platelets were assumed to be monodispersed and spherical 

in shape. 
2. The rate constants in the equations were assumed to be equal, thus 

simplifying the solution of the system of differentialequations (16). 
3. The experiments were concerned with the initial rapid aggregation 

of singlets; therefore, the formation rates of triplets and higher aggregates 
were not being kinetically measured. For this reason, platelets during the 
experiments were measured a t  threshold 9 of the machine, corresponding 
to the number of singlets existing a t  any time in the platelet-rich plasma 
sample. 

Diffusion-Controlled Case-The rigorous aggregation expression for 
a monodispersed system was proposed by Smoluchowski (16). If it is as- 
sumed that platelets are spherical in nature, then: 

where Di, is the mutual diffusivity of the i th and j t h  class particles; r,, 
is the collision radius; W,, is the stability constant; and pk, P,, and PJ are 
platelet counts in classes k, i ,  and j, respectively. If platelets are assumed 
to be monodispersed, then the mutual diffusivity, Di,, of two platelets 
is equal to the sum of the diffusivities of each individual platelet: 

D,j = Di + DJ = 2Di = 20, (Eq. 5) 

and: 
(Eq. 6) rij = ri + rj = 2r, = 2r, 

where D, and r, are the diffusivity and radius of a singlet, respectively. 
Then: 

The Stokes-Einstein relation defines the diffusivity as: 

(Eq. 8) 

where KO is the Boltzmann constant, T is the absolute temperature, and 
n is the viscosity of the medium. Combining Eqs. 7 and 8 and substituting 
for D, yield: 

8KoT K,, = - 
3n W (Eq. 9) 

For a monodispersed system, Eqs. 1 and 4 can be combined to give: 

(Eq. 10) 

By substituting Eq. 9 into Eq. 10 and integrating, the following expression 
is obtained: 

1 8KoTt 
I - I +K,,t=-+- 
ps Pso PSo 3nW (Eq. 11) 

where PSo is the number of singlets at  time zero. Equation 11 includes the 
rate constant K,, for diffusion-controlled aggregation, i .e.,  when W = 
1. Thus, K,, has a value of 6.6325 X cm3/sec a t  37" for human 
platelets suspended in plasma having a viscosity equal to 0.0172 poise 
(17). The value of W > 1 explains the experimental deviation of a system 
from a rapidly aggregating diffusion-controlled process. Instances where 
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Figure 6-k'lot of l/platelet count versus time for platelet aggregation 
as induced by adenosine diphosphate. Key (concentrations of adenosine 
diphosphate per milliliter of platelet-rich plasma): ., 1.5 pg; A, 3 kg; 
A, 4.5 fig; 0 ,6  pg; and 0 , 9  pg. 

W < 1 (18) also can apply for a rapid aggregation process. The half-life 
of singlet aggregation under the influence of a diffusion-controlled process 
is calculated from Eq. 11 to be: 

(Eq. 12) 

Surface-Barrier-Controlled Case-Higuchi et al. (19) proposed that 
the rate constant K, ,  includes the total available surface area of contact 
between two singlets: 

K,, = (total available contact area)(D, + D,)(y) (Eq. 13) 

Table I-Rate Constants, Half-Lives, and Sticking Probability 
Factors of Platelet Aggregation in the Presence of Adenosine 
Diphosphate 

Adenosine Rate Constant*, Sticking Probability 
Diphosphatea, K,, X 10-11, Half-Life, Factor, y X 106/cm/ 

rg cm3/sec t 112, sec Platelet 

1.5 
3.0 
4.5 

14.20 21.47 0.0993 
19.50 15.64 0.1364 
21.40 14.24 0.1496 

6.0 57.56 5.30 0.4025 
9.0 89.50 3.40 0.6259 

Amount injected into 1 ml of platelet-rich plasma. Rate constant is zero for 
control experiment. 

Table 11-Rate Constants, Half-Lives, and Sticking Probability 
Factors of Platelet Aggregation in the Presence of Adenosine 
Diphosphate and Prostaglandin El  

Rate 
Sticking 

Probability 
Adenosine Prosta- Constant*, Factor, 

phatefl, pg El", pg cmg/sec t112, sec Platelet 
Diphos- glandin K,, X lo-", Half-Life, y X 106/cm/ 

3.0 0.0 19.50 15.64 0.1364 
3.0 0.06 5.20 58.65 0.0363 
6.0 0.0 57.56 5.30 0.4025 
6.0 0.12 3.88 78.61 0.0271 .~ 

