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Abstract
A method of drug delivery that could provide control over medicine reaching the bloodstream for systemic circulation would 
be of immense importance. This work presents a comparative study of the temporal and spatial variation of drugs diffusing 
passively through two separate routes of human skin, namely intercellular (ICR) and sweat duct route (SDR). An analysis 
is carried out for two age groups (young < 40 years and old > 60 years of age). Governing equations based on Fick’s law 
for mass transfer have been solved numerically using an in-house developed code. The code has been validated thoroughly 
with numerical and experimental work from the literature. Each skin route is modeled into three compartments sandwiched 
between the donor and receiver compartments. To understand the role of diffusion and partition coefficient on drug permea-
tion, four drugs, namely hydrocortisone, trans-cinnamic acid, caffeine, and benzoic acid, are considered. The drug diffusion 
rate is found greater through ICR as compared to SDR. Further, the amount of drugs diffusing through both routes increases 
with age. Desirable drug characteristic is inferred to be a lower value of partition coefficient and a higher value of diffusion 
coefficient. This study could lead to real-time assessment of drugs reaching the bloodstream and beyond.
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Nomenclature
C  Drug Concentration
t  Time
x  Spatial position
D  Diffusion coefficient
D*  Effective diffusion coefficient
K  Partition coefficient
R  Powder drug radius
Kt  Drug dissolution constant
Cdo  Initial amount of drug in donor compartment
M  Undissolved drug mass
Mo  Initial amount of undissolved drug
Vd  Volume of donor compartment
Kd  Powder dissolution constant
Vr  Volume of receiver compartment
Cd  Drug concentration in donor compartment

Cr  Drug concentration in receiver compartment
S  Permeation area
hsc  Thickness of stratum corneum
hve  Thickness of viable epidermis
Csc  Drug concentration in stratum corneum at a particu-

lar x and t
Cve  Drug concentration in viable epidermis at a particu-

lar x and t
Cde  Drug concentration in dermis at a particular x and t
Dsc  Diffusion coefficient of drug in stratum corneum
Dve  Diffusion coefficient of drug in viable epidermis
Dde  Diffusion coefficient of drug in dermis
C+  Non-dimensional drug concentration
t+  Non-dimensional time
dt+  Non-dimensional time step
V+  Non-dimensional volume
x+  Non-dimensional spatial position
Cr

b  Drug concentration in receiver compartment before 
sampling

Cr
a  Drug concentration in receiver compartment after 

sampling
ΔVr  Volume of drug leaving receiver compartment for 

systemic circulation
ε  Porosity
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ζ  Apparent tortuosity
huc  Thickness of upper coil duct
hdd  Thickness of dermal duct
hsd  Thickness of secretory coil duct
Cuc  Drug concentration in upper coil duct at a particular 

x and t
Cdd  Drug concentration in dermal duct at a particular x 

and t
Csd  Drug concentration in secretory coil duct at a par-

ticular x and t
Dw  Diffusion coefficient of drug in aqueous phase

Introduction

Drugs have been an integral part of mankind for ages, being 
used to diagnose illness. These drugs can be administered 
into the human body for systemic circulation via different 
methods such as oral, inhalation, injection, and transdermal. 
The drug delivered via the oral route undergoes first-
pass metabolism [1] at various organ sites, such as the 
liver (which is the primary site for drug metabolism [2]). 
Injections, even though they are a faster mode of drug 
delivery, are uncomfortable as they are an invasive method. 
Inhalation is a simpler and less invasive route of drug 
administration. However, it may sometimes need an energy 
source and drugs may be hindered by the defense mechanism 
of the respiratory tract [3]. The transdermal mode is a non-
invasive, safer, more facile, and sometimes controlled 
method to deliver a drug that additionally avoids first-pass 
metabolism. However, this method of drug delivery is more 
suitable for drugs having a low molecular weight (< 500 Da) 
and adequate lipophilicity and is effective at a low dosage. 
To deliver drugs of higher molecular weight or drugs which 
are hydrophilic or polar, the active modes of drug delivery 
such as iontophoresis, microneedling, thermal ablation, and 
cavitational ultrasound are used [1].

Even though topical solutions and ointments were being 
used to treat several illnesses from ancient times, but com-
mercially the modern transdermal systems evolved in the 
1970s. In terms of applications, transdermal patches are 
widely used to deliver drugs through the skin. In vitro flux 
of various drugs such as scopolamine, nitroglycerine, fen-
tanyl, and estradiol was investigated in 1975. These drugs 
are now being delivered via transdermal systems as study 
showed that these compounds show significant permeation 
through the skin. This led to the introduction of a 3-D patch 
to deliver scopolamine to treat motion sickness. Transdermal 
patches became increasingly popular after the introduction 
of nicotine patches in the year 1989. As per current data, 
around 17 different drugs are being delivered through trans-
dermal patches, with approximately 1 billion patches being 
manufactured each year [9]. Below we have presented the 

literature in two parts to set forth the objectives of the pre-
sent work, one is to shed light on skin anatomy and second is 
methods to analyze transdermal drug delivery. These topics 
have been discussed in the below subsections.

Human skin is an anisotropic and heterogeneous mate-
rial [4]; hence, it becomes very difficult to understand the 
permeation process occurring inside it. When a certain vol-
ume of topical solution is placed on the stratum corneum, 
it will try to diffuse through all the possible routes that it 
encounters, which adds an extra challenge to analyzing the 
role of the different routes in drug permeation. However, as 
the transcellular route offers large resistance [5], the inter-
cellular route, sweat duct, and hair follicle route become 
more suitable pathways. For a 1-cm2 surface area of skin 
for drug diffusion, the areas occupied by the hair follicles 
(0.05–1.5%) and sweat ducts (0.03–2%) are very small; 
hence, the major volume of the drug will diffuse through the 
intercellular route [6, 7]. Therefore, researchers often ignore 
the role of appendages in drug diffusion. Thus, the purpose 
of this numerical study is to understand the significance of 
appendages (in particular SDR) in drug permeation and to 
compare the drug diffusion through the intercellular route 
and appendage. We try to further enhance our understanding 
of the factors that influence passive diffusion and talk about 
the scope of delivering a drug through the appendage.

Stratum corneum mainly consists of dead keratinocyte 
cells that are separated from one another by a thin layer 
of intercellular lipids. This is sometimes referred to as the 
“Brick–Mortar” model [8] of the stratum corneum, as shown 
in Fig. 1. As the stratum corneum offers the main barrier to 
drug permeation, various methods mainly focus on over-
coming this barrier [1, 9]. The rest of the layers in the epi-
dermis (apart from the stratum corneum) are referred to as 
the “viable epidermis,” whose thickness ranges between 50 
and 100 μm. Resistance offered by both stratum corneum 
and viable epidermis to permeation of small and macro-
molecules has been investigated previously [10]. Beneath 
the epidermis layer lies the dermis, whose thickness ranges 
from 1 to 2 mm.

