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Abstract

Nanoparticles have been extensively studied to improve drug delivery outcomes, however,
their use in topical delivery remains controversial. Although the feasibility to cross the human
skin barrier has been demonstrated in experiments, the risk of low drug concentration in deep
tissue still limits the application. In this study, multiphysics modelling is employed to examine
the performance of nanoparticle-mediated topical delivery for sending drugs into the deep skin
tissue. The pharmacokinetic effect is evaluated based on the drug exposure over time. As
compared to the delivery using plain drugs, nanoparticle-mediated topical delivery has the
potential to significantly improve the drug exposure in deep skin tissue. Modelling predictions
denote that the importance of sufficient long-term drug-skin contact in achieving effective drug
deposition in the deep skin tissue. The delivery outcomes are highly sensitive to the release
rate. Accelerating the release from nanoparticles in stratum corneum is able to improve the
drug exposure in stratum corneum and viable epidermis while resulting in the reductions in
dermis and blood. The release rate in stratum corneum and viable epidermis should be well-
designed below a threshold for generating effective drug accumulation in dermis and blood. A
more localised drug accumulation can be achieved in the capillary-rich region of dermis by
increasing the local release rate. The release rate in dermis needs to be optimised to increase
the drug exposure in the dermis region where there are fewer blood and lymphatics capillaries.
Results from this study can be used to improve the regimen of topical delivery for localised

treatment.
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Abbreviations

BD  drug bound with proteins

BL blood
DM  dermis
FD  free drug

IFP  interstitial fluid pressure

IFV  interstitial fluid velocity

IDM lower layer of dermis

NP  nanoparticle-encapsulated drug
RD  residue drug

SC stratum corneum

uDM upper layer of dermis

VE  viable epidermis



1. Introduction

Topical delivery as a routine drug administration mode has been widely applied in a range of
clinical practice, including treatments against dermatological diseases [1], muscle injuries [2]
and drug transdermal delivery to the circulatory system [3], etc. Drug formulations in the
vehicles are initially applied on the intact skin surface and then penetrate through the skin layers
of stratum corneum (SC), viable epidermis (VE) and dermis (DM) in order [4]. Although this
administration mode is favourable because of its painless and non-invasive nature, its treatment
effectiveness remains to be improved, particularly for sending drugs into the deep skin tissue
and subcutis. The disappointing delivery outcome can largely be attributed to the skin barrier
of the densely packed SC microstructure [5], resulting in most of the drugs depositing in top
skin layers.

Nanoparticles are promising drug carriers with the ability to improve delivery outcomes [6, 7].
With drugs initially encapsulated inside, they can not only reduce drug elimination owing to
bioreactions but also release the payloads in a pre-designed, controlled manner after reaching
the lesions. Although the potential in topical application, the delivery of hydrophilic substances
in particular, has been identified in ex vivo experiments [8, 9], nanoparticles are usually
believed to be less effective to penetrate SC. However, further studies demonstrate this skin
penetration highly depends on the nanoparticle formulation, size and vehicle [10, 11]. Even 200
nm particles are able to pass through rat [12] and pig [13] skin. Human skin is permeable for 6
nm particles from aqueous buffer [14, 15]. However, the penetration of 15 nm particles is only
readily from toluene [16]. Moreover, using a lipid-based permeation assay that has a similar
lipid composition as the human SC, 100 nm lipid nanoparticles [17] have been found to be able
to cross the skin barrier [18]. Despite these, the concentrations of nanoparticles and released
drugs in DM could still be significantly low. This study is aimed to evaluate the performance

of nanoparticle-mediated topical delivery and identify the possible approaches to improve the



delivery outcomes.

Mathematical modelling including pharmacokinetic modelling and molecular dynamics plays
an increasingly important role in studying drug delivery [19-22]. On the one hand, it allows the
effects of each influential factor to be examined individually or integrally in the entire delivery
process; on the other hand, a parametric study can be performed cost-effectively to identify the
opportunities for optimisation [19]. Models have been developed on different scales to study
the processes involved in topical delivery. Treating each skin layer as a tissue compartment,
the kinetic models are established to describe the drug exchange between skin layers and other
related tissues in the body, such as muscles and blood [23, 24]. These models are able to predict
the time courses of drug concentration in each compartment, however, the spatial distribution
of drugs cannot be obtained. To fill this gap, transport-based models are set up on both the
macroscale and microscale to include the geometrical properties of the skin layers. In the
macroscale models, each skin layer is considered as a single medium. Hence, the drug delivery
processes in and between every medium are governed by the convection-diffusion-reaction
equations [25, 26]. Although the drug concentrations in multiple layers can be predicted as a
function of time and location, it is important to point out that the microstructures of the skin
layers cannot be fully reflected in these models. As a consequence, several different drug
processes on the microscale (e.g. transcellular and intercellular transport in SC [27]) are
simplified and lumped as one macroscale process (e.g. diffusive transport), resulting in the loss
of certain resolutions in the modelling predictions. To overcome this limitation, the microscale
models are developed to incorporate the micro-architecture of skin layer explicitly in the
geometry [28-30]. The predictions can provide in-depth details and insight into drug
interactions with different compositions in the layer. However, these models are usually
focused on a limited region in the skin. Simulating the drug transport in multiple skin layers on

the microscale is then less computationally viable.



