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 Introduction 
In vivo hydrodynamics can impact the rate at which a drug dissolves.  One of the 
main hydrodynamic components is the velocity of fluid flow throughout the 
gastrointestinal tract. One of the disadvantages of the USP 2 apparatus is the 
wide variation in velocities observed throughout the apparatus 1. Also, the peak 
and bulk velocities (10-20cm/s) are much larger than seen in the intestinal tract 
(0.02-1cm/s)2,3. Therefore a dissolution test that can reduce the magnitude and 
variation in velocities would be preferred to understand the impact of 
hydrodynamics on particle dissolution. The USP 4 apparatus allows for relatively 
uniform fluid velocities in the range present in the intestinal tract which could 
create a more meaningful hydrodynamic dissolution test.  This creates the 
opportunity to incorporate experimental velocity (particle velocity =  (flow 
rate/area for flow) + settling velocity)/2) through non-dimensional numbers in 
predicting dissolution rates (eg: Sherwood number). 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
OBJECTIVES 
1. Perform dissolution testing of different particles sizes at multiple velocities using 
the USP 4 apparatus to determine the impact of velocity on the dissolution of a 
particle. 
2. Use the dissolution data to calculate a Sh number that can better define the 
impact of hydrodynamic properties on dissolution to  accurately predict dissolution 
through using dimensionless numbers 
  
Dimensionless Number Analysis of Dissolution Results 
 

The particle dissolution was predicted by using the Sherwood number (Sh #) which 
is a dimensionless number used to describe mass transfer. The Sh # is parameter 
in the mass transfer coefficient for dissolution of a particle by playing a role in  
defining the diffusion layer thickness (heff) of a dissolving particle 4 : 
 
 
  
The Sh # is typically defined by the Reynolds number (Re #), and the Schmidt 
number (Sc #). Additionally there is a diffusion component that is a constant and is 
typically set to equal 2.The basic format of the Sh # is: 
 
 
 
 

The a and x terms in the Sh # vary in literature with the experimental systems and 
conditions 5-8. The diffusion and Sc # component was modeled based on the 
literature 5-8.  Past experimental work of solid in liquid mass transfer has been 
focused on modeling a large variation in Re #’s (1- >1,000) which is quite different 
than a dissolving drug tablet or particle would typically experience in the 
gastrointestinal tract (Re < 30) 9. Therefore the experimental data was used to 
develop a Sh # for smaller particles at lower velocities (Re < 2).  It was assumed 
that the velocity the particle experienced was equal to the fluid velocity during the 
flow portion of the USP 4 pumping pulse and equal to the particle settling velocity 
during the no flow portion of the pulse.  Therefore the velocity is dependent on 
particle size and density. 
 
 

Methods: 
The dissolution of 10mg of ibuprofen particles was studied using the Sotax CE-7 
USP apparatus 4 with 12mm powder cell.  Three different sieve cuts were studied 
with mean particle diameters (d) of 45, 111, and 235µm. The true density of the 
ibuprofen particles was measured to be 1.118mg/ml.  Each of the sieve cuts was 
studied at flow rates of 11 and 25ml/min. Additionally, the 45 and 111µm sieve cuts 
were also studied at 6ml/min.  10mg of the ibuprofen particles were introduced into 
the USP 4 Cells as part of a 20mg/ml ibuprofen/1.5% Avicel/0.75mM sodium 
dodecyl sulfate (SDS) suspension. The dissolution medium consisted of 550ml of 
0.75mM SDS, pH 4.5, 50mM acetate buffer (ibuprofen solubility =0.15mg/ml).  
MATLAB was used for dissolution simulations. 
 
 
 

Results 
Figure 1. shows the calculation for the Sh # based on the 
results for each experimental condition. The results were 
evaluated at 50% dissolved to calculate the experimental Sh#.  
The Sh # was chosen based on the best fit for the entire data 
set and it was found to be Sh = 2+1.89ReSc1/3. This Sh # was 
used for all of the particle dissolution predictions. 

 
 
 
 
 
 
 
 
Figure 1. The calculated experimental Sh #’s as a function of ReSc1/3.  Key (    ) 
Experimental data; (            ) Best fit trendline to predict the impact of the Re # on 
Dissolution; 
 
Figure 2. shows how the Sh # changes with particle size and  
flow rate.  A large particle at a high flow rate will have a large 
Sh # due to the Re #.  As the particle size decreases the 
dissolution becomes less affected by hydrodynamics and more 
of a diffusion controlled process (Sh = 2). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Calculated Sh #’s based on the best fit data and as a function of particle 
size and flow rate.   Key (         ) Calculated Sh #’s for a flow rate of 6ml/min; (         ) 
Calculated Sh #’s for a flow rate of 11ml/min; (         ) Calculated Sh #’s for a flow 
rate of 25 ml/min;   
 
Figure 3. shows the impact of velocity and particle size on the 
diffusion layer thickness.  Increasing the velocity decreases 
the thickness of the diffusion layer. However, the settling 
velocity and therefore the average velocity is a function of 
particle size and it is decreasing as the particle dissolves.  This 
leads to the diffusion layer thickness increasing as the particle 
is dissolving until a particle radius of ~50µm. At particle radius 
of ~50µm the particle size is decreasing faster than the 
velocity (i.e. Re and Sh#).  Therefore the diffusion layer 
thickness starts decreasing for ibuprofen particles< 50µm. 
 