Appendages at the top of human skin emerge from the 
epidermis and dermis and mainly comprise eccrine and apo-
crine glands, ducts, and pilosebaceous units [11]. The main 
function of the eccrine sweat glands or ducts is to regulate 
the heat [12]. These tubular or ductal structures (as depicted 
in Fig. 1) consist of three composite parts, namely the upper 
coil duct, dermal duct, and secretory coil duct [13]. Previ-
ous studies on the morphology of the eccrine sweat gland 
provide insights into the various barrier elements along the 
sweat duct pathway. Barrier elements like tight junction 
proteins are present in sweat glands as well, which restrict 
the permeation of a compound [14]. These works suggest 
that sweat ducts can be an alternate penetration pathway. 
For a compound permeating through hair follicles, the main 
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barriers are the drug particle size [15], sebum [16], and hair 
cycle [11].

Due to various risks related to drug interaction with 
human skin as well as due to ethical issues, in vivo stud-
ies of drug diffusion through human skin are non-trivial. 
Therefore, there is a need for various alternatives methods 
to understand the drug permeation process through skin. 
Various methodologies, such as analytical [17], numerical 
[18], and experimental using artificial skin [19], are adopted 
in the literature to understand this phenomenon. Moreover, 
some animal skins, like rat skin or porcine skin, are found 
to closely resemble the characteristics of human skin [20]. 
Hence, it provides a good alternative to experimentally car-
rying out such studies. In vitro study involves the use of 
apparatus like the Franz cell diffusion apparatus, which 
consists of a cell membrane (human or animal skin sample 
through which drug permeation is to be studied) separated 
by donor and receiver compartments [21]. Further, analyti-
cal and numerical methods have also been used to study this 
complex phenomenon, and studies suggest that the results of 
experimental and numerical methods are in good agreement.

Some studies based on mathematical models [17, 18, 
22–24] have been done which provide insights of passive 
drug diffusion through skin or membrane. For instance, both 
numerical and analytical approaches have previously been 
documented to study the passive diffusion of drugs through 
a swollen membrane sandwiched between two stagnant lay-
ers (a trilaminate system) [23]. Later, a similar diffusive 

mathematical model was used to determine the Acyclovir 
permeation properties through the rat skin [18]. A thermo-
static Franz cell apparatus was used to perform the permea-
tion experiments. They validated the results from the math-
ematical model with that of in vitro experiments which were 
found to be in good agreement.

Based on the above discussion, we can conclude that a 
drug diffusion through skin encounters mainly four routes 
(as depicted in Fig. 2), namely the intercellular route (ICR), 
transcellular route, and appendage route, which includes 
the hair follicle route (pilosebaceous unit) and sweat duct 
route (SDR) [25]. From the literature survey, it was found 
that majority of the previous studies were focused on ana-
lyzing diffusion through the overall skin and hair follicle 
route. Comprehensive reporting of passive drug diffusion 
through the sweat duct route is not found, as is the effect of 
aging on drug diffusion through the ICR and the SDR. A 
diffusion-based model is required for studying transdermal 
drug delivery (without considering the advection effects) 
because the skin is a region of very low permeability and 
hence advection effects can be neglected and a purely dif-
fusion-based mathematical model can be implicated [26]. 
In the present study, the passive drug diffusion through the 
ICR and SDR has been studied using a mathematical diffu-
sion model based on Fick’s law [18]. The main objective of 
the work is to know which route among the two provides a 
faster drug delivery. This work also investigates the effect 
of aging on drug diffusion for which two age groups have 

Fig. 1  Anatomy of human skin
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been considered, i.e., young age (< 40 years) and old age 
(> 60 years). The diffusion of four different drugs, namely 
hydrocortisone (HC), benzoic acid (BA), caffeine (CA), and 
trans-cinnamic acid (TCA), has been studied to understand 
the role of partition and diffusion coefficient on the amount 
of drug permeating through different layers of skin.

Physical and computational description 
of the problem

In the present numerical analysis, it has been assumed that 
the drug will passively diffuse through either the ICR or 
SDR. Figure 3 shows the schematic diagram of the ICR and 
SDR used in our numerical model. The variation of drug 
concentration as a function of space and time across these 
two routes can be described mathematically [18]. We use a 
one-dimensional second-order partial differential equation 
(PDE) based on Fick’s law to determine the drug concentra-
tion both spatially and temporally simultaneously. The skin 
is assumed to be isotropic and homogeneous in nature to 
reduce the complexity of the mathematical model [18]. For 
drug diffusion via the ICR, the human skin is divided into 
three layers: stratum corneum (sc), the viable epidermis (ve), 
and dermis (de), each with its own partition and diffusion 
coefficient (Fig. 3a). Here, each of the layers corresponds to 
a compartment. So, a particular pathway is assumed to have 
a total of five compartments, with donor and receiver com-
partments being at the top and bottom, respectively, of the 
three compartments classified above. The SDR has also been 

divided into three layers: upper coil duct (uc), dermal duct 
(dd), and secretory coil duct (sd) (Fig. 3b) [13]. While study-
ing drug diffusion through the SDR, the drug’s diffusion 
coefficient in water has been considered. This is because 
almost 99% of the medium of the sweat duct is aqueous. 
Also, the effect of porosity and tortuosity has been consid-
ered to increase the robustness of the model. However, due 
to the lack of data in literature, the partition and diffusion 
coefficients of drugs permeating through the skin layers for 
young as well as old age people have been assumed to be the 
same for both routes. In the present numerical study, certain 
conditions similar to in vitro experiments [18] (such as drug 
dissolution in donor compartment and receiver sampling 
technique) have been considered. Throughout the analysis, 
the effect of drug dissolution is considered in the donor 
compartment, as some amount of undissolved drug mass is 
always present in the donor compartment. The receiver sam-
pling technique [18] has also been adopted in our numerical 
model to account for the replacement of a certain amount 
of drug entering the blood capillaries with a fresh amount 
of solvent (as shown in Fig. 3). In this study, we conducted 
a detailed investigation into drug permeation through the 
ICR and SDR routes using a numerical approach. The study 
involved the development and utilization of an in-house 
MATLAB code to solve the diffusion equations governing 
drug transport through the skin layers. Specifically, the code 
considered the complexities of the ICR and SDR, account-
ing for different layers and their associated barriers (such as 
partition coefficients in the case of ICR) and geometrical 
parameters (such as porosity and tortuosity of SDR).