In this study, a macroscale model is applied to simulate the topical delivery of nanoparticle-
encapsulated drugs in the multiple skin layers. The model incorporates the key physiological
and physicochemical processes involved, including the interstitial fluid flow due to the fluid
exchange with the microcirculation, nanoparticle and free drug transport by convection and
diffusion through skin layers, drug release dynamics, drug binding with proteins and sorption
in the tissue microstructure, blood and lymphatics drainage, and drug elimination due to
metabolic reactions. The delivery outcome is evaluated in terms of drug exposure over time
using the predicted time course of drug concentration in each skin layer.

2. Materials and Methods

2.1. Mathematical model

The macroscale model consists of two submodules for the transport of interstitial fluid and
transport of nanoparticles and released free drugs, respectively. The governing equations
together with the model assumptions are given below.

2.1.1. Interstitial fluid transport

SC as a lipid-protein biphasic structure [31] is made up of layers of corneocytes that are sealed
by densely packed lipids [32]. Therefore, SC is assumed to be impermeable to the interstitial
fluid flow. The transport of incompressible Newtonian interstitial fluid in VE and DM is

governed by the mass continuity equation, as

_ Fbl — Flyr in uDM
V"’—{ 0, in VE and IDM (1)

where v is the interstitial fluid velocity (IFV). Fy, is the fluid gain from blood capillaries, and
Fyy stands for the fluid loss to lymphatics.

Two horizontal plexuses are in the skin. The upper horizontal plexus is situated 1~1.5 mm
below the skin surface, while the lower horizontal plexus is at the dermal-subcutaneous
interface. Capillaries are extended from the lower horizontal plexus which are bigger vessels

[33]. Since the mass transfer and exchange between blood and tissue are mainly through the
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capillaries, the lower horizontal plexus is not considered in this study. Given blood capillaries
and lymphatic vessels mainly concentrate in the region of DM which is next to the VE-DM
interface [22, 34-36], DM is further divided into the upper layer (uDM) and lower layer (IDM),
respectively. Those two terms standing for the fluid exchange with the microcirculation are
considered locally in uDM, and Starling’s law can be applied [37],

Svi
Fu1 = Loy [po1 — pir — o7 (1051 — 1030 ] ()

S
Fly = Llyvy[pir - ply] 3)

where L is the hydraulic conductivity of vessel wall, S/V is the surface area of vessel wall per
tissue volume, and p refers to the pressure. o is the averaged osmotic reflection coefficient for
proteins in blood, and 7 is the osmotic pressure. The subscripts of bl, ly and ir stand for blood,
lymphatics and interstitium, respectively. p;. is the interstitial fluid pressure (IFP).

The skin layers of VE and DM are treated as porous media, and Darcy’s law is applied under

the condition of steady laminar flow, as
v=—Up; (@)
in which u is the viscosity of interstitial fluid. k refers to Darcy’s permeability.
2.1.2. Drug transport
The transport of nanoparticle-encapsulated drugs (NP) and released free drugs (FD) in skin

layers of SC, VE and DM are schematically illustrated in Figure 1. Nanoparticles are assumed

to be stable before entering the skin.
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Figure 1. Drug transport in nanoparticle-mediated topical delivery. The overview of transport
processes through the skin layers is shown in (a), with a closer look of the drug exchange between skin
tissue and lymphatics and blood in (b) and (c), respectively. The function of lymphatics is treated as a
sink term for both nanoparticles and free drugs. Therefore, the processes of drug release and binding
with proteins in lymphatics are not specified in the model, marked by the dash lines. Given the proteins
involved in the binding process, such as albumin, are mainly from the circulatory systems, the drug
association and dissociation with proteins are modelled in uDM where blood capillaries exist. The
reactions with other proteins are included in the model in terms of metabolic reactions in an integrated
manner. This diagram is to show the transport processes of NP and FD only, not referring to the realistic
dimension of each skin layer.

Drug transport in SC

The concentration of nanoparticle-encapsulated drugs in SC (Cypsc) depends on the transport

by diffusion and release, as

dCnp,sc 2
ot = DnpscVCnpsc — krelscCnpsc ©®)

where Dypsc and k) sc are nanoparticle diffusivity and drug release rate in SC, respectively.

