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1. Abstract 

Viable skin drug transport is an important concept to consider as it can have a 

significant impact on the local concentration of a drug. The concentration becomes 

even more critical for toxicological issues when implementing different 

permeability enhancement techniques. For this reason, it is important to develop 

models that can predict drug transport in the viable skin. This paper expands upon 

previous capillary modelling by representing the convective transport of a solute 

that has permeated into the capillary loops. As a result, convective transport 

caused the concentration profile to plateau within the deeper dermal layers, 

effectively matching the trend of previous experimental data. Furthermore, the 

new model also has a significantly quicker transient profile as the time required to 

reach steady-state is five-fold faster than predicted in previous homogenous 

models. 
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2. Introduction 

Transdermal drug delivery provides a popular alternative to the more 

conventional intravenous and oral administration methods. The main advantage 

of transdermal drug administration is it  avoids first-pass metabolism [1, 2]. Two 

further benefits, the large surface area of the skin and the ease of administration, 

increase the favorability of transdermal transport [3-5]. However,  the application 

of transdermal drug delivery is limited, as drugs with larger molecular weight 

experience reduced permeability in the stratum corneum. For this reason, 

transdermal delivery technologies, such as microneedles, iontophoresis and 

chemical enhancers, have been developed to overcome the stratum barrier and 

increase the bioavailability of a drug. The use of such techniques has also made the 

viable skin far more critical to consider when modelling transdermal drug 

delivery. Furthermore, viable skin transport is critical for drugs that target local 

relief.  

The modelling of drug transport in the viable skin is particularly important 

when considering the therapeutic and toxicological levels of a drug. In the dermis, 

the capillary loops are the primary factor that can affect concentration levels. The 

majority of previous research simplified the physiology of skin by assuming a sink 

condition at the top of the capillary loops [6-9] However, when applying different 

transdermal delivery techniques, toxicology problems can arise due to the increase 

in concentration in the viable skin. Furthermore, when the full epidermis limits the 

skin permeability, such as, when the drug has high lipophilicity [10, 11], further 

consideration of the physiology is required.  For this reason, previous researchers 

implemented a distributed-elimination model to estimate the impact of capillary 

vessels within the viable skin. 

One of the first attempts to use a distributed-elimination model to predict 

viable skin transport was conducted in Gupta [12]. The model was used to predict 
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the concentration of 2,3-dideoxyinosine and has since been  used multiple times to 

estimate different experimental data [13-16]. One key finding that arose from 

these analyses was discussed in Anissimov et al. [15]. The analysis showed that  

the mathematical model was not able to adequately describe dermal drug 

transport when a diffusion coefficient was used. Instead, it was suggested that a 

better representation of experimental data might be obtained by replacing the 

diffusion coefficient with a dispersion coefficient [15].  

The effectiveness of using a dispersion coefficient was later analyzed in Dancik 

et al. [17], where it was found that transport of highly plasma protein-bound drugs 

occurred several orders of magnitude faster than what was predicted by passive 

diffusion. This finding further supported the idea that a simple diffusion coefficient 

did not solely explain transport in the viable skin [17]. Another way to investigate 

convective transport in the viable skin is to explicitly model the capillary network 

in the dermis.  

Modelling of the capillary network was considered in Krestos [18], where 

capillary loops and their effect on eliminating permeants were expressed for the 

first time. The expression of the capillaries was further expanded upon in [19, 20], 

where the effect the capillaries had on partitioning and diffusion was analyzed. The 

impact of the lymphatic vessels was also considered in these models, and 

lymphatic absorption after dermal injection has been recently modelled by Li et al. 

[21]. A physiological interpretation of the capillaries was recently investigated in 

Calcutt and Anissimov [22]. Within the model, three dimensional capillaries were 

developed to match an idealized capillary loop in the skin. The effect different 

physiological parameters had on the steady-state concentration of a drug was 

investigated and the accuracy of placing a sink condition at the top of the capillary 

loops was also discussed.   

This paper is an extension of the work presented in Calcutt et al. [22]. In the 

previous work, the capillaries had a sink condition imposed on their surface. The 
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sink condition was imposed as the model assumed that the velocity of blood would 

be fast enough to remove all drug that enters the capillary loop. However, imposing 

this boundary condition is a significant simplification of drug elimination 

processes. For this reason, this paper aims to consider the physiology and 

functionality of the capillary loops more accurately.  

The velocity of blood in the capillaries was explicitly considered in this model 

to simulate the vascular network more accurately. Furthermore, the permeability 

of the capillary wall was considered, and thus solute was able to re-enter the viable 

skin after being convectively transported by the blood. By introducing these 

physiological phenomena into the model, this paper examined convective 

transport in deeper skin layers [15, 17, 19]. Additionally, it investigated the 

flattening/plateauing of drug concentration present in the deeper regions of the 

viable skin, which has been evident in  in previously published experimental data. 