Fig. 3  Schematic representa-
tion of compartment model: a 
Intercellular route. b Sweat duct 
route
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One of the major limitations of transdermal drug deliv-
ery is that all drugs do not easily diffuse through the skin. 
It is found that the drugs having a low molecular weight 
(< 500 Da), appropriate solubility in both oil and water, and 
balanced lipophilicity are found to be suitable for delivery 
through skin [27]. We have tried to analyze the permea-
tion of four different drugs through both the ICR and SDR. 
Table 1 illustrates the molecular weight and applications of 
drugs considered in the present analysis. It is to be noted that 
all the drugs mentioned in Table 1 show adequate lipophilic-
ity and have a molecular weight of less than 500 Da. Hence, 
they can be adopted for practical dermatological applications 
in the future as well.

Experimental documentation exists for the partition and 
diffusion coefficients of 50 chemicals in intact skin and iso-
lated skin layers [28]. In the present study, out of the 50 
chemicals, four have been selected and their respective data 
for partition coefficient (K) and diffusion coefficient (D) in 
stratum corneum, viable epidermis, and dermis (depicted by 
subscript 1, 2, and 3 respectively) have been mentioned in 
Table 1. This table also enlists the diffusion coefficient of 
these drugs in an aqueous phase [29–31], which is the per-
meating medium of a drug through the sweat duct (research 
suggest that sweat duct can be considered as a tube filled 
with water [32]). These four drugs are more commonly used 
in treatment of applications as mentioned in Table 1.

The drugs mentioned above are initially assumed to be 
in powder form. Our work focusses on numerically ana-
lyzing the permeation of drug solutions prepared by dis-
solving the drugs listed in Table 1. A solution of the above 
drugs can be prepared by dissolving the drug in a media 
containing DPBS and sodium azide [28]. This work pro-
ceeds with modelling the permeation of a drug with an ini-
tial size (Ro) of 5.7 μm and a powder dissolution constant 
(Kd) of 5.01 ×  10−5 cm/s (which is assumed to be constant 

for all the drugs) [18]. Arbitrarily, the initial drug con-
centration in the donor compartment (Cdo) is taken to be 
2.62 mg/cm3. The volume of the donor (Vd) and receiver 
(Vr) compartments is assumed to be 3  cm3 (subscripts d 
and r correspond to the donor and receiver compartments 
respectively). While the experimental setup, such as in 
the Franz cells apparatus, often features a larger receiver 
compartment, it is not realistic to assume a larger vol-
ume for the receiver compartment to mimic that of human 
skin. Therefore, in our simplified model, we have assumed 
equal volumes (Vd and Vr). It has also been assumed that 
initially, 1 mg of the undissolved drug (Mo) is present in 
the donor compartment, while the drug permeation area 
(S) is taken as 1  cm2.

Numerical details

This section discusses the numerical model and meth-
odology adopted to generate the solution for the set of 
PDEs describing the permeation through ICR and SDR. 
It also includes the validation of the in-house developed 
Matlab code used to obtain the numerical solutions by 
comparing the present results with the published numeri-
cal and experimental findings. Additionally, we have also 
performed the grid and time independence test which has 
been discussed at the end of this section. An in-house 
MATLAB code is developed to determine the final amount 
of drug solution reaching the receiver compartment for 
systemic circulation via blood stream. The code aims at 
solving a set of discretized non-dimensional equations 
(Eqs. 18–31 for ICR and Eqs. 35–50 for SDR) to obtain 
the drug concentration variation in different layers of com-
partment model (Fig. 3) describing the ICR and SDR in 
our proposed numerical model.

Table 1  Partition coefficient and diffusion coefficient of drugs in skin layers. Aqueous diffusion coefficient of drugs

Drugs Molecular 
weight (in 
Da)

Partition 
coefficient

Diffusion coefficient 
 (cm2/s)

Diffusion 
coefficient in 
water  (cm2/s)

Applications

Hydrocortisone 362.46 K1 = 8.22
K2 = 3.94
K3 = 3.11

D1 = 4.12 ×  10−5

D2 = 9.61 ×  10−6

D3 = 8.45 ×  10−3

Dw = 4.6 ×  10−6 Treat polyarthritis on the fingers 
[33]

Benzoic acid 122.12 K1 = 5.04
K2 = 0.96
K3 = 1.52

D1 = 4.48 ×  10−4

D2 = 9.63 ×  10−4

D3 = 4.85 ×  10−2

Dw = 1.16 ×  10−5 A test substance, often used in skin 
penetrant studies [34]

Caffeine 194.19 K1 = 7.84
K2 = 0.94
K3 = 1.12

D1 = 9.83 ×  10−5

D2 = 4.23 ×  10−5

D3 = 7.96 ×  10−3

Dw = 9 ×  10−6 Prevents excessive fat accumulation 
in skin, promotes lymphatic 
drainage, and protects skin from 
photodamage [35]

Trans-cinnamic acid 148.16 K1 = 7.26
K2 = 2.83
K3 = 3.47

D1 = 9.81 ×  10−5

D2 = 5.4 ×  10−5

D3 = 9.82 ×  10−3

Dw = 9.9 ×  10−6 Fragrance agents [36]
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Governing equations

Our study utilizes a one-dimensional compartment model 
to geometrically classify considered skin routes into three 
different compartments. The drug concentration variations 
across the ICR and SDR are modeled by Eqs. 1 and 2 respec-
tively. Here, C represents the drug concentration at a particu-
lar location and at a particular time. X, t, and D represent the 
spatial position, time, and drug diffusion coefficient respec-
tively. To account for the porosity and tortuosity associated 
with the sweat duct, the effective diffusion coefficient (D*) 
term is introduced for the SDR (as shown in Eq. 2) which 
will be discussed in detail in the “Sweat duct route” section.

In the donor compartment (topmost compartment), the 
solution of the test drug is assumed to be present. Our 
numerical investigation prioritizes the estimation of the dis-
solution process, crucial for determining drug concentra-
tion in the donor compartment. Factors such as particle size 
distribution, shape, and aggregation influence this complex 
mechanism. Key to this process is the reduction in solid 
particle radius during dissolution, governed by the parameter 
Kt. The rate of dissolution of the initially powdered test drug 
in the solvent is hence described by the drug dissolution 
constant Kt (as shown in Eq. 3). The drug particle radius (R) 
is a function of the ratio of mass of drug to initial amount of 
undissolved drug and is given by Eq. 4 [18].