The released free drugs would bind with tissue compositions and deposit in corneocytes when

passing through SC. The concentration (Cpp sc) can be described by

9Cep,sc
9Crnsc _ 2
ot = Drp,scV“Crp,sc + krelscCnp,sc — kspCrp,sc + kppCrp,sc (6)

where Dgp gc 1s the diffusivity of free drugs. ksp and kpp are the constant rate of sorption and



desorption in SC, respectively. The concentration of residue drugs (RD) in SC (Crp sc) [38] is

governed by

dCrpsc
—r = kspCprsc — kppCrp,sc (7

Drug transport in VE
The nanoparticle-encapsulated drugs transport in VE by diffusion driven by the concentration
gradient and drug release. Since the interstitial fluid velocity is significantly low, the drug

transport by convection is neglected in VE. The concentration (Cyp,yg) can be interpreted by

9CnpyvE 2
ot = DnpveVCnpve — KreLveCnp vE (3)

where Dypyg and ki v are the local nanoparticle diffusivity and release rate, respectively. To

be different from the transport in SC, the free drugs in VE would be eliminated due to metabolic

reactions. The concentration (Cgp yg) can be calculated by

anD VE VmaxCFD VE
VE 2 _ A
¢ = DroveV Crpve + KrelveCFDVE — 55 Crove )

in which Dgpyg 1s the diffusivity of free drugs in VE. Vy,,« and vy, are the reaction constant
rates of metabolic reactions.

Drug transport in DM

The transport of nanoparticle-encapsulated drugs in DM is determined by diffusion and
convection, drug release, and drug exchange between the DM interstitial space, blood and

lymphatics. This can be expressed as [39, 40]

dCnp,pM
oM _ 2
5 = DnpomV2Cnpom — V - (VOnp M) — Kkret,pMCnp,om —Ex(Cnp . Cnpom) — FiyCne,pm

(10)
in which Cyp pu is the concentration of nanoparticle-encapsulated drugs in DM. Dyp py refers
to the nanoparticle diffusivity in DM, and k¢ py 1s the local drug release rate. The exchange

of nanoparticle-encapsulated drugs between the blood (BL) and DM is presented by Ex

(CxpL,Cnppwm) that is defined as



Shi Petb,NP
Ex(Cnp,p.Cnpom) = Pxpy (Cnpom — CNP,BL)W — Fo(1 —onp)Crppr - (11)

in which Cyppy, 1s the concentration in blood. oyp is the osmotic reflection coefficient for

nanoparticles. Pyp stands for the nanoparticle transvascular permeability. The transvascular

Fr(1—onp)

Péclet number of nanoparticles is Pey, np = G
Pnp / 4

Similarly, the concentration of free drugs in DM (Cgppwm) 1s governed by convection and

diffusion, drug release from nanoparticles, elimination due to metabolic reactions, binding with

proteins and exchange between the DM interstitial space, blood and lymphatics, as

9Crp,pm VmaxCrp,om

i _ 2 |
— = Dro,omV*Crp,pm — V * (VCrp,pm) + Kret,omCr,pm — v+ Cooom — ARCED,DM T KDR
Cpp,om —Ex(Crp pL,Crp,pm) — FiyCrppm (12)

where Dgp py 1s the diffusivity of free drugs in DM. kag and kpp are the reaction constant rates
of association and disassociation with proteins, respectively. The exchange of free drugs
between DM and BL, Ex(Cgppr,Ceppm), has the same definition in Eq.(11) using the
concentrations and properties of free drugs. The concentration of bound drugs in DM (Cgp pm)

is governed by

dCgp,om
—au = karCrp,oMm — kprCBD,DM (13)

Drug transport in BL
The intravascular concentration of nanoparticle-encapsulated drugs (Cypp) depends on the

transport from uDM, drug release from nanoparticles in blood and drug plasma clearance, as

dCnppL Vubm
at  — VdiS_NPEx(C Np,BL,C Np,DM) — kre

IBLCNP,BL — karnpCnp L (14)

in which Vpy and Vg5 np are the volume of uDM and distribution volume of nanoparticles,
respectively. ke p 1S the drug release rate in blood. k.. np 1s the plasma clearance of

nanoparticles.

The transport of free drugs in blood is governed by the exchange with uDM, local drug release,
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plasma clearance and binding with proteins, defined as

dCrpp.  Vubm
& =7 dis'FDEx(C #0,8L,CFp,pM) + k.

lBLC NPBL — Kcir,rDCFp,BL — KARCFD,BL + KDRCED,BL

(15)
where V 4is pp 1s the distribution volume of free drugs, k. pp stands for the plasma clearance of

free drugs. The drug-binding in BL (Cpp gy,) is governed by

dCgp L
—a = karCrp L — kprCBD,BL (16)

2.2. Model geometry

The mathematical modelling of nanoparticle-mediated topical delivery is conducted in a 1D
configuration as shown in Figure 2. The dimensions of skin layers including SC, VE, uDM
and IDM are given in Table 1. The final computational mesh consists of 1,597 structured

elements after performing the mesh-independence test.

/SC
% VE ubM, IDM |

Figure 2. Model geometry. The information of layer dimension is listed in Table 1.