This model may also be relevant to other scenarios such as heat transfer problems 

and simulating the  thermal regulation of the skin. 

3. Method 

3.1. Important Physiology and Composition of the Model 

In the previous model discussed by Calcutt et al. [22], a physiological 

representation of the capillary loops and viable skin was formulated. The 

composition of the capillary loops used in the previous model will be expanded 

upon within this paper. In the previous model, the depth of the capillary loops was 

150µm [22, 23]. The capillary loop width was 175µm and matched the 

experimental data found from [24].  The distance between each capillary loop was 

set to 70µm, as this was found to be the distance between each papillae cell [25]. 

Finally, the bottom of the membrane was assumed to be at a depth of 1000µm. The 

rationale of this assumption will be discussed in the development of the 

mathematical model. A geometric representation of the composition of the current 

capillary model can be seen in Figure 1. 



5 

Figure 1:  The capillary loop configuration for the updated model that has been adapted from [22]. Figure 1A 
shows the cross-sectional view of the skin membrane taken from the top while Figure 1B shows the cross-
sectional view from the side. In this figure, ℎ𝑐𝑐.𝑙𝑙  is the depth of the capillary loops, 𝑣𝑣𝑏𝑏  is the velocity of the blood 
and is equal to 0.65±0.3mm/s, larch is the length of the arch and 𝑙𝑙𝑐𝑐.𝑙𝑙  is the distance between each loop. The 
dashed area represents the position of the boundaries for the computational area while the arrows inside the 
loop show the directional flow of the blood. Finally, the blue circles and arrows connected represent different 
transport mechanics for the solute.  

In this model, the velocity and permeability of the capillary loops were also 

critical physiological parameters that needed to be considered. The velocity of 

blood in the capillary loops was found to be v = 0.65±0.3mm/s in [26]. Meanwhile, 

a permeability value of 1 × 10−6m/s was imposed on the surface of the capillary 

loops. The value was chosen to match the endothelial lining permeability 

introduced in Krestos et al. [18], which was based on the permeability of small 

solutes discussed in Crone and Levitt [29]. The surface area of the capillary loops 

in the model was calculated to be 32cm2/cm3. The surface area is significantly less 

than predicted by using Gupta’s (187cm2/cm3)[12] or Dancik’s estimation 

(100cm2/cm3)[30]. The permeability surface area product for the model was 

calculated as 0.0032s-1 which was comparable to the value estimated for the 

Krestos model of 0.00544s-1 [18]. The lesser surface area and permeability surface 

area present in this model may be due to it not considering the subpapillary plexus 

or branching of the loops.  Since this model has extended capillaries, the density of 

blood vessels in the subpapillary plexus will significantly increase the capillary 
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surface area. However, the subpapillary plexus is a large concept that requires in-

depth modelling and should be discussed in future works.  

Another concept that was not discussed in the new model was how capillary 

density changes with depth [27]. Previous studies have shown that capillary 

density decreases significantly under the subpapillary plexus [27]. The density 

was assumed in this model to stay constant for simplicity but should be 

investigated in later models.   

3.2. Formulation of the Mathematical Model 

In developing the model, two regions of transport needed to be considered: the 

viable skin and the capillary loops. Within the viable skin, drug transport is often 

predicted through variations of Fick's second law of diffusion. In order to use Fick’s 

second law to describe diffusion, a few important assumptions needed to be 

imposed. The first assumption was there was no metabolism of the drug from any 

cells in the viable epidermis or dermis. However, in the viable skin, phase 1 and 

phase 2 metabolism is a possible complication that could impact the transport of a 

drug [28]. For this reason, the impact of these two metabolic processes should be 

considered in future models.  

Furthermore, it was also assumed that there was no convective transport from 

the lymphatic vessels, which could have a significant impact on the transport of 

high molecular weighted drugs in the viable skin. Therefore, lymphatic vessels 

should be introduced in future work. When these assumptions are imposed, viable 

skin transport can be described by three-dimensional diffusion. The following 

equation predicts transport in the viable skin: 

𝜕𝜕𝐶𝐶𝑣𝑣𝑣𝑣
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑣𝑣𝑣𝑣∇2𝐶𝐶𝑣𝑣𝑣𝑣 (1) 

where Cvs is the concentration in the viable skin, ∇ is the gradient of the 

concentration in each of the three cartesian coordinates, x, y and z, and Dvs is the 

diffusion coefficient in viable skin. 
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Within the blood vessels, the velocity of the blood is several orders of 

magnitude larger than the diffusion coefficient. Therefore, in the capillaries, 

convection is the predominate factor that will dictate the transport of the drug.  As 

a result, the following equation described transport in the loops. 