It is assumed that some amount of undissolved drug is 
present in the donor compartment. Consequently, the drug 
mass has to be balanced using the mass balance equation

where M represents the net amount of undissolved drug in 
the donor compartment. Equation 5 also takes into account 
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The variation of drug concentration in the receiver 
compartment (Cr) is given in Eq. 13. Cr represents the 
amount of drug just entering the receiver compartment 
and becoming available for systemic circulation. Here, it 
has been assumed that initially, the Cdo amount of drug 
is present only in the donor compartment and there is no 
trace of the test drug in the rest of the layers, as shown 
in Eq. 14.

The similar set of PDEs (Eqs. 1–14) have been used 
to describe the diffusion through the SDR as well. Due 
to its tubular nature, there is no such interface present 
inside the sweat duct. Hence, there is no role for the par-
tition coefficient in the case of the sweat duct. However, 
to consider the sudden changes in porosity and tortuosity 
of various layers, the continuity of drug concentration 
is ensured by interface conditions here as well (similar 
to Eqs. 9 and 11). The above set of partial differential 
equations (PDEs) are made non-dimensional using a set 
of characteristic variables shown in Eqs. 15 and 16 and 
then discretized using the central difference and back-
ward difference schemes. These discretized equations 
are solved using the finite difference method (FDM) in 
explicit form using an in-house developed Matlab code 
to obtain the solutions.

Some amount of drug will be leaving the receiver com-
partment and entering the blood capillaries surrounding 
the coiled duct in the case of the SDR [37] (or the dermis 
in the case of the ICR) as well as other targeted regions. 
To account for the aforementioned phenomena, a receiver 
sampling technique is employed, in which a fixed amount 
of drug (around 10%) entering the receiver compartment 
is assumed to be transferred to the targeted area after each 
time step, as shown in Eq. 17 [18].

where Cr
b and Cr

a represent the drug concentration in the 
receiver compartment before and after sampling, while ΔVr 
represents the volume being carried away for circulation.
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Intercellular route

The most preferable route for transdermal drug diffu-
sion is the ICR. In this route, the drug passes through the 
region around corneocytes (a lipid-rich region) present in 
the stratum corneum [21]. The drug permeating through 
the ICR will encounter three-phase regions of protein, 
lipid, and water. To numerically model the drug diffusion 
through the ICR, the one-dimensional second law of Fick’s 
diffusion is used, which is given by Eq. 1. The schematic 
shown in Fig. 3a represents the compartment model used 
to study drug diffusion for ICRs.

The produced non-dimensional discretized set of PDEs 
for the ICR has been presented by Eqs. 18–31.
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Layer 3 (dermis)

Boundary of layer 3 and receiver compartment

Receiver compartment

Sweat duct route

Eccrine sweat glands are present all over the body except 
areas such as lips or genital area and opens onto the top sur-
face of human skin [38]. Some researchers have analyzed the 
anatomy of sweat duct and came to conclusion about it being 
a suitable pathway for drug permeation [14]. Hence, due to 
its abundance, it becomes interesting to check its efficacy as 
a suitable pathway for passive diffusion of drugs.

The drug diffusion pathway inside the sweat duct is 
tortuous which is longer than the non-tortuous path and it 
reduces the concentration gradient (considering the dynam-
ics on molecular scales to be unchanged). Hence, the diffu-
sion coefficient (D) will get reduced due to a tortuous net-
work [26]. Also, due to presence of porosity, fluid passing 
through the porous media will be subjected to more drag; 
hence, diffusion will get reduced [39]. Hence, both porosity 
and tortuosity reduce the diffusion. The combined effect of 
porosity and tortuosity leads to decrease in amount of drug 
diffusing through the SDR.

In the present study, the effect of sorption (i.e., interac-
tion of solute drug molecules with the walls) has not been 
considered. Hence, the retardation factor in the mathematical 
model used for sweat ducts is unity [40]. Hence, the modi-
fied diffusion equation obtained for describing passive drug 
diffusion through the sweat duct is given by Eq. 32.

where De is defined as the product of aqueous diffusion 
coefficient of drugs (Dw, mentioned in Table 1), porosity 
( � ), and the apparent tortuosity (which is the inverse of 
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tortuosity). Porosity of the sweat duct has been defined as 
the ratio of total area of sweat gland per square centimeter. 
Tortuosity has been defined as the ratio of tortuous path 
length (Le) to the straight path length (L) [26]. “C” repre-
sents the drug concentration in a particular compartment 
at a particular instant of time. The effect of tight junction 
has been neglected in the case of SDR as there has not been 
such mathematical model yet developed to quantify for the 
resistance that it would impose against permeation of sub-
stances. Also, as mentioned in the previous section, parti-
tion coefficient has no role to play in the case of sweat duct. 
So, partition coefficient has been treated as unity in this 
case, i.e., K1 = K2 = K3 = 1. A schematic shown in Fig. 3b 
highlights the compartment model used to study the drug 
diffusion through the SDR.

The obtained non-dimensional discretized set of PDEs 
for the SDR has been mentioned in the “Appendix” section 
(refer to Eqs. 35–50).

Effect of aging

The present work also discusses the effect of aging on drug 
diffusion. Hence, it becomes crucial to identify the param-
eters that vary with aging in the case of ICR and SDR and 
may result in an expected variation in drug concentration. 
According to Fick’s law (Eq. 1), drug concentration depends 
upon diffusion coefficient of drug, thickness of the layer 
through which the drug is diffusing, and time. In the case of 
ICR, it is found that the thickness of each of the human skin 
layers, i.e., stratum corneum, viable epidermis, and dermis 
changes upon aging (as shown in Table 2). Hence, upon 
change of layer thickness, both spatial and temporal rate of 
drug permeation will also be affected.

As per Eq. 2, the spatial and temporal variation of drug 
diffusing through the sweat duct is found to depend upon the 
aqueous diffusion coefficient of the drug, the porosity, and 
tortuosity of the duct layer, as well as the thickness of each 
layer of the sweat duct and time. The geometrical parameters 
associated with the sweat duct are the duct length and diam-
eter. Due to the change in thickness of various skin layers 
(as mentioned in Table 2), the tortuosity of various sections 
of the sweat duct also changes. Past research shows that the 
tortuous pathway changes upon aging [42]. Further, it has 
been reported that the pore size increases upon aging [43]. It 
is to be noted that to calculate the porosity of the sweat duct, 

Table 2  Variation in thickness of skin layers upon aging

Compartment Young age (< 40) Old age (> 60)

Stratum corneum [41] 15 μm 17 μm
Viable epidermis [41] 62 μm 52 μm
Dermis [42] 982 μm 616 μm
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its inner diameter has been considered. The inner diameter 
corresponds to the lumen of the sweat duct where sodium 
and chloride ions meet to form NaCl and an osmotic gradi-
ent is created that drives water inside the lumen [12]. So, 
the drug will also try to diffuse through the lumen region. 
A tight junction exists beyond this region, which will try to 
limit the permeation.