9.0 0.0- 89.50 3.40 0.6259 
9.0 0.18 1.03 296.12 0.0072 

a Amount injected into 1 ml of platelet-rich plasma. Rate constant is zero for 
control experiments. 

where y,  a constant for a given system in which the local curvatures of 
the contacting surfaces are identical, includes the sticking probability 
as determined by the barrier. For singlet-singlet interacting particles in 
a monodispersed system, the total available contacting area for spheres 
is 16*rs2. Then Eq. 13 is written as: 

K,, = 32*rs2D, (Eq. 14) 

Substituting in Eq. 14 for D, gives: 
16yKor,T 

3n K,, = (Eq. 15) 

Thus, Eq. 10 can be evaluated as: 

The integrated form of Eq. 16 is written as: 

t 1 - 1 + 16yK0r,T 
P, P,o 3n 

Oh 17) 

The rate constant in Eq. 17 is the surface-barrier-controlled rate constant. 
Any change in the surface barrier is explained by the difference of the 
sticking probability factor, y, which is used to determine the degree of 
the surface-barrier effect on the aggregation of human platelets. From 
Eq. 17, the half-life of the aggregated particles under the surface-bar- 
rier-controlled processes is equal to: 

RESULTS 

Counter Calibration-Figures 1 and 2 represent calibration curves 
for calibration material of sizes 1.87, 1.15, and 5.02 pm. The results were 
employed for the quantitative estimates of human blood cell sizes and 
human platelet size. 

Size Distribution of Human Blood Cells-Figure 3 shows the size 
distribution of human blood cells. Particulate matter in whole blood was 
not narrowly distributed. There were approximately three different size 
distributions, as shown by breaks in the curve. This result was explained 
on the basis of the differences in the size distributions of platelets, red 
blood cells, and white blood cells. The machine setting, when counting 
whole blood cells, differed from that when counting platelets alone (Figs. 

Table 111-Rate Constants, Half-Lives, and Sticking Probability 
Factors of Platelet Aggregation in the Presence of Adenosine 
Diphosphate and Dinoprostone 

Sticking 

Adenosine pro- Constant*, Factor, 

cm3/sec t 112, sec Platelet 

Dino- Rate Probability 

Diphos- stonea, K,, X lo-", Half-Life, y X 106/cm/ 
phate', pg PLg 

3.0 0.0 19.50 15.64 0.1364 
3.0 0.6 10.60 28.77 0.0741 
6.0 0.0 57.56 5.30 0.4025 
6.0 1.2 18.75 16.27 0.1311 
9.0 0.0 89.50 3.40 0.6259 
9.0 1.8 36.80 8.29 0.2573 

Amount injected into 1 ml of platelet-rich plasma. Rate constant is zero for 
control experiments. 
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Table 1V-Rate Constants, Half-Lives, and  Sticking Probabili ty 
Factors  of Platelet Aggregation in the Presence of Adenosine 
Diphosphate and Dinoprost 

Sticking 
Rate Probability 

Adenosine Dino- Constantb, Factor, 
Diphos- prost", K,, X lo-", Half-Life, y X 106/cm/ 

phate", fig fig cm3/sec t 112, sec Platelet 

3.0 0.0 19.50 15.64 0.1364 
3.0 0.6 13.76 22.16 0.0962 
6.0 0.0 57.56 5.30 0.4025 
6.0 1.2 21.20 14.38 0.1482 
9.0 0.0 89.50 3.40 0.6259 
9.0 1.8 34.57 8.82 0.2417 

a Amount injected into 1 ml of platelet-rich plasma. * Rate constant is zero for 
control experiments. 

1 and 2). Thus, it was difficult to approximate the average size of human 
platelets from the a portion in Fig. 3. 

Size Distribution of Particles in Platelet-Rich Plasma-Figure 
4 represents the size distribution of platelets in platelet-rich plasma. The 
plot showed a narrow size distribution of platelets. From Figs. 1 and 4, 
the average diameter of human platelets was calculated to be around 2.15 
ym. 

Control Studies-These studies were carried out to check the effect 
of simulating the experimental situations in the absence of an aggregating 
or deaggregating agent on platelets. Under all experimental conditions, 
the amount of sodium chloride available in a specific volume of normal 
saline (10 or 20 pl) injected into 1 ml of platelet-rich plasma had no effect 
on platelet aggregation. Since control runs for all systems studied showed 
no aggregation, a plot of l/platelet count uersus threshold would show 
a horizontal line with a slope of zero. 