𝜕𝜕𝐶𝐶𝑏𝑏
𝜕𝜕𝜕𝜕

= ∇(𝑣𝑣𝑏𝑏𝐶𝐶𝑏𝑏) (2) 

where Cb is the concentration of the drug in the capillary and v is the velocity of the 

blood which will vary with position in the capillary loop. 

When introducing a drug, the skin has natural boundary conditions that were 

considered. At the top of the viable skin, it was assumed that there was a constant 

source of drug entering the membrane (Jsc). On the other hand, at the bottom of the 

membrane, a sink condition was assumed. The effect of using a sink condition was 

further discussed in the previous paper and shown to have limited impact on the 

concentration throughout the skin. Furthermore, since a large depth is employed, 

the concentration at this depth is minuet in comparison with the rest of the skin, 

which reinforces the boundary condition. In future work, this boundary condition 

should be replaced with a subpapillary plexus and subcutaneous plexus to further 

enhance the physiological accuracy of the computational model.  

On the surface of the capillary loops, it was assumed that the endothelial lining 

of the capillary loops would present some permeability barrier to drug transport. 

Therefore, a Neumann boundary condition that accounted for this permeability 

barrier was imposed. The three boundary conditions discussed above are 

mathematically displayed in the following expressions: 

Jsc = −D
∂Cvs
∂z

|z=0 (3) 

Cvs(x, y, z, t)|z=1000 = 0 (4) 

Jcl = kp(Cvs − Cb) (5) 
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 where kp is the permeability of the capillary loop wall, Jcl is the flux entering the 

capillary loop, and z is the depth of the viable skin membrane. 

Each computational area was composed of four capillary loops, which is 

illustrated within Figure 1. In the most simple case, the capillary loops within  each 

row of the computational area were assumed to have opposing directional flow. As 

a result, the venular branches of each capillary loop were adjacent to one another, 

and thus there was zero flux present halfway between each branch. It was also 

assumed that adjacent computational areas would be identical to the one 

presented. Therefore, symmetricity of the capillary loop arrangement was 

assumed, and the following zero flux condition could be imposed between each 

capillary loop and on the edge of the computational area such that:  

∂Cvs
∂x

|x=0,x=lc.a =
∂Cvs
∂x

|x=0,x=1/2lc.a = 0 (6) 

∂Cvs
∂y

|y=0,y=wc.a =
∂Cvs
∂y

|y=0,y=1/2wc.a = 0 (7) 

where lc.a is the length of the computational area and wc.a is the width of the 

computational area.  

However, another scenario was considered for arrangement of the capillary 

loops within the computational area. In this case, it was assumed that there was a 

periodic arrangement of the capillary loops. A periodic arrangement ensured that 

the positioning of the venular and artieriole branches of the capillary loops were 

symmetric across the computational area. As a result, zero flux could no longer be 

imposed on the edges of the computational area, or between the capillary loops. 

However, periodic boundary conditions could be imposed to satisfy this 

arrangement. The use of periodic boundary conditions was compared to the 

previous arrangement within section 4.3 in the results. Mathematical expressions 

for the periodic arrangement are displayed below:  
∂Cvs
∂x

|x=0 = ∂Cvs
∂x

|x=1/2lc.a = ∂Cvs
∂x

|x=lc.a (8) 
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∂Cvs
∂y

|y=0 =
∂Cvs
∂y

|y=1/2wc.a =
∂Cvs
∂y

|y=wc.a (9) 

Cvs|x=0 = Cvs|x=1/2lc.a=
Cvs|x=lc.a

(10)
Cvs|y=0 = Cvs|y=1/2wc.a

= Cvs|y=wc.a
 (11) 

A boundary conditions was also imposed to the arteriole boundary to the 

capillary loop, where it was assumed that no drug would enter the bottom of the 

arteriole capillary from systemic circulation. By making this assumption, all drug 

entering the capillary loop will be from the viable skin membrane and thus the 

boundary can be described by the expression below. However, in future models, 

where the plexus of capillaries was modelled more explicitly, this boundary 

conditions will need to be reconsidered since  the  subpapillary plexus may have a 

significant impact on how much drug will be entering and leaving the capillary 

loops.  

Cb(x, y, z = 1000, t)|arteriole = 0 (12) 

 

In the model, the drug is introduced into the viable skin via a constant flux 

from the stratum corneum. As a result, no drug will be present in either the 

viable skin or the capillary loops initially, and the initial condition for both the 

viable skin and blood can be represented by:  

𝐶𝐶𝑣𝑣𝑣𝑣(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝜕𝜕 = 0) = 0 (13) 

𝐶𝐶𝑏𝑏(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝜕𝜕 = 0) = 0 (14) 

A diagrammatic representation of the boundary conditions described above 

has been compiled in Figure 2. This figure gives a better representation of the 

positioning of each boundary condition.   