An upward shifting of the eccrine sweat gland (towards 
the skin’s surface) is observed upon aging due to a decrease 
in the size of the dermis. The path lengths are calculated 
using image analysis (using ImageJ software) and the 
obtained tortuosity of each layer is mentioned in Table 3. 
It is to be noted that there is no significant difference in 
the number of sweat glands when compared between young 
(< 40 years) and old age (> 60 years) [42]. The number of 
sweat glands has been taken as 150 [13].

Solution steps

The process involved in the numerical methodology to obtain 
the solution is presented as a step-by-step approach in Fig. 4. 
It shows the systematic way for obtaining the solution.

It involves the selection of the route for drug diffusion, 
then, defining input variables governed by age and drugs 
such as partition and diffusion coefficient of drugs (Table 1), 
thickness of different layers of the skin (Table 2) and pore 
diameter, and tortuosity (Table 3). After this, a solution will 
be obtained by solving the set of discretized equations, i.e., 

Eqs. 18–31 (for ICR) and Eqs. 35–50 (for SDR) using a 
MATLAB-based (version R2021a) computer program devel-
oped in-house.

Validation

For checking its validity, the developed code is used to 
obtain results for drug diffusion through the swollen mem-
brane [23] and rat skin [18] subjected to the same condi-
tions as mentioned in the respective literature. The results 
obtained using the MATLAB code are then compared 
with the published results to establish the accuracy of the 
code. Grid independence and time independence tests are 
also done, which indicate that the developed code provides 
appropriate results for optimal mesh size and time step.

Validation with results of permeation study 
through swollen membrane

Previously, the drug permeation through a swollen mem-
brane (trilaminate system) using linear and numerical mod-
els has been analyzed [23]. In their proposed numerical 
model, two cases were considered. In one of the cases, it was 
assumed that drug dissolution (Kt) in the donor compartment 
was non-zero (Fig. 5a), while in another case it was assumed 
to be zero (Fig. 5b). Figure 5 shows good agreement between 
the present work and numerical results for drug diffusion 
through a swollen membrane.

Validation with results of permeation study 
through a rat skin

An experimental analysis of acyclovir permeation on dif-
ferent rat skin samples using a thermostatic Franz cell 
apparatus was performed and has been documented. A 
purely diffusive mathematical model based on Fick’s 
law was used to evaluate the diffusion through rat skin. 

Table 3  Variation in pore size and tortuosity upon aging

Compartment Pore diameter (µm) 
[13]

Tortuosity [42]

Young Old Young Old

Upper coil duct 20 60 1.22 1.39
Dermal duct 10 20 2.00 2.73
Secretory coil duct 30 40 5.06 3.82

Fig. 4  Flow chart
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In-house Matlab code is used to obtain results for skin sam-
ple no. 9 mentioned in the literature [18]. Figure 6 shows 
a good agreement between the published experimental 
results and the present results obtained using Matlab code.

Grid and time independence study

An in-house Matlab code is validated for the time-inde-
pendent and grid-independent tests. This validation is done 
for one of the drugs, which is hydrocortisone. Figures 7 

and 8 depict the grid independence and time independence 
tests respectively done for results obtained after the numeri-
cal analysis of hydrocortisone diffusing through intercel-
lular and sweat duct routes corresponding to geometrical 
parameters of a young age. The grid points in each layer 
are adjusted from N = 6 to 31 for the intercellular pathway.

Figure 7 depicts four temporal fluctuations in hydrocor-
tisone concentration in the receiver compartment at various 
grid counts used to discretize the skin layers. It demonstrates 
that the results are unaffected by the number of grid points 
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for the ICR (as illustrated in Fig. 7a). Grid independence is 
achieved for sweat duct (Fig. 7b) beyond N = 21.

The non-dimensional time step dt+ is varied for ICR in 
the same way that grid independence is varied, and the time 
independence test curve is displayed in Fig. 8. Time inde-
pendence behavior for ICR (Fig. 8a) can be noticed starting 
at dt+ =  10−5 while for SDR (Fig. 8b) at dt+ =  10−9.

Hence, based on the above test, the number of grid points 
chosen in each layer for ICR and SDR is 6 and 21. While the 
non-dimensional time steps for ICR and SDR are taken as 
 10−5 and  10−9, respectively.

Results and discussion

The passive permeation of four drugs has been examined 
numerically and discussed in detail in this section for both 
young and old age human skin. At the end of this section, an 

overall comparison of the drug concentration distribution with 
time for all the four drugs is plotted and discussed to under-
stand the effect of partition and diffusion coefficient on it.

Temporal and spatial variation  
of hydrocortisone diffusion

Temporal variation

Figure 9 shows the temporal variation of the concentration of 
hydrocortisone in the receiver compartment of ICR (Fig. 9a) 
and SDR (Fig. 9b). In both cases, we can observe that the 
drug concentration increases with time. Figure 9a and b also 
illustrates the comparison of the diffusion of hydrocortisone 
for both young and old age. The general equation describ-
ing the variation in drug concentration reaching the receiver 
compartment is given in Eq. 13. The amount of drug left in 
the receiver compartment after sampling is given in Eq. 17.

Fig. 7  Grid independence test for hydrocortisone diffusing through a intercellular route and b sweat duct route

Fig. 8  Time independence for hydrocortisone diffusing through a intercellular route and b sweat duct route
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Figure 9a shows the concentration (Cr) of hydrocorti-
sone diffused in the receiver compartment though the ICR 
of old age is slightly more than that of young age. For exam-
ple, after 20 min, the concentration (Cr) of hydrocortisone 
received in the receiver compartment is 0.079 mg/cm2 for 
young age, whereas it is 0.085 mg/cm2 for old age, which is 
7.6% higher. This can be attributed to a slight decrease in the 
thickness of skin layers upon aging (Table 2). However, the 
concentration seems to be asymptotes with time; therefore, 
it reaches the same value in both young and old age after a 
long time.