Effect of Adenosine Diphosphate on Platelet Aggregation- 
Figure 6 shows a plot. of l/platelet count uersus time in seconds on the 
effect of different concentrations (1.5, 3.0, 4.5, 6.0, and 9.0 pg/ml of 
platelet-rich plasma) of adenosine diphosphate on platelet aggregation. 
The data points were only for the first 30 sec; the results (Table I) showed 
linearity with all adenosine diphosphate concentrations, agreeing with 
the theory of Eqs. 10 and 16. With an increase in adenosine diphosphate 
concentration, the aggregation rate increased drastically. 

Effect of Prostaglandins on Platelet Aggregation without and  
with Adenosine Diphosphate-Prostaglandin El Alone-Aggregation 
was not observed with 0.2 and 0.4 pg of prostaglandin El/ml of platelet- 
rich plasma. Slight deaggregation occurred with platelets originally in 
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Figure 7-Plot of Ilplatelet count versus time for platelet aggregation 
showing the effect of prostaglandins on adenosine diphosphate-induced 
platelet aggregation. Key (concentrations per milliliter of platelet-rich 
plasma): 0,  3 pg of adenosine diphosphate; 0 , 3  pg of adenosine di- 
phosphate and 0.6 pg of dinoprost; A, 3 pg of adenosine diphosphate 
and 0.6 pg of dinoprostone; and A, 3 pg of adenosine diphosphate and 
0.06 pg of prostaglandin El. 
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SECONDS 
Figure S-Plot of Ilplatelet count versus time for platelet aggregation 
showing the effect of prostaglandins on adenosine diphosphate-induced 
platelet aggregation. Key (concentrations per milliliter of platelet-rich 
plasma): 0 , 6  pg of adenosine diphosphate; 0, 6 pg of adenosine di- 
phosphate and 1.2 pg of dinoprost; A, 6 pg of adenosine diphosphate 
and 1.2 pg of dinoprostone; and A, 6 pg of adenosine diphosphate and 
0.12 pg of prostaglandin El. 

the aggregated state. This result is consistent with the results of the 
platelet-size distribution (Fig. 4), which did not rule out the possibility 
of platelets being partly aggregated in the platelet-rich plasma sam- 
ple. 

Dinoprostone Alone-With dinoprostone a t  1.0, 2.0, and 4.0 pglml of 
platelet-rich plasma, neither aggregation nor deaggregation of human 
platelets occurred. 

Dinoprost Alone-Dinoprost tromethamine in amounts equivalent 
to 1.0,2.0, and 4.0 pg of dinoprost/ml of platelet-rich plasma did not cause 
aggregation or deaggregation. 

Prostaglandin El  with Adenosine Diphosphate-Three different 
concentrations of adenosine diphosphate and prostaglandin El were 
added per milliliter of platelet-rich plasma to induce aggregation. The 
concentrations were 3.0 pg of adenosine diphosphate and 0.06 pg of 
prostaglandin El, 6.0 pg of adenosine diphosphate and 0.12 pg of pros- 
taglandin El, and 9.0 pg of adenosine diphosphate and 0.18 pg of pros- 
taglandin El. 

Table I1 shows the results observed for adenosine diphosphate inducing 
aggregation without and with prostaglandin El. Prostaglandin El induced 
a deaggregating effect. For example, a t  3.0 pg of adenosine diphosphate, 
the aggregation rate constant was calculated to he 1.95 X 10-lo cm"/sec; 
in the presence of 0.06 fig of prostaglandin El, the rate constant was re- 
duced to 5.2 X lo-" cm3/sec. This result was similarly observed a t  6.0 
and 9.0 pg of prostaglandin El/ml of platelet-rich plasma. Prostaglandin 
El had a drastic effect on platelet deaggregation, even in the presence 
of a strong aggregating agent like adenosine diphosphate. 

Dinoprostone with Adenosine Diphosphate-Three different con- 
centrations of adenosine diphosphate and dinoprostone were added per 
milliliter of platelet-rich plasma. The concentrations were 3.0 pg of 
adenosine diphosphate and 0.6 pg of dinoprostone, 6.0 pg of adenosine 
diphosphate and 1.2 pg of dinoprostone, and 9.0 pg of adenosine di- 
phosphate and 1.8 pg of dinoprostone. Table 111 shows a deaggregating 
effect of dinoprostone on adenosine diphosphate-induced platelet 
aggregation. The effect was not as drastic i s  with prostaglandin El, al- 
though the amount of prostaglandin El was 10 times less than that of 
dinoprostone. 