2.3. Model parameters

Given the time window of this modelling study is much shorter as compared to the growth rate
and remodelling rate of the skin and circulatory systems, the properties of drugs and tissues are
assumed to be constant. The baseline values of model parameters are summarised in Table 1
and Table 2 for skin tissues and drugs, respectively. Doxorubicin is used in this study as a
representative drug since it has been applied to treat melanoma [41-43], which could local in
the skin with different depths depending on the cancer stage [44, 45]. The justification for the
choices of key parameters is given below.

Thickness of skin layers (d)

The thickness of each skin layer could vary considerably depending on multiple factors, such

as location and age. On average [22], SC was measured 10~30 um on face, forearm and
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abdomen, while its thickness could increase to 50 um if diseased. The thickness of VE is
located in the range of 31~637 um [46], with the minimum and maximum value obtained at
penis and sole, respectively. Therefore, these two layers are specified as 35 um and 350 um
thick. DM is 1200 um thick based on the reported range of 469~1492 um [46]. The thickness
of uDM is in the range of 100~200 um [22], so that the value of 150 pm is used.

Tissue permeability (i)

Tissue permeability measures the capability of the tissue to allow for the interstitial fluid flow
passing through. This parameter of the general non-tumoural tissue was firstly applied in Ref
[37], and then specified as 4.52 x 10 8 m? in Ref. [40]. Moreover, the value of 6.40 x 10 ~1°
m? was also applied [47]. Most of the normal tissues including VE and DM are physiologically
different. However, they are mostly aqueous phases. As compared to SC, VE and DM have
less contribution to the overall skin resistance [22]. Therefore, the same tissue permeability of

1.0 x 10 716 m? is applied to VE and DM.

Partition coefficient (K)
A partition coefficient is the ratio of the drug concentrations in two different media. Based on
Ref. [48] where the partition coefficients of forty-four drugs are summarised, a correlation
between the drug Ksc and K,y is established as Eq.(17). The result of curve fitting is shown
in Figure 3.

log Ksc = 0.58297log K/, + 0.00512 (17)
Given the K,/ of doxorubicin was measured as 0.0557 [49] and 0.0479 [50], its Kgc is
estimated as 0.19 and 0.17 correspondingly. Hence, 0.18 is used in this study. The equivalent
partition coefficient of nanoparticles in octanol/water (K, /w) 1s strongly dependent on the
formulation. As it was measured in the range of 0.036~13.98 [51, 52], the equivalent K¢ of
nanoparticles is estimated as 0.14~4.71 using Eq.(17). Therefore, the average value of 2.75 is
applied. Kyg of both nanoparticles and free drugs are assumed to be 1.0 since VE and DM are

12



aqueous membranes [22].

5

O Experimental data
| | mm Curve fitting result O |

SC

logK

IogKO/W

Figure 3. The relationship between drug Ksc and K, w. The coefficient of determination (R?) is
0.71. Experimental data is extracted from Ref. [48].

Drug diffusivity (D)

Diffusivity describes the capability of drug transport driven by the concentration gradient in
tissue. Since this parameter spans in the range from 2.0 x 10 " to 2.0 x 10 ~1% m2/s for small
molecule drugs in normal tissues [53], 1.0 x 10 1% m?/s is used for the free drugs in VE and
DM. The diffusivity of nanoparticles is determined by serval factors, including the particle size
and surface charge, etc. The value for a 100 nm doxorubicin-encapsulated nanoparticle was

—11m?/s [54] in collagen, which is one the major compositions of tissue

measured as 7.65 X 10
extracellular matrix where drugs transport in. By fitting to the measured concentration profiles,
the diffusivity of 100 nm and 10 nm particles were calculated as 2.2 x 10 ~'?m?/s and 2.3 x
10 ~"'m?/s, respectively, in collagen matrix [55]. The diffusivity of 100 nm liposomes in tissue
was reported as 2.4 x 10 ~13m?/s, and the value was used in the modelling study [56]. Given
both the 6 nm [14, 15] and 100 nm [17, 18] particles showed the potential to permeate human
skin, the lower bound value of 1.0 x 10 =3 m?/s is applied as the nanoparticle diffusivity in

VE and DM.

Given the diffusivity of small molecules in SC is at least 3 orders lower than in VE [57], the
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free drug diffusivity in SC is set as 1.0 x 10 ~1* m?/s. On the other hand, although the
phenomenon of nanoparticles diffusing through SC was observed, there is a lack of studies
measuring the nanoparticle diffusivity in SC. As an alternative, the same correlation between
free drug diffusivity in SC and VE is used. The diffusivity of nanoparticles in SC thereby is
estimated as 1.0 x 10 =17 m?/s in this study.

Release rate from nanoparticles (ky;)

Release rate stands for the time scale for the nanoparticles to release the payloads. It depends
on the nanoparticle formulation and environment such as temperature [58] and pH value [59],
etc. For instance, thermosensitive nanoparticles are able to release the drugs in a few seconds
when the environmental temperature is above a pre-designed threshold [60]. In contrast, stealth
nanoparticles can provide continuous release over weeks [61]. The release rate is commonly
located in the range from 1.0 X 10 ~® to 1.0 X 10 —2 s-!, which will be used in this study to
examine the effects of release rate on the outcomes of nanoparticle-mediated topical delivery,
with the baseline value set as 1.0 x 10 ~* 1.