The temporal variation of hydrocortisone in the 
receiver compartment diffusing through SDR for the 
two age groups has been illustrated in Fig. 9b. It can be 
inferred from the curve that there is a significant increase 
in the amount of drug diffusing through old age skin as 
compared to young age skin. After 60 min, we can see 
that 0.0134 μg/cm2 and 0.0774 μg/cm2 of the hydrocor-
tisone had diffused through the SDR of young and old 
age, respectively. Compared to ICR, in the case of SDR, 
drug concentration (after 60 min) increases by 477% upon 
aging. Therefore, the effect of aging on drug delivery is 
found to be more significant in the sweat duct (SDR) than 
in the intercellular route (ICR). This can be attributed to 
an increase in pore size upon aging [43], which reduces 
the drag acting on drug particles and hence increases 
the diffusion coefficient or rate of diffusion. Also, upon 
aging, the length of the dermis decreases [42], which also 
contributes to an increase in the concentration gradient. 
However, in the case of the ICR, only skin layer thickness 
is the parameter that quantifies the aging effect on drug 
diffusion. As there is only a slight change in skin layer 
thickness, there is a minimal increment in the amount of 

drug permeated (through ICR) for aged people compared 
to young people.

One can find two significant differences when compar-
ing Fig. 9a and b. It is found that the amount of drug dif-
fusing through SDR is 1000 times less than that through 
ICR. This is due to the association of porosity and tortu-
osity with the SDR, which tends to reduce diffusion to a 
large extent. Due to pores, diffusing drugs will encounter 
drag force when passing through the SDR, and this, as 
well as the existence of tortuous pathways, reduces the 
concentration gradient. Physically, the existence of an out-
ward flux inside the sweat duct and the presence of a tight 
junction may also lead to an additional barrier to drug dif-
fusion. The second noticeable difference is that the time 
taken for hydrocortisone to reach a steady state is higher 
in the case of SDR than in ICR. This is due to the minimal 
rate of diffusion through SDR. Hence, a relatively large 
amount of time is required to reach a steady state.

Spatial variation through the intercellular route

Figure 10a and b represent the spatial variation of hydrocor-
tisone diffusing through the ICR for young and old, respec-
tively. Both figures show non-dimensional drug concentra-
tion variation (C+) profile versus non-dimensional length 
(X+) at t = 0.05, 5, and 60 min. Non-dimensional length, X+ 
ranging from 0 to 1, shows the drug passing from the donor 
and reaching the first layer of ICR, the stratum corneum. 
However, the interface of the stratum corneum (X+  = 1) 
provides a barrier to drug diffusion. This is considered by 
the partition coefficient, as shown in Eq. 22. The partition 
coefficient for the hydrocortisone permeating through the 
donor-sc interface is 8.22 (as shown in Table 1). This results 

Fig. 9  Comparison of drug reaching the receiver compartment. Temporal variation of hydrocortisone (for young and old age) diffusing through a 
ICR and b SDR



2570 Drug Delivery and Translational Research (2024) 14:2558–2577

in a drop in non-dimensional drug concentration (C+), from 
0.989 at X+  = 0 (donor) to 0.119 at X+  = 1 (sc) at the end 
of 60 min for young age. X+ for stratum corneum ranges 
between 1 and 1.24 for the young age. The spatial variation 
of the drug in this region is given by Fick’s law mentioned 
in Eq. 23. However, due to the small diffusion coefficient 
of hydrocortisone in the stratum corneum (D1 = 4.12 ×  10−5 
 cm2/s), the rate of diffusion is found to be low.

Upon reaching the interface of the stratum corneum 
and viable epidermis, the drug encounters a new interface. 
Hence, it is accounted for by a different value of partition 
coefficient K2 = 3.94 (Table 1). As per Eq. 24, at the inter-
face, the amount of hydrocortisone partitioning and enter-
ing the viable epidermis is around 0.25 times less than 

the hydrocortisone in the stratum corneum. Equation 25 
describes the drug concentration in the last grid point in 
the stratum corneum. At the stratum corneum and viable 
epidermis interface, a sharp drop in C+ can be seen in the 
inset of Fig. 10a. C+ drops from 0.119 to 0.03 at the interface 
between the stratum corneum and viable epidermis.

The spatial and temporal variation of hydrocortisone 
inside the viable epidermis is given in Eq. 26. Viable epi-
dermis ranges between X+  = 1.24 and 2.24 for the young 
age. The profile obtained in this region (at t = 0.05 min and 
5 min) has a definite slope and becomes horizontal after 
achieving a steady state beyond t = 45 min. This is due to a 
lower value of drug diffusion coefficient in the viable epi-
dermis (D2 = 9.61 ×  10−6  cm2/s). Equation 27 considers the 

Fig. 10  Comparison of drug reaching the receiver compartment. Spa-
tial variation of hydrocortisone diffusing through a ICR for young 
age, b ICR for old age, c SDR for young age, and d SDR for old age. 

Inset of a and b shows the jump in hydrocortisone concentration at 
the interface of ICR
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partition coefficient (K3 = 3.11) describing the drug concen-
tration ratio in the viable epidermis to dermis at equilibrium. 
A drop-in concentration at this interface is observed in the 
inset of Fig. 10a. C+ drops from 0.03 to 0.009 at this inter-
face. The continuity of drug concentration between these 
two layers is ensured by interface conditions (Eq. 28).

Equation 29 describes hydrocortisone variation in the 
dermis layer as a function of space and time. The dermis 
layer ranges between X+  = 2.24 and 18.08 at a young age. 
Among all three layers, hydrocortisone has the highest 
diffusion coefficient in the dermis layer (D3 = 8.45 ×  10−3 
 cm2/s). This can be due to the coarser structure of the dermis 
layer, as discussed in the subsection of human skin anat-
omy. Therefore, due to the higher diffusion coefficient, the 
obtained concentration gradient is lower in the dermis layer 
(as seen in Fig. 10a).

Upon reaching the interface of the dermis and receiver, 
it is assumed that the receiver compartment imposes no 
restriction. This is why the partition coefficient is unity at 
this interface. Hence, the amount of hydrocortisone enter-
ing the receiver is the same as that leaving the dermis 
(Eq. 30). The temporal variation of hydrocortisone in the 
receiver compartment is given by Eq. 31. After 60 min, the 
non-dimensional hydrocortisone concentration (C+) in the 
receiver compartment is found to be 0.009. Upon reaching 
the receiver compartment, it is assumed that 10.34% of the 
drug enters the blood capillaries (after each time step), from 
where it is carried away for systemic circulation. This has 
been mathematically accounted for by Eq. 17.