Dinoprost Tromethamine with Adenmint, Diphosphntf>-The con- 
centrations of adenosine diphosphate and dinoprost were similar to those 
used for studying the effect of adenosine diphosphate and dinoprostone. 
As shown in Tables I11 and IV, dinoprost had an effect similar to that of 
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Figure 9-Plot of l/platelet count versus t ime for platelet aggregation 
showing the effect of prostaglandins on adenosine diphosphate-induced 
platelet aggregation. Key  (concentrations per milliliter of platelet-rich 
plusma):  0 ,  9 pg of adenosine diphosphate; 0, 9 pg of adenosine di- 
phosphate and 1.8 pg of dinoprostone; A, 9 pg of adenosine diphosphate 
and 1.8 pg of dinoprost; and A, 9 l g  of adenosine diphosphate and 0.18 
l g  of prostaglandin El.  

dinoprostone on adenosine diphosphate-induced platelet aggregation. 
Figures 7-9 are comparative plots of l/platelet count versus time on 

rectangular coordinates, showing the effect of the prostaglandins on 
platelet aggregation as induced by adenosine diphosphate. Prostaglandin 
El had the strongest effect followed by dinoprostone and dinoprost. Table 
V shows the extent of the effect of each prostaglandin on platelet aggre- 
gation in the presence of adenosine diphosphate. 

Effect of Arachidonic Acid and  Aspirin on Platelet Aggrega- 
tion-Arachidonic acid, a well-known precursor (20) in the biosynthesis 
of dinoprostone and dinoprost, showed no effect on platelet aggregation 
at 90,180, and 360 pg/ml of platelet-rich plasma. But a t  540 and 720 pg/ml 
of platelet-rich plasma, an aggregating effect was observed. The addition 
of 2.25 pg of aspirin/ml of platelet-rich plasma appeared to block the 
aggregating effect of arachidonic acid (Fig. 10). This concentration of 
aspirin was far lower than a sustained blood level concentration for a 
patient continuously taking 600 mg of the drug three times daily. Table 
VI shows the rate constants, sticking probability factor, and half-life of 
the effect of arachidonic acid on platelet aggregation in the absence and 
presence of aspirin. 
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SECONDS 

Figure 10-Plot o f  l lplatelet  count versus t ime of platelet aggregation 
showing t h e  ef fect  o f  arachidonic acid in the  absence and presence of 
aspirin. Key  (concentrations per milliliter of platelet-rich plasma): 0, 
540 pg o f  arachidonic acid; 0,  720 pg of arachidonic acid; A, 540 pg of 
arachidonic acid and 2.25 pg o f  aspirin; and A, 720 pg of arachidonic 
acid and 2.25 pg of aspirin. 

DISCUSSION 

The present approach emphasizes a physical or kinetic description of 
platelet aggregation and introduces a quantitative method for measuring 
the aggregation rate of human platelets i n  vitro. This method has one 
major advantage over the turbidimetric method (9), namely, its sensi- 
tivity. The experiments were carried out only for a few minutes, and 
sampling was done within 15-sec intervals for a series of experiments. 
Thus, the emphasis was on the initial rate of platelet aggregation utilizing 
a simplified model (Fig. 5 and Eqs. 11 and 17). Higher order aggregation 
or deaggregation occurring at  longer times is complex, and analysis of the 
higher order interactions was not attempted. This complexity was ap- 
parent in the data obtained after approximately 1-min intervals. 

The described process of platelet aggregation most probably occurs 
by a surface-barrier-controlled mechanism. This hypothesis is, with 
adenosine diphosphate for example, supported by larger values of the 
rate constants ranging from 1.42 X to 8.95 X cm3/sec as 
compared to 6.6325 X lo-'* cm3/sec for the Smoluchowski approach. The 
values of these rate constants for the other systems varied from around 
10- to 100-fold higher as compared with the rate constant for a diffu- 
sion-controlled process (Table V). 