10 

 

3.3 Numerical Simulation 

The physiology and equations that describe drug transport in the viable skin 

were developed in the above subsections. However, to solve this system, a 

numerical approach was required. One numerical software that can be utilized to 

solve 3-D problems where structure and geometry are so important is COMSOL. 

COMSOL Multiphysics is a software which uses the finite element method to solve 

a variety of problems. It also has a user-friendly mainframe that allows more direct 

specification of the geometry. 

Figure 2: The position for each of the boundary conditions described diagrammatically. In this figure, the 
numbers represent the number of the equation shown in the text above. For example, 3 represents the boundary 
condition that is satisfied by equation (3). 
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 Figure 3: Typical mesh configuration for each simulation in this model. The figure shows a cross-sectional view 
of how the mesh will change with depth. 

For COMSOL to give an accurate representation of the transport of a drug, a 

suitable mesh must be developed. The sensitivity of the mesh in this model is far 

greater than the previous model described in [22]. The main reason for the 

increase in was the convective transport of the drug requiring the mesh to be much 

more delicate to minimize concentration gradient problems. The mesh was set so 

that each element had a maximum size of 30µm in less sensitive areas and a 

minimum size of 0.3µm. In more sensitive areas, the mesh was further refined to 

negate numerical errors. By making the maximum element growth rate 1.3 and the 

resolution of narrow regions scale by a factor of 1.2, the mesh was able to give an 

accurate representation of drug transport. The mesh utilized for this model was 

illustrated in Figure 3, where the element size was observed to decrease with 

proximity to the loops. The number of elements used in the mesh was 614643 
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elements and the effect of changing the size of each element was further discussed 

in the sensitivity analysis section.  

4. Results and Discussion 

4.1. Transient Profiles 

Figure 4 illustrated the transient profile of a drug present at a depth of 650µm 

for three different concentrations: the maximum, minimum and average. From the 

figure,  there was a significant difference between the three trend lines. The 

difference was less evident at short times and became more exaggerated as time 

progressed. The time required to reach 70% of the steady-state concentration was 

also illustrated and was approximately 1500s for all three concentration profiles. 

For comparison, these results were compared to the dispersion-elimination model, 

which is another popular method of simulating the impact of the capillary loops. 

The dispersion-elimination model is an accepted model that has been used to 

describe dermal transport. In this model, an elimination rate was used to 

represent the effect of the capillary network within the viable skin. This approach 

contrasts with the newly developed capillary model, which represents these 

capillaries explicitly. For this reason, the transient profiles of both models could 

be compared to understand the impact of explicitly modelling the capillaries. The 

following two equations described the dispersion-elimination model. The first  

equation showed the governing equation for drug transport, while the second 

represented the concentration in the Laplace domain. 

𝜕𝜕𝐶𝐶𝑑𝑑
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑡𝑡
𝜕𝜕2𝐶𝐶𝑑𝑑
𝜕𝜕𝑧𝑧2

− 𝑘𝑘𝑒𝑒𝐶𝐶𝑑𝑑 (15) 

�̂�𝐶𝑑𝑑(z, s) =
J

𝑠𝑠�𝑠𝑠 + 𝑘𝑘𝑒𝑒𝐷𝐷𝑡𝑡
𝑒𝑒𝑥𝑥𝑒𝑒 �−z�

𝑠𝑠 + 𝑘𝑘𝑒𝑒
𝐷𝐷𝑡𝑡

� (16) 
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where 𝑘𝑘𝑒𝑒  has been described in [15] to be equal to fudqbps
qb+fubps

, 𝑓𝑓𝑢𝑢𝑑𝑑  is the fraction of 

drug unbound in the dermis, 𝑞𝑞𝑏𝑏  is the flow rate of the blood, 𝑓𝑓𝑢𝑢𝑏𝑏  is the fraction of 

drug unbound in the blood and 𝑒𝑒𝑠𝑠 is the permeability of the surface of the capillary 

wall.   

When the diffusion coefficient for hydrocortisone (4 × 10−11m2s−1 [15]) was 

used in the dispersion-elimination model, the time required to reach 70% of the 

steady-state was found to be 4400s. When compared to the previously obtained 

value for the capillary model,  the dispersion model's time is almost three times 

larger. 