Figure  10b represents the spatial variation of non-
dimensional hydrocortisone concentration (C+) (diffusing 
through ICR) with non-dimensional length (X+) for old age 
(> 60 years) at t = 0.05, 5, and 60 min. Upon aging, the stra-
tum corneum’s non-dimensional thickness (X+) increases 
slightly from 0.24 to 0.33. A minimal increase in non-dimen-
sional concentration gradient (from 0.00672 to 0.00674 after 
t = 0.05 min) is observed inside the stratum corneum. The 
non-dimensional thickness of the viable epidermis remains 
unchanged with age, and so is the concentration gradient. 
However, as the dermis layer thickness reduces significantly 
upon aging, this results in about a 2.24% increment in the 
concentration gradient. At the end of 0.05, 5, and 60 min, 
the amount of hydrocortisone reaching the receiver compart-
ment increases by 51.51%, 16.34%, and 0.35%, respectively, 
for old age as compared to young age.

Spatial variation through the sweat duct route

Figure 10c represents the spatial variation of non-dimen-
sional drug concentration in SDR (C+) as a function of the 
non-dimensional thickness (X+) for young age for t = 0.05, 
5, and 60 min. Due to the tubular nature of this route, no 

interfaces are present, and hence there is no role of partition 
coefficient in drug diffusion. Therefore, no jump in C+ is 
observed in Fig. 10c and d. However, pore size and tortuos-
ity play a major role in drug permeation; hence, the diffusion 
coefficient for SDR is modified as per Eq. 33 [40].

where “ � ” is the apparent tortuosity (inverse of tortuosity) 
and “ � ” represents the porosity. The diffusion coefficient of 
hydrocortisone in water is Dw = 4.6 ×  10−6  cm2/s (Table 1).

Similar to the ICR, Eqs. 38–50 are used to determine 
the hydrocortisone concentration in each layer of the sweat 
duct. The donor compartment lies in the range of X+  = 0 to 
1. Drug concentration in the donor compartment is constant 
with time as some amount of undissolved drug is always 
present in it. The upper coil duct ranges between X+ = 1 and 
1.22 for a young age. The porosity of this layer is 4.71 ×  10−4 
(as pore size of this layer is 20 µm) with a tortuosity of 
1.22 for young age (Table 3). Since the rate of drug dif-
fusion is low, therefore at t = 0.05 min, a small amount of 
drug is present in the upper coil duct of SDR. However, 
as time progresses (at t = 5 min and 60 min), a significant 
amount of drug diffuses through this layer. The dermal duct 
ranges between X+  = 1.22 and 2.22. The pore size of this 
layer is 10 µm (porosity ( �) = 1.17 ×  10−4) (less than that of 
the upper coil duct). However, tortuosity increases to 2 in 
this layer. Due to the reduction of pore size, the effective 
diffusion coefficient reduces, and hence diffusion rate also 
decreases. The secretory coil duct ranges between X+  = 2.22 
and X+  = 2.75. The pore size in this layer increases to 30 µm, 
and tortuosity increases to 5.06.

Figure  10d represents the spatial variation of non-
dimensional drug concentration (C+) as a function of the 
non-dimensional thickness (X+) for old age at t = 0.05, 5, 
and 60 min. The upper coil duct ranges between X+  = 1 and 
1.35 for old age. Table 3 shows that pore size increases upon 
aging. The porosity of the upper coiled duct increases from 
4.71 ×  10−4 to 4.24 ×  10−3 upon aging. This increases the 
effective diffusion coefficient leading to faster diffusion. 
The dermal duct ranges between X+  = 1.35 and 2.35 with 
a pore size of 20 µm and tortuosity of 2.72. In comparison, 
the secretory coil duct ranges between X+  = 2.35 and 3.23 
with a pore size of 40 µm and tortuosity of 3.82. As the pore 
size increases upon aging, the drag acting on a diffusing 
solution will also decrease. Because of this, the slope of the 
C+ versus X+ curve in Fig. 10d is more than that can be seen 
in Fig. 10c. Hence, as a result, the amount of drug diffusing 
through the sweat duct route increases upon aging.

At t = 60 min, the amount of hydrocortisone reaching the 
upper coil duct-dermal duct interface for old age is C+ = 0.984 
(compared to C+ = 0.971 for young age). Similarly, the amount 
of hydrocortisone reaching the dermal duct-secretory coil duct 
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interface for old age is C+ = 0.227 (compared to C+ = 0.119 
for young age). The amount of hydrocortisone entering the 
receiver compartment for old age is C+ = 0.00000786 (com-
pared to C+  = 0.00000136 for young age) which is 477% 
higher. Therefore, it is found that drug diffusing through the 
SDR increases significantly upon aging.

Temporal and Spatial variation of benzoic acid diffusion

A similar kind of trend is observed in the case of benzoic 
acid for the spatial and temporal variation through the 
intercellular and sweat duct route (as shown in Figs. 11 
and 12). However, one can observe that the amount of 
benzoic acid reaching the receiver compartment is more 
than the amount of hydrocortisone reaching the receiver 
compartment for both the intercellular and the sweat duct 
routes. This is arising due to the lower value of the drug 
partition coefficient and high value of the drug diffusion 
coefficient in stratum corneum compared to that of hydro-
cortisone (Table 1). However, the role of partition and dif-
fusion coefficient of viable epidermis and dermis cannot 
be neglected. A lower partition coefficient value in the 
stratum corneum ensures that more amount of the drug is 
available for diffusion.

In contrast, a high diffusion coefficient value provides a 
high drug diffusion rate. Therefore, temporal variation of ben-
zoic acid diffusing through the intercellular route, as shown in 
Fig. 11a, indicates that benzoic acid reaches a steady state (in 
around 1 min) faster than hydrocortisone (Fig. 9a) (after around 
45 min) when diffusing through the intercellular route.

Figure 11a represents the temporal variation (Cr versus 
time (t)) of benzoic acid diffusing through the intercellular 

route. The amount of benzoic acid in the receiver compart-
ment (left after sampling at the end of 1 min) when diffusing 
through the intercellular route is 0.854 mg/cm2 for young age 
while 1.118 mg/cm2 for old age. Hence, drug concentration 
increases by 2.84% upon aging when diffusing through ICR.

It is observed that the amount of benzoic acid diffus-
ing through the sweat duct route (as shown in Fig. 11b) 
is more than that of hydrocortisone (Fig.  9b). This is 
because the diffusion coefficient of benzoic acid in water 
(Dw = 1.16 ×  10−5  cm2/s) is more than that of hydrocortisone 
in water (Dw = 4.6 ×  10−6  cm2/s) (Table 1). After 60 min, it 
is found that the amount of drug reaching the receiver com-
partment (after sampling) is 0.265 µg/cm2 for old age while 
0.057 µg/cm2 for young age. Hence, the amount of benzoic 
acid increases by 364.9% upon aging.