It  is concluded that platelets suspended in plasma (viscosity of human 
plasma is 0.0172 poise at 37') have a low probability of moving under their 
diffusivities and, thus, aggregating. By calculating the diffusivity of a 
human platelet with the Stokes-Einstein equation (Eq. 8), a value of 1.226 

Table V-Comoilation of Rate  Constants. Half-Lives. and  
Sticking Probability Factors of Platelet Aggregation in the  
Presence of Adenosine Diphosphate and  Prostaglandins 

Sticking 
Rate Probability 

Adenosine Prosta- Constant b, Factor, 
Diphos- glandina, K,, X 10-11, Half-Life, y X 106/cm/ 

phate', kg Pg cm3/sec t1,2, sec Platelet 

3.0 0.0 19.50 15.64 0.1364 
3.0 0.06c 5.20 58.65 0.0363 
3.0 0.6d 10.60 28.77 0.0741 
x n  n.6e 13.76 22.16 0.0962 ._  

6.0 0.0 51.56 5.30 0.4025 
6.0 0.12c 3.88 78.61 0.0271 
6.0 1.2d 18.75 16.27 0.1311 
6.0 1.2e 21.20 14.38 0.1482 
9.0 0.0 89.50 3.40 0.6259 
9.0 0.18c 1.03 296.12 0.0072 
9.0 1.8d 36.80 8.29 0.2573 
9.0 1.W 34.57 8.82 0.2417 

Amount injected into 1 ml of platelet-rich plasma. Rate constant is zero for 
control experiments. Results for prostaglandin El. Results for dinoprostone. 

Results for dinoprost. 
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Table VI-Rate Constants, Half-Lives, and  Sticking Probabili ty 
Factors of Platelet  Aggregation in the Presence of Arachidonic 
Acid and Asnirin 

Rate 
Sticking 

Probability 
Constantb, Factor, 

Arachidonic Aspirino, K,, X lo-”, Half-Life, y X 106/cm/ 
Acid“, wg Pg cm3/sec t l l z ,  sec Platelet 

540 0.0 3.18 95.90 0.0222 
720 0.0 18.90 16.10 0.1321 
540 2.25 -0.24 - -0.0016 
720 2.25 -4.40 - -0.0307 

Amount injected into 1 ml of platelet-rich plasma. Rate constant is zero for 
control experiments. 

X lo-$ cm2/sec is obtained, which is rather small compared to molecular 
diffusivities which are usually about 10-4-10-6 cm2/sec. Platelets 
physically approaching each other may he repulsed or aggregated or ag- 
gregates may disperse, depending on the reactivity of their surfaces, which 
is modulated by the molecular species in the solution. 

The surface-harrier process is further supported by calculated values 
of the stability const.ant, W, from Eq. 9 showing numbers smaller than 
1. Values of the sticking probability constant, 7, were calculated and are 
reported in Tables I-VI. As reported previously (lo),  adenosine di- 
phosphate produces an alteration in the platelet membrane surface. 
Therefore, larger y values in the presence of adenosine diphosphate 
probably are the result of a specific modification of the membrane surface 
reactivity hv that compound. More work is needed regarding the bio- 
synthesis of‘ prostaglandins and surface-barrier effects. 

The experimental results with prostaglandins and aspirin suggest the 
following with respect to therapeutics. If it is assumed that the blood 
volume in an average individual is 5 liters and that a person receiving 
aspirin or prostaglandin has complete systemic availability of the dose 
with little or no tissue distribution, the doses of aspirin and prostaglandin 
El needed to block platelet aggregation completely will be around 10 and 
1 mg, respectively. Thus, a combined dose of aspirin and prostaglandin 
El will have a dual effect in blocking platelet aggregation and possibly 
thrombus formation. 
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Abstract  Mixidine, a very soluble base which is completely ionized 
in all physiological fluids, was found to form ion-pairs as demonstrated 
by its ability to partition into 1-butanol from acidic solutions. A similar 
relationship was observed for the effect of acids on the absorption of in- 
traduodenally and orally administered solutions of mixidine in rats (as 
determined by lethality). Studies also demonstrated that the pH-lethality 
effects were not specific for a particular counterion. Mixidine was more 
lethal when administered intraduodenally than when administered orally, 

and the counterions per se were not lethal in the doses used. 

Keyphrases Mixidine-ion-pair formation in oitro determined by 
partitioning, absorption in rats determined by lethality Ion-pair for- 
mation-mixidine in uitro, determined by partitioning Absorp- 
tion-mixidine in rats, determined by lethality Vasodilators, coro- 
nary-mixidine, ion-pair formation in uitro determined by partitioning, 
absorption in rats determined by lethality 

The utilization of ion-pairs, neutral species formed by 
electrostatic attraction between oppositely charged ions 
in solution, has been studied as a method for improving 
drug absorption. The duration of rabbit corneal anesthesia 
was related to the chloroform-water distribution of di- 

bucaine combined with 10 counterion species (1). The 
enhanced pharmacological effect of an orally administered 
quaternary ammonium compound by trichloroacetic acid 
was related to increases in partition between chloroform 
or 1-octanol and pH 6 buffer (2). 
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