Drug-skin contact duration (T)

Drug-skin contact duration is directly related to the dose for administration. Different vehicles
have been developed for providing a sustainable drug supply. This duration could vary
considerably subject to the vehicle formulation. For instance, the nanoemulsion gel [62] could
release the payload in 12 hours. A 48-hour time window can be achieved using a biphasic gel
system [63]. A hydrogel was developed with the ability to offer a 24-hour continuous supply
of the nanoparticle stabilised liposomes for topical delivery [64]. As the hydrogel was applied

once daily in the in vivo experiment, the same drug-skin contact duration of 24 hours is used.
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Table 1. Transport properties of the different layers of skin tissue

Symbol  Parameter Unit SC VE DM Source
d Thickness of the skin layer pum 35 350 1200 [22, 46]
K Permeability to interstitial fluid M2 0 1.0x 1071 1.0x1071° [65]

U Viscosity of interstitial fluid Pas 78x107* 78x107* 78x10* [40]
p Density of interstitial fluid kg/m? 1000 1000 1000 [66]
T Osmotic pressure of blood Pa - - 2670 [37]
T Osmotic pressure of interstitial fluid Pa - - 1330 37
or Osmotic reﬂectlon coefficient for - ) ) 091 [37]
blood proteins
Ly Hydraulic conductivity of the blood m/Pa/s ) 27x10712 [37]
vessel wall =
Db Intracapillary pressure Pa - - 2080 [37]
S Capillary surface area per tissue m! ) )
b/V volume 100 [67, 68]
LS Transport rate of interstitial fluidto ~ Pa’'s' ) —7
% lymphatics 4.2 %10 [37]
14\ Intra-lymphatic pressure Pa - - 0 [37]
Table 2. Transport properties of chemotherapeutic agents
Symbol  Parameter Unit Nanoparticle Free drug Source
Dsc Diffusivity in SC m?/s 1.0x 10~ 1.0x 107  [53,57]
Dyg Diffusivity in VE m?/s 1.0x10713  1.0x10710  [57]
Dpvm  Diffusivity in DM m?/s 1.0x1073  1.0x10710  [57]
Partition coefficient between delivery
K -
¢ vehicle and SC 275 0.18 (48]
Partition coefficient between delivery
Kve vehicle and VE i 10 10 [22]
kel Release rate s 1.0 x 10 ~* - [69]
kgRr Sorption rate in SC 5! - 7.5 %10 % [38]
kur Desorption rate in SC 5! - 7.5x10~* [38]
Vi M1chgehs—Menten parameter for metabolic mol /m¥s - 0.152 [70]
reaction
v Mlchaells—Menten parameter for metabolic mol/m? ) 6.7 % 103 [70]
reaction
kar Association rate of drugs with proteins sl - 0.833 [71]
kpr Dissociation rate of drugs with proteins sl - 0.278 [71]
P Transvascular permeability m/s 0 3.8x 1077 [72, 73]
kar Clearance rate in blood sl 50x107° 1.0x 10~ [74-76]
V gis Distribution volume m3 1.8 x 102 2.0 x 1072 [71,74]

2.4. Numerical methods

The mathematical model is implemented in a Finite Element Method-based code package

COMSOL Multiphysics (COMSOL Inc., Stockholm, Sweden) for generating numerical

solutions. A fixed time step of 1.0 X 10 ~3 s is deemed sufficiently fine based on the time step

independence test. The drug transport is assumed to have no impact on IFP and IFV in skin

layers. Therefore, governing equations for the transport of interstitial fluid are solved first to
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generate a steady-state solution. The obtained IFP and IFV are then imported into the drug
transport model for simulating the nanoparticle and free drug transport in the skin layers. The
initial concentrations of all drugs are assumed to be zero in the entire domain.

2.5. Boundary conditions

A constant concentration of nanoparticle-encapsulated drugs of 1.0 M is applied on the top of
SC layer for administration; while the local flux of free drugs is assumed to be zero. The
velocity of interstitial fluid flow is zero at the SC-VE interface since SC is impermeable to the
flow. The transport of nanoparticles and free drugs at this interface follow the relationships
[25] described in Eq.(18). Given VE and DM have similar transport properties [22], the
continuous boundary condition is applied at the VE-DM interface. The constant pressure of 0

Pa is imposed on the bottom boundary of DM, where the concentrations of drugs are set as

zero.
ac ac
_ K C NP,VE _ NP,SC
Cnpyg = “NPVECNPSC/Kypsc  — Dnpve—5, = —Dnpsc s, (18)
ac ac
_ K C FD,VE _ FD,SC
Crpye = “FDVECFDSC/Kpnsc  — Depve 5, = —Drpsc 5,

2.6. Quantification of delivery outcomes

The delivery outcomes of nanoparticle-mediated topical delivery under different conditions are
evaluated using the quantitative indexes defined below.