Figure 4: The transient concentration of a drug at different regions in the skin at a depth of 650µm. In this figure, 
the solid line represents the average concentration (which does not include the concentration in the blood 
stream), the dashed line represents the maximum concentration, and the dashed-dotted line represents the 
minimum concentration. Lastly, the 𝐶𝐶𝑣𝑣𝑣𝑣𝑧𝑧=0  value is the maximum value of the concentration in the viable 
epidermis and is used to nondimensionalize concentration. 
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     This was not the first time such a conclusion has been made. In a previous 

analysis of experimental data, the transient experimental concentration was 

shown to reach steady-state tenfold quicker than the homogeneous membrane 

predicted [17]. To account for the lesser steady-state time found in numerous 

experiments, both [29] and [15] introduced the concept of using a dispersion 

coefficient to describe transport. The dispersion coefficient accounts for both  

diffusive and convective transport by combining these two processes in the 

following expression: [15] 

𝐷𝐷𝑑𝑑𝑑𝑑𝑣𝑣𝑑𝑑 = 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐷𝐷𝑣𝑣 (17) 

where 𝐷𝐷𝑑𝑑𝑑𝑑𝑣𝑣𝑑𝑑  is the dispersion coefficient of a solute, 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  is the diffusion coefficient 

and Dv is the convective contribution to the transport provided by either the 

vasculature network or lymphatics system.  

      Using a dispersion coefficient of 2.5 × 10−10m2 s−1 decreased the time required 

to reach 70 % of the steady-state to 3300s at a depth of 650µm. By increasing the 

depth at which this analysis was performed, the dispersion coefficient required to 

match the time in the capillary model increased further. Another comparison of 

the dispersion-elimination model and the new capillary model was completed in 

Figure 5. 

Figure 5 compared the dispersion-elimination model to the results obtained 

from COMSOL simulations for the capillary model developed earlier. For the 

dispersion model, a dispersion coefficient of 4.785×10−10m2s−1 and an elimination 

rate of 0.00055s−1 was used. These coefficients were implemented to best match 

the dispersion model to the new capillary model's concentration.  In the capillary 

model, a diffusion coefficient of 1/6×10−10m2s−1  was used [6] to match the value 

to previous mathematical modelling. In these models,  the viable skin has been 

likened to an aqueous gel. The diffusion coefficient of the drug is therefore similar 

to a gel, which has been previously estimated to have a drug diffusivity that is 

approximately one-sixth of the value in water [6].    
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From the figure, the dispersion elimination model gave a reasonable 

representation of the new capillary model but failed to match many of the new 

model's intricacies. The dispersion elimination model matched the general trend 

given by the capillary model. However, at all time periods, the concentration of the 

dispersion model significantly overestimated the concentration in shallow dermal 

regions of the skin. On the other hand, in deeper regions of the dermis, the 

dispersion model underestimated the concentration predicted by the capillary 

model. However, the dispersion model gave a reasonable estimation of the 

capillary model in the middle of the viable skin, as the smallest area of variance 

was present at a depth of 400-700µm. 

 
Figure 5: Comparing the dispersion elimination model with the capillary model. The transient concentrations at 
500s, 2500s, and 10000s for each model are shown. Symbols    and      represent the maximum and minimum 
concentration for the 10000s case while the upper and lower Y’s represent the maximum and minimum 
concentration for the 2500s case. The dashed line represents  the dispersion elimination model while the solid 
lines represent the average concentration for the capillary model. 
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In the capillary model, the dermal concentration began to plateau within this 

region, while the dispersion elimination model continued to decrease 

exponentially. The plateauing present in the capillary model is also present in 

experimental data, which will be shown later. The plateauing in experimental data 

has been hypothesized to be due to the capillary loops convectively transporting 

the drug to deeper regions of the skin. Once a drug enters the capillary loop, it is 

transported to deeper dermal areas, before repermeating back into the viable skin. 

As a result of the repermeation, the concentration within the deeper layers 

increases and thus causes the concentration drop to stagnate.  If repermeation is a 

significant factor to viable skin transport, it also explains why the dispersion-

elimination model varies significantly to experimental data.  The dispersion model 

cannot account for repermeation as it assumed that any drug entering the capillary 

loop would be removed. Since the dispersion-elimination model was not able to 

model the plateauing trend, the new capillary model may be much more effective 

at simulating drug transport for low molecular weighted drugs. 

It was also worth noting that the model presented assumed that capillary loops 

extend further than they do in the skin. Within the viable skin, these capillaries will 

not travel to such depths and instead will be connected by a superficial horizontal 

plexus of the vasculature. Even though the capillary loops will not go to the depths 

described by this model, there is still a rationale for extending them. Between the 

subpapillary plexus and a lower subcutaneous plexus, there is ascending arterioles 

and descending venules that connect the two plexuses. While these venules and 

arterioles are less dense and have greater radii than the capillary loops, they will 

still convectively transport the drug to deeper regions of the skin. Therefore, the 

extended capillary loop model is an introduction to modelling the deeper dermal 

areas of the skin. Nonetheless, in the future, these venules and arterioles should be 

modelled more explicitly. 
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4.2. Steady-State Concentration Profile 

The three different concentration profiles illustrated in Figure 6 show how the 

steady-state concentration will change with depth. The first profile is near the 

arteriole branch, the second is the average concentration, and the third is taken 

near the venule branch. From the figure, it was evident that there was a large 

difference between the concentrations. The viable skin area adjacent to the 

arteriole part of the capillary loop exhibited the lowest concentration across the 

membrane. The concentration then increases between the two capillary loops 

branches before reaching a maximum at the venule capillary loop branch. 