 
 
 
 
 
 
 
 
 
Figure 3. Predictions for diffusion layer thickness using the best fit Sh# based on 
the dissolution data.   Key (         ) predictions for diffusion layer thickness at flow 
rate of 6ml/min; (         ) predictions for diffusion layer thickness at flow rate of 
11ml/min; (         ) predictions for diffusion layer thickness at flow rate of 25ml/min;   
 
 
 
 

Results (Continued) 
Figure 4. Shows the experimental and predicted results 
for the dissolution of 45µm ibuprofen particles in the USP 
4 apparatus at flow rates of 6ml/min, 11ml/min, and 
25ml/min.  The experimental and predicted results show 
that as the flow rate is increased, the dissolution rate of 
the particles increases as well. The experimental data 
shows a large variation in the results. The predictions do a 
fairly good job at predicting the data at the higher flow 
rates but it does not do a good job at predicting the 
6ml/min flow rate data. The large variation in the low flow 
rate could be due to the particles not being dispersed well 
enough which could lead to the particles agglomerating 
and forming larger particles which take longer to dissolve. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. USP 4 dissolution results of 45µm ibuprofen particles in 50mM 
Acetate buffer at pH 4.5 and at 37oC.   Key (    ) experimental dissolution at a 
flow rate of 6ml/min; (    ) experimental dissolution at a flow rate of 
11ml/min; (    ) experimental dissolution at a flow rate of 25ml/min;  (         ) 
predicted dissolution at 6ml/min; (         ) predicted dissolution at 11ml/min;  
(          ) predicted dissolution at 25ml/min;  
 
Figure 5. Shows the experimental and predicted results 
for the dissolution of 111µm ibuprofen particles in the USP 
4 apparatus at flow rates of 6ml/min, 11ml/min, and 
25ml/min. The predictions do a good job of accurately 
predicting the dissolution of the particles at all of the flow 
rates.  The 6ml/min flow rate data displays a lot of 
variation in the data similar to the 45um data and again 
this could be caused by particles agglomerating which is 
likely more prevalent at lower flow rates. 

 
 
 
 
 
 
 
Figure 5. USP 4 dissolution results of 111µm ibuprofen particles in 50mM 
Acetate buffer at pH 4.5 and at 37oC.   Key (    ) experimental dissolution at a 
flow rate of 6ml/min; (    ) experimental dissolution at a flow rate of 
11ml/min; (    ) experimental dissolution at a flow rate of 25ml/min;  (         ) 
predicted dissolution at 6ml/min; (         ) predicted dissolution at 11ml/min;  
(         ) predicted dissolution at 25ml/min;  
 
Figure 6. Shows the experimental and predicted results 
for the dissolution of 235µm ibuprofen particles in the USP 
4 apparatus at flow rates 11ml/min and 25ml/min.  The 
experimental results show a large amount of variation. 
However, the particle dissolution model accurately 
predicts the average dissolution at each of the flow rates.  
 
 
 

Results (Continued) 
 

 
 
 
 
 
Figure 6. USP 4 dissolution results of 235µm ibuprofen particles in 
50mM Acetate buffer at pH 4.5 and at 37oC.   Key (    ) experimental 
dissolution at a flow rate of 11ml/min; (    ) experimental dissolution at 
a flow rate of 25ml/min; (          ) predicted dissolution at 11ml/min;         
(         ) predicted dissolution at 25ml/min;  

 
Conclusions 
•The USP 4 apparatus offers a more well defined 
velocity profile that is in the range of what is 
physiologically relevant and allows for accurate 
predictions to be made. However, there is a large 
amount of experimental variation caused by possible 
particle agglomeration or particles forming a cake at 
the top of the cell 

•The experimental and predicted data shows that 
velocity has an impact on dissolution (and diffusion 
layer thickness). However, as the particle size 
decreases so to does the impact of velocity and 
dissolution becomes a diffusion controlled process.  

•The settling velocity in the USP 4 apparatus seems 
to play a significant role for large particles at low flow 
rates and more work needs to be done to see how 
effectively this model can be applied to particles with 
different densities and solubilities. 
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𝑺𝒉 = 𝟐 + 𝒂𝑹𝒆𝒙𝑺𝒄𝟏/𝟑      
𝑹𝒆 = 𝒅𝒑∆𝑼

𝒗 ;  ∆𝑼 = 𝒇𝒍𝒖𝒊𝒅 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 + 𝒔𝒆𝒕𝒕𝒍𝒊𝒏𝒈 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚
𝟐  𝑺𝒄 = 𝝊

𝑫𝒆𝒇𝒇
  

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 10 20 30 40 50 60 70 80 90 100 

%
 D

is
so

lv
ed

 

Time (Minutes) 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 20 40 60 80 100 120 140 160 180 200 

%
D

is
so

lv
ed

 

Time (Minutes) 

y = 1.89x 
R² = 0.98 

-5 

0 

5 

10 

15 

20 

25 

30 

0 2 4 6 8 10 12 14 16 

sh
 –

 2
  

ReSc^(1/3) 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

0 50 100 150 200 250 300 350 

%
 D

is
so

lv
ed

 

Time (Minutes) 

0 
2 
4 
6 
8 

10 
12 
14 
16 
18 
20 

0 10 20 30 40 50 60 70 80 90 100 110 120 

D
iff

us
io

n 
La

ye
r T

hi
ck

ne
ss

 (µ
m

) 

Particle Radius (µm) 

0 

5 

10 

15 

20 

25 

30 

35 

40 

45 

0 20 40 60 80 100 120 

Sh
 #

 

Particle Radius (µm) 

𝒔𝒆𝒕𝒕𝒍𝒊𝒏𝒈 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 = 𝒈 𝝆𝒑 − 𝝆𝒇 𝒅𝒑
𝟏𝟖𝝁  