2.6.1. Spatial averaged concentration

Drug concentration is determined by the transport processes illustrated in Figure 1, and varies
throughout each skin layer. The parameter of spatial averaged concentration is used to examine

the drug accumulation in the entire skin layer, as

eV, XC;
ZVL' - Vlayer (19)

C=

where Vayer 18 the volume of the layer.

2.6.2. Effective drug exposure over time

This delivery outcome could be evaluated by the drug exposure over time (AUC), which is

16



defined as the area under the curve of spatial averaged concentration against time, as
T
AUC =X Ct (20)

where T is the drug-skin contact duration.

3. Results

3.1. Baseline study

Driven by the transvascular pressure gradient, plasma is able to transport from blood into the
interstitial space of uDM and thus promotes the flow of interstitial fluid in VE and IDM. The
lost fluid would be drained by lymphatics out of the tissue as a result of the pressure difference
across the lymphatic wall. Governing equations are solved in the entire domain to obtain the
flow in VE and DM, subject to the model parameters in Table 1. Results in Figure 4 shows
that IFP reduces all the way through the skin layers from the SC-VE interface down to the far
end of DM. Whereas the IFV exhibits the inverse pattern of distribution, with the higher
velocity presenting in the deeper site of the skin. The IFV reaches its lowest level at the SC-
VE interface owing to the impermeable nature of SC to the flow. It is also important to note
that the IFV remains on the scale of 10 ~*! m/s, demonstrating that the interstitial fluid flow is

fairly slow in the entire skin tissue.

03 : : : ; a5 X107
1 1 1 1 1 1
1 1 1 1 I 1
1 | 1 2gtl I 1
1 1 1 1 I 1
0zt | 1 | |
= 1 1 =21 1
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Figure 4. The predicted pressure (left) and velocity (right) of interstitial fluid flow in skin layers.

The time courses of spatial averaged concentration of nanoparticle-encapsulated drugs in skin
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layers and blood are presented in Figure 5. Since SC is the first skin layer exposed to the drugs,
its concentration raises immediately after the administration starts until reaching a plateau. This
is owing to the dynamic equilibrium established between the source term of drug administration
and the sink terms of drug loss due to drug release and transport into the downstream layers.
In contrast, the drug accumulation presents different patterns in the rest skin layers. The
concentrations of nanoparticles remain low in about the first 18 hours, followed by dramatic
increases until the end of this treatment cycle. This delay is largely due to the significantly high
resistance in SC and the low diffusivity of nanoparticles, which effectively slow down the drug
transport to the deep sites of skin. Moreover, the intravascular concentration of nanoparticles
is zero all the time. This is because of the nanoparticle’s large dimension, which prevents this
drug delivery system to cross the continuous non-fenestrated capillaries in skin [73]. The
significant differences in the time scale of drug accumulation in tissue compartments highlight
the importance of performing a sustainable topical delivery over time in order to obtain

effective drug accumulation in deep skin layers.
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Figure 5. Spatial averaged concentration of nanoparticle-encapsulated drugs as a function of
time in skin layers and blood.
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The time courses of free drug concentration in each tissue compartment and blood are
represented in Figure 6. It is not surprising that the concentration in SC increases once the
treatment starts. However, to be different from the nanoparticles shown in Figure 5, 24 hours
are even insufficient for free drugs to reach the dynamic equilibrium in SC. A similar trend can
be found in VE with a 6-hour delay. This is followed by the concentrations in DM, where free
drugs begin to accumulate about 20 hours after the treatment starts. The concentration in BL
presents a similar trend as in uDM, since all the free drugs in the blood are from uDM by the
transvascular exchange. Furthermore, the concentrations of free drugs and drugs bound with
proteins change simultaneously, indicating the two-way dynamic process of drug binding with
proteins takes place on a small time scale. A similar finding can be found for the process of
drug sorption in SC, as the curves of concentrations of free drugs and residue drugs are nearly
overlapped. In addition, as compared to nanoparticles, the free drug concentration is several
orders higher in VE. This would indicate that the accumulation of free drugs in VE is
determined by the drug release from nanoparticles in this layer and the transport of free drugs

from the upstream layer of SC.
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Figure 6. Spatial averaged concentration of released drugs as a function of time in skin layers
and blood.
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The outcomes of nanoparticle-mediated topical delivery, evaluated by AUC, is compared to
that of conventional topical delivery using plain drugs in Figure 7. The application of
nanoparticles can not only effectively reduce the drug exposure in SC and VE, but also
significantly increase the delivery outcomes in DM and BL by several orders. This comparison
demonstrates the advantages of nanoparticles in overcoming the skin barrier for sending drugs

into deep sites of the skin and the blood circulatory system.
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Figure 7. Comparison of drug exposure over time (AU C24p0yr) in different skin layers and blood
using nanoparticles and plain drugs.