 
Figure 6:  The steady-state concentration of a drug at different regions for different depths in the skin. In this 
figure, the numbers representing each of the three trendlines correspond to each number’s position in the subplot. 
The number 3 meanwhile represents the average concentration. The data points • represent the experimental 
concentration for Econazole [30]. To match the data, the velocity of blood was set to 0.8mm/s which is within the 
variation discussed earlier. The 𝐶𝐶𝑣𝑣𝑣𝑣𝑧𝑧=0  value for Econazole was extrapolated from the viable epidermis data and 
was 19.87µg/mL. This value was then used to nondimensionalize the rest of the data.  
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In Figure 6, the concentration decreased exponentially for each of the 

trendlines. However, when the depth was greater than 300µm, the concentration 

began to plateau.  The arteriole and average concentration were able to predict the 

experimental data of econazole. These profiles were also able to show  a much 

greater correlation to the experimental data than the previous model discussed in 

[22]. The previously established capillary model [22] was unable to account for 

the plateauing of concentration as it assumed a sink condition on the surface of the 

capillary loops. The new capillary model was the only model that was able to 

exhibit this trend and thus was the most accurate at predicting deeper dermal 

concentration. Nonetheless, the old capillary model and dispersion model can 

provide reasonable for viable skin transport above the capillary loops.  

There was also a significant variance between the concentration of the three 

trendlines present in Figure 6. The minimum concentration of the drug, which is 

present near the arteriole capillary, is two to three times smaller than the 

maximum concentration (present near the venule capillary). The maximum 

concentration was also significantly greater than the average concentration in 

deeper layers of the dermis. The significant variance between the maximum and 

average concentration is a critical concern for toxicological problems. Therefore, 

this maximum concentration needs to be considered to minimize toxicological side 

effects, especially when transdermal technology is employed to increase the 

bioavailability of drugs.  

The experimental data from [30] was also compared to the new capillary model 

in Figure 6. Within the figure, the majority of the data matched the average 

concentration or the arteriole concentration. A similar analysis was performed in 

Krestos [18] for the hydrocortisone data presented in [31]. Both models were able 

to simulate the trend of the experimental data but took different approaches. The 

Krestos approach is more complicated mathematically, but also has more realistic 

capillary loop sizes. Meanwhile, the model presented in this paper is less 
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mathematically demanding but is computationally difficult. Both models lack 

adequate representation of the subpapillary plexus and larger blood vessels. 

However, there are a few points which need to be considered when performing an 

analysis of either experimental data sets. The first is the position the experimental 

data was taken. The density and depth of the capillary loops will be variable 

throughout the human skin and their changes were previously shown to 

drastically impact the transport of a solute [22]. 

There is also a significant limitation in the method to obtain the experimental 

data within [30]. Within the experiment, ointments that comprised of 1% 

[3H]econazole were applied to human skin in both in vivo and in vitro scenarios. 

After certain time intervals, the skin was sliced and the concentration was 

measured through liquid scintillation counting [30]. The liquid scintillation could 

be a significant limitation of the method as later studies were able to determine 

that Tritium metabolites were found in urine excretion up to 5 days after initial 

injection [32]. As a result, metabolism may cause liquid scintillation to 

underestimate econazole concentrations, especially if the experiment run time is 

large.  Additionally, only a small quantity of drug was able to permeate into the 

viable skin during the experiment. A lack of permeability in the stratum corneum 

could also be reciprocated in the viable epidermis, where the concentration was 

significantly larger than the concentration in the lower dermis. This could be a 

reason why the model underestimates the concentration for the first two data 

points.  

Since a local anesthetic was applied when slicing the skin, vasoconstriction and 

vasodilation are another possible limitation of the experiment. Previous 

experimental results have shown that many anesthetic compounds’ impact on 

vasodilation or vasoconstriction is dosage dependent [33-36]. For example, 

lidocaine and amethocaine, exhibit natural vasodilator effects at  high dosage 

levels [33-36]. To minimize vasodilation, epinephrine and other vasoconstrictive 
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agents are often added to local anesthetic treatments to encourage 

vasoconstriction [37, 38]. If either vasoconstriction or vasodilation occurred when 

slicing the skin in the Econazole experiment, it would significantly impact the 

concentration. Therefore, while the data provides a good baseline for the model, a 

degree of caution is needed when analyzing the dermal concentrations.  