Figure 12a and b represent the non-dimensional drug 
concentration (C+) versus non-dimensional length (X+) 
for young age and old age, respectively, for the ICR. As 
the diffusion coefficient of benzoic acid is higher than 
that of hydrocortisone (Table 1), it reaches a steady state 
much faster. Therefore, the spatial variation profile coin-
cides at t = 5 and 60 min. Figure 12c and d represent the 
spatial variation of benzoic acid in SDR for young and 
old age, respectively. The trend is found to be similar to 
that in the case of diffusion of hydrocortisone through 
SDR (Fig. 10c and d).

Overall comparison

Apart from performing a numerical analysis of the per-
meation of hydrocortisone and benzoic acid through the 
intercellular and sweat duct route, an analysis of the 

Fig. 11  Comparison of drug reaching the receiver compartment. Temporal variation of benzoic acid (for young and old age) diffusing through a 
ICR and b SDR
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diffusion of the solution of caffeine (Supplementary 
Figs. 1 and 2) and trans-cinnamic (Supplementary Figs. 3 
and 4) is also performed. Similar trends are observed in 
these drugs’ temporal and spatial variation profiles, as 
in the case of hydrocortisone and benzoic acid. For the 
sake of brevity, their results are not presented separately. 
However, to understand the overall comparison of all 
drugs, Fig. 13a and b illustrate the temporal variation of 
considered four drugs together through ICR and SDR, 
respectively. It also demonstrates the variation in the rate 
of permeation upon aging.

Intercellular route

Figure 13a represents the effect of aging on different drugs 
diffusing through the intercellular route. We can infer from 
this figure that drugs diffuse slightly faster in old than young 
age. Among all the considered drugs, benzoic acid (BA) 
is found to diffuse more through both ICR with a maxi-
mum value of 1.1741 mg/cm2 for young and 1.1755 mg/
cm2 for old age (after 60 min). The least diffused drug is 
hydrocortisone (HC), with 0.0958 mg/cm2 for young age 
and 0.0961 mg/cm2 for old age (after 60 min). Drugs having 

Fig. 12  Comparison of drug reaching the receiver compartment. Spatial variation of benzoic acid diffusing through a ICR for young age, b ICR 
for old age, c SDR for young age, and d SDR for old age. Inset of a and b shows the jump in benzoic acid concentration at the interface of ICR
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a relatively lower diffusion coefficient are found to diffuse 
relatively at a slower rate than benzoic acid and in a lesser 
amount due to a higher value of partition coefficient. After 
60 min, the concentration of caffeine (CA) in the receiver 
compartment when diffusing through ICR is 1.061 mg/
cm2 for young and 1.062 mg/cm2 for old age. While, for 
trans-cinnamic acid (TCA), after 60 min, it is found that 
0.136 mg/cm2 amount of the drug has diffused for young age 
and 0.1361 mg/cm2 drug has diffused for old age.

Sweat duct route

Figure 13b represents the temporal variation of different 
drugs diffusing through the sweat duct route for young 
and old age. Like ICR, benzoic acid (BA) is found to dif-
fuse in more amounts through SDR with a maximum value 
of 0.057 µg/cm2 and 0.265 µg/cm2 for young and old age 
respectively (after 60 min). The least diffused drug is 
hydrocortisone (HC), with 0.0134 µg/cm2 for young age 
and 0.0774 µg/cm2 for old age (after 60 min). In contrast, 
the amount of caffeine (CA) is found to be 0.0405 µg/cm2 
for young age and 0.195 µg/cm2 for old age. The amount 
of trans-cinnamic acid (TCA) is found to be 0.0462 µg/
cm2 and 0.22 µg/cm2 for young and old age, respectively, 
after 60 min.

Our study reveals the potential role of molecular weight 
and partition coefficient in permeation of drug through skin 
routes. Hence, there is scope for expanding the range of 
drugs that could be delivered as drug solutions through the 
skin. Further, our findings establish that drug permeation 

through the skin enhances upon aging. Hence, this can be 
exploited to deliver the drugs through transdermal mode to 
elderly people.

Conclusions

This work compares how drugs are delivered through the inter-
cellular and sweat duct routes and finds that the intercellular 
route is more effective within the same time period. Among 
the drugs examined, benzoic acid has the highest rate of dif-
fusion, while hydrocortisone has the lowest irrespective of the 
routes and age groups. The study shows that drug permea-
tion increases with age, with drugs demonstrating significant 
increase in concentration when passing through both routes. 
This makes transdermal drug delivery a suitable option for 
continuous or low-dosage treatments for older individuals. 
The findings have the potential to contribute to the develop-
ment of a real-time drug-tracking device that monitors how 
drugs permeate through the skin and circulate in the blood 
capillaries, enabling controlled drug delivery. However, before 
implementing such a device, the mathematical model needs 
refinement by considering biological factors such as perme-
ability barriers, cell migration, tissue distribution, and the het-
erogeneous nature of human skin to ensure a more accurate 
representation of drug delivery mechanisms. Further, our cur-
rent study represents a preliminary investigation focused on the 
effects of aging on drug diffusion through numerical analysis, 
and we fully recognize the significance of exploring functional 
excipients such as permeation enhancers in future research.

Fig. 13  Overall comparison of drugs diffusing through a intercellular route (ICR) and b sweat duct route (SDR) for young age (less than 
40 years) and old age (greater than 60 years)
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Appendix

This appendix section comprises equations related to sweat 
duct route (SDR). Set of Eqs. 1–11 has been converted into a 
non-dimensional form using Eq. 34. Similar to the intercel-
lular route (ICR), Eqs. 35–38 describe the drug dissolution 
and variation of drug concentration in the donor compart-
ment. Equations 39–49 represent the temporal and spatial 
variation of drug concentration within each layer of the sweat 
duct route (namely, upper coil duct (uc), dermal duct (dd), 
and secretory coil duct (sd)) (see Fig. 3b), as well as at the 
interface of each layer. Finally, using Eq. 50, the temporal 
variation of drug reaching the receiver compartment (viz., 
blood capillaries) is determined.

Characteristic variables to non-dimensionalize are:

Donor compartment

Boundary of donor compartment and layer — upper 
coil duct

Layer 1 (upper coil duct)

Boundary of layer 1 — upper coil duct and layer 2 — 
dermal duct
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