3.2. Effect of release rate in SC (kye| sc)

The impacts of release rate in SC on nanoparticle-encapsulated drug concentrations in different
skin layers and blood are shown in Figure 8. Results denote that increasing the drug release
rate in SC can significantly reduce the concentrations of nanoparticle-encapsulated drugs in all
the skin layers. This is because nanoparticles transport through the skin layers of SC, VE, uDM
and IDM in order. Fewer nanoparticles are available to transport to the downstream layers when
the release in SC is enhanced. Further comparisons show that the release rate ke sc = 1.0 X

10 % s'and krelse =1.0 X 10 —3 571 could result in comparable drug concentrations, while the
concentration can be largely raised by reducing ks from 1.0 x 10 3 s1t0 1.0 x 10 571,
This implies a non-linear, inverse correlation between ke . and the concentration of the

nanoparticle-encapsulated drugs in all the skin layers.
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Figure 8. Time courses of nanoparticle-encapsulated drug concentration is skin layers and
blood using nanoparticles with different release rates in SC.
Figure 9 compares the free drug concentration in different layers and blood when the release
rate in SC changes. A higher concentration can be obtained in SC when the local release rate
is increased. A similar trend can also be found in VE, indicating the released drugs in SC could
successfully transport into VE. However, the free drug concentration is inversely correlated to
kre1sc in DM and BL, with the higher concentrations reached for the nanoparticles with slow-
release in SC. These trends imply that the free drug concentrations in the deep skin layers are
mainly dependent on the local drug release from nanoparticles. This location-dependent impact
could be largely due to the metabolic reactions in VE that could effectively eliminate free drugs,

reducing the amount of free drugs that could transport from VE to the downstream.
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The delivery outcomes of nanoparticles with different SC release rates are compared in Figure
10. Using the nanoparticles with fast SC-release would improve the treatment in SC and VE.
On the contrary, the drug exposure in DM and BL decreases with the increase of k¢ sc.
Consequently, accelerating the drug release in SC is a promising means to achieve localised
drug delivery in the top two skin layers, while the risk of side effects in the deep skin tissue

and systemic toxicity can also be reduced. More importantly, nanoparticles with the k¢ sc

greater than 1.0 X 10 ~* s”! would result in most of the free drugs accumulating in the top two
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layers, whereas the drug exposure in DM and BL is invisible.
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Figure 10. Drug exposure over time (AU C24hour) of skin layers and blood using nanoparticles
with different release rates in SC.

3.3. Effect of release rate in VE (k¢ vg)

Figure 11 shows the impacts of release rate in VE on the nanoparticle-encapsulated drug
concentration in the skin and blood. Increasing this release rate is effective to reduce the
concentration of nanoparticles in VE, as the payload can be quickly released locally. However,
the concentration in the upstream layer of SC is insensitive to the changes in ke yg. On the
other hand, due to the fast release in VE when ki yg is high, there are fewer nanoparticle-
encapsulated drugs available to reach the downstream layer of DM. Quantitative comparisons
show that the concentrations in DM would be significantly low when k. yg 1s greater than

1.0 x 10 ~* 1,

23



%102 %10 5 %1073

5 1
4 0.8 4
= 3 = 0.6 = 3
- =
L
8— > 2
< 1
g2 204 %2
o O &)
1 0.2 1
O O# 0 |
0 6 12 18 24 0 6 12 18 24 0 6 12 18 24
Time (hour) Time (hour) Time (hour)
-69
4><1C] 1
— 3 —~ 05
= =
< =
22 m oo
" o
z &
O -0.5
| -1
0 6 12 18 24 0 6 12 18 24
Time (hour) Time (hour)

Figure 11. Time courses of nanoparticle-encapsulated drug concentration is skin layers and
blood using nanoparticles with different release rates in VE.
The concentrations of free drugs in skin layers and blood in the delivery using nanoparticles
with different release rates in VE are shown in Figure 12. A negative relationship can be found
between k. yg and the free drug concentration in VE. This might be owing to the nanoparticle
properties. The nature of hydrophobicity is beneficial to reduce the resistance for the
nanoparticles to transport in SC. However, it would also retard the transport from SC to VE
that is an aqueous membrane, as indicated by Eq.(18). This consequently limits the amount of
nanoparticles entering the VE. Although drugs can quickly be released from the nanoparticles
with a high ke vg, the released free drugs could also be fast eliminated due to the local
metabolic reactions. Hence, the concentration of free drugs would be low when the high k.o yg
nanoparticles are used. Moreover, an interesting finding is in SC, where the free drug
concentration presents a similar trend as in VE. This backward influence can be attributed to
the enlarged concentration gradient across the SC-VE interface. It could drive more free drugs
to transport from SC to VE, and thereby lead to the decrease of the free drug accumulation in

SC. Furthermore, higher free drug concentrations can be achieved in DM and BL when the
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slow VE-release nanoparticles are used. This is mainly because of the relatively high

nanoparticle concentrations in DM, as shown in Figure 11.
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Figure 12. Time courses of free drug concentration is skin layers and blood using nanoparticles
with different release rates in VE.