 Another factor to consider is that each drug will have different physical and 

chemical properties. Each property may result in a change in the transport of a 

solute. For example, compounds with a high molecular weight will exhibit a limited 

permeability through the endothelial lining. When the drug cannot enter the 

capillary loop, they will not be convectively transported, and may instead be 

transported by the lymphatic vessels. On the other hand, lipophilic drugs have high 

permeabilities through the capillary wall, which has led to limited studies that 

have quantified the endothelial permeability for these drugs. There is also limited 

information into how different chemical properties impact the diffusion coefficient 

within human skin. As a result, both these coefficients are often estimated through 

similar compounds’ observations or by generalized equations.  

4.3. Effect of Capillary Loop Configuration on Drug Transport 

The arrangement of capillary loops may also have a significant impact on drug 

transport within the viable skin. The position of the arteriole and venule branches 

of the capillary loop are critical to consider when directional blood flow is 

introduced. The arteriole part of the capillary loop will supply viable skin with 

blood and other nutrients. In contrast, the venule section will facilitate the 

elimination of a drug. The positioning of each of these vessels will drastically 

impact boundary conditions for the model. Adjacent arterioles and venules will 

have zero flux boundary conditions between sets of capillaries. Meanwhile, if 

arteries and venules are adjacent, it results in periodic boundary conditions. For 

this reason, the position of the capillary loop branches could have a significant 

impact on drug transport. The transient profile of the drug stayed relatively 
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constant for all capillary loop simulations with the different placement of the 

arterioles and venules. However, when investigating the steady-state 

concentration, the position of these branches became far more critical. For this 

reason, Figure 7 was presented to show how different configurations can impact 

steady-state concentration. 

Figure 7: The contour plot for three different capillary configurations are shown in this plot. In each 
subfigure, different positionings for the arterioles and venules are investigated. A shows the standard 
configuration of the capillaries shown in Figure 1 and 2. B shows a scenario where the directional flow within 
the second row of capillaries matches the first. C shows the case where the capillary loops directional flow in each 
row is opposite. 

Figure 7 illustrated the steady-state contour concentration profiles for the three 

different capillary configurations. In the first subfigure, the maximum 

concentration occurred on the descending (venule) capillary loop branch. The 
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concentration then decreases as it approached the arteriole branches. When the 

solute was adjacent to the ascending capillary loop branch, it was at a minimum. 

The positioning of the maximum and minimum concentrations was similar for 

each of the configurations. The maximum always occurred on the venular branch 

on the capillary loop while the minimum always occurred on the arteriole branch. 

However, the three configurations differ significantly in terms of concentration 

pattern. In the first configuration (A), the variation between the maximum and 

minimum concentration is larger than the second configuration (B) and third 

configuration (C). The first scenario had all four venules adjacent to each other, 

which effectively increased the concentration in the region and thus the maximum.  

The second configuration has two adjacent venules and two adjacent arterioles, 

which also increases the maximum concentration but to a lesser degree. Finally, 

the third configuration had no adjacent venules or arterioles, so the area where 

the maximum concentration occurs was significantly less.  

Figure 7 also showed the difference between using a zero-flux boundary 

condition and using periodic conditions. The zero-flux boundary conditions were 

previously displayed by equation (6) and (7) while the periodic were described by  

equations (8-11). By using the periodic boundary conditions, such as in subfigure 

B and C, the concentration near the boundary of the computational area changes 

significantly. This was an important point to consider, as the periodic condition 

will represent more capillary configurations in human skin than the zero-flux 

boundary, which only considers the mirrored case shown in Figure 2. 

Furthermore, periodic conditions will cause some drug to be transported to 

neighboring skin regions.  

When probing dermal drug concentration, the major problem is that the 

position of the probe may have a substantial effect on the concentration of the 

drug. If using the experimental concentration to predict the toxicity and 

therapeutic levels, it is important to consider if the probe is positioned on the 
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ascending capillary loops. If the probe is in this location, the concentration 

obtained may be tenfold smaller than the concentration in other regions of the 

skin. Therefore, it is important to take an average concentration of the drug at each 

depth when gathering experimental data. 

4.4. Sensitivity Analysis 

Velocity of the blood The velocity of the blood in the skin can vary drastically 

from person to person. In previous studies, it was found that the velocity of blood 

had a large variance and was equal to 0.65±0.3mm/s [26]. For this reason, it was 

important to consider what effect the velocity will have on both the transient and 

steady-state concentration profiles. When the velocity of the blood was halved to 

0.3mm/s, the time required to reach 70% of the steady-state concentration 

increased significantly to approximately 1800s. The lower velocity therefore 

caused the rate of drug transport in the skin to slow, and thus decreased the 

dispersion coefficient required to model the transient concentration in a 

dispersion-elimination model.    

Conversely, when the velocity of the blood was increased to 0.8mm/s, the 

transient concentration profile happened at a much faster rate. In this case, the 

time of diffusion decreased to approximately 1200s. The decrease in diffusion time 

inferred that the effective dispersion coefficient required to obtain similar results 

in the two-layer model would increase significantly. 

When the steady-state concentration was analyzed, a lower velocity resulted in 

an increase in concentration in the deeper dermal regions. The increase in deeper 

dermal concentration was rationalized by the lower velocity giving a higher 

probability of permeation from the capillary loop into the viable skin. As a result, 

more solute concentration will be present within the skin membrane since less 

drug will be leaving the bottom of the capillary loops and entering systemic 

circulation. 
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Conversely, when the velocity was increased to 0.8mm/s, the concentration 

decreased throughout most of the skin membrane. An increase in velocity caused 

a lesser chance for drug to permeate out of the capillary loops. If less drug 

permeates out, more will be entering the systemic circulation and thus leaving the 

skin membrane. Therefore, the concentration throughout the viable skin will 

decrease. One other factor that may increase the amount of drug entering the 

larger bloodstream could be the permeability of the capillary loop wall. 

Permeability Coefficient The permeability barrier present on the surface of 

the capillary loops due to endothelium lining is important to consider when 

developing drugs that target the viable skin. When the permeability of the capillary 

loops was increased tenfold, the time required to reach steady-state (td) increased 

by a factor of 5%. Furthermore, the steady-state concentration profile also varied 

with higher permeability. When the permeability was increased tenfold, it caused 

a more significant amount of drug to be present in the 200−700µm region. For 

example, in the middle of the viable skin (500µm), the concentration increased by 

a factor of 16%. 

On the other hand, when the permeability was decreased tenfold to 1×10−7ms−1, 

the time required for the drug to reach steady state remained relatively constant. 

When this change was made, the time only increased by a few hundred seconds or 

by approximately 1−2%. However, the steady-state concentration depth profile 

changed significantly with a decrease in permeability. A lower permeability 

resulted in a 30% increase in concentration in the middle of the viable skin. 

Size of elements in the mesh The mesh used in the computation was very 

sensitive to change in certain circumstances. When the number of elements was 

significantly decreased, and the degrees of freedom was decreased, the system 

gave negative concentration. The negative concentration arises due to the large 

concentration gradient that forms between elements which are too large. For this 

reason, it was important to refine the mesh in more sensitive regions. The primary 
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region where refinement was crucial was near the capillary loops, where 

permeability and velocity are significant factors. 

On the other hand, when the number of elements was increased further, the 

numerical solution conformed well to the results shown in the rest of this paper. 

However, by increasing the number of elements two-fold, the computation time  

went up significantly and almost doubled. The increase in computational time gave 

diminishing returns for the accuracy, so increasing the number of elements was a 

less optimal solution. For this reason, the mesh that was chosen within the rest of 

this paper was fairly optimal as it gave good numeric results without significantly 

increasing computation time. Additionally, it was important to use a symmetric 

mesh for this system. When a non-symmetric mesh is defined, the results do not 

adhere to the system's symmetricity or boundary conditions. It also significantly 

increases computational time.  

 

 

5. Conclusion 

The transport of a solute within the viable skin is essential to consider for cases 

where the viable epidermis and dermis may become a limiting barrier to drug 

transport. However, to fully predict the viable skin transport, the vascular network 

and in particular, the capillary loops must be considered explicitly. For this reason, 

the model developed capillary loops to replicate a possible physiological 

configuration within the skin and simulate their function. In this model, the 

capillary loops were extended to obtain a better understanding of convective drug 

transport within the blood.   

From the results, it was evident that the velocity of the blood and the 

permeability of the capillary loops are fundamental parameters to consider when 

predicting concentration in the viable skin. Both parameters led to a plateauing of 

the steady-state concentration depth profile, which was also evident within 
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published experimental results and, in particular, the concentration profile for 

econazole. 

The transient profile for this model was also a significant improvement to 

simpler models, as the system approached steady-state five-fold faster than 

previous passive diffusion models. The quicker transient profile supports the 

results of previous papers which stated that simple models must incorporate the 

convective nature of the vasculature network through use of a  dispersion 

coefficient. The new capillary model was also much more effective at matching the 

concentration profile of numerous experimental results when compared to 

previous models. Nonetheless, there are many improvements and enhancements 

which could be considered to further the model’s accuracy. The convective nature 

of the lymphatic vessels could also be incorporated into the model and is especially 

important for  larger molecular weighted drugs. Additionally, the subpapillary 

plexus should be introduced into the model to get a better representation of the 

vasculature within the dermis. By explicitly considering the plexus, a greater 

understanding could be obtained for drug transport in the deeper layers of the 

dermis, and in particular, at depths below 400µm. Once the plexus has been 

modelled,  a capillary depth-density relationship should be developed for more 

accurate representation of the larger blood vessels. 
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