Figure 13 presents the delivery outcomes when using nanoparticles with different release rates

in VE. Comparisons show that increasing this release rate would reduce the effectiveness in all

the skin layers and blood. Furthermore, the drug exposure in DM and BL could be significantly

low when ke yg = 1.0 X 10 3 sl
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Figure 13. Drug exposure over time (AU C24nour) of skin layers and blood using nanoparticles
with different release rates in VE.
3.4. Effect of release rate in DM (k¢ pm)
The impacts of release rate in DM on nanoparticle-encapsulated drug concentration are shown

in Figure 14. Changing k.. py could only strongly influence the drug concentrations in DM,

whereas no obvious difference can be found in the upstream layers of SC in the examined time

window. Fewer drugs could be maintained in the encapsulated form in DM when the local

release rate rises.
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Figure 14. Time courses of nanoparticle-encapsulated drug concentration is skin layers and
blood using nanoparticles with different release rates in DM.
Figure 15 shows how k. py determines the concentrations of free drugs. No obvious
difference can be found in SC and VE; this is consistent with the nanoparticle-encapsulated
drug concentrations shown in Figure 14. However, k.. py affects the free drug concentration
in DM in two different ways, depending on the location. Increasing k¢ pm can effectively raise
the drug concentration in uDM, as more drugs can be released locally. This is different from
the results in Figure 12. This is because the concentration of the free drug is mainly determined
by the local drug release from nanoparticles. Since both VE and DM are aqueous membranes,
the transport properties of nanoparticles would not change much in these two layers, in
particular the diffusivity and equivalent partition coefficient. Therefore, nanoparticles are able
to continuously transport from VE to DM to provide comparable drug supplies. In contrast, the
relationship between k. py and free drug concentration in IDM is non-linear. The maximum
drug accumulation is obtained when the release rate reaches 1.0 X 10 ~*s-!. This optimal krelpE

is determined by the trade-off between the two sources of free drugs in IDM. On the one hand,
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fewer nanoparticles could arrive in IDM when k¢ pg is increased. This further reduces the

amount of free drugs that can be released locally in IDM. On the other hand, the high

concentration of free drugs in uDM enlarges the concentration gradient between uDM and IDM,

enabling more free drugs transporting to IDM.
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Figure 15. Time courses of free drug concentration is skin layers and blood using nanoparticles
with different release rates in DM.

The treatments using nanoparticles with different DM-release rates are compared in Figure 16.

Increasing k. pm can largely improve the effectiveness in uDM. Moreover, the effectiveness

of delivering drugs to IDM exhibits a non-linear correlation to this release rate, with the

maximum value achieved at k. = 1.0 x 10 ~*s-1. This requires kel pE to be optimised to keep

the trade-off between the local drug release and transport from the upstream layers, so as to

maximise the treatment. The outcome of transdermal delivery of drugs into blood increase with

the release rate in DM.
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Figure 16. Drug exposure over time (AU C24h0ur) of skin layers and blood using nanoparticles
with different release rates in DM.

4. Discussion

Using nanoparticles for topical drug delivery remains under debate. The skin is commonly
believed to be impermeable to nanoparticles because of the SC microstructure. On the other
hand, several studies also show that this penetration is feasible [14, 15] but subject to several
factors. These include the nanoparticle formulation, dimension and vehicle [16], etc. The
present study is based on these findings to discuss the opportunities to improve the
effectiveness of skin-penetrable nanoparticles.

Drugs need to penetrate through the skin layers of SC, VE, uDM and IDM in order in topical
delivery. As a result, the characteristics of the upstream layer and local physiological and
physicochemical processes (e.g. the tissue microstructure and compositions, metabolic
reactions) would not only determine the delivery outcomes in the present layer but also
influence the drug transport and accumulation in the downstream layers. The majority of drugs
could concentrate in the top two layers of SC and VE when plain drugs are used. In contrast,

although most nanoparticles still accumulate in the top two layers, nanoparticles can
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successfully improve the drug penetration and accumulation in the deep sites of skin. This is
due to the advantages of nanoparticles in reducing drug elimination, which is induced by the
unfavourable interactions with the tissue microstructure and proteins. Consequently, the drug
concentration can sustain at a relatively high level for deep penetration. Moreover, enhancing
the nanoparticle SC penetration is believed to be crucial to improve the delivery outcomes.
Besides the optimisation of nanoparticle formulations, several combination treatments have
been developed, such as the application of ultrasound [77] and increasing the local pressure
[78].

It is worth to note the concentration of drugs in VE, DM and BL remain low in the examined
time window. However, a fast increase can be found at the end of this treatment cycle. This
highlights the demand for a long-term drug-skin contact duration. A nanoparticle-contained
hydrogel was applied once daily for seven days in the animal experiment [64]. This duration
would be expected to provide an extended drug-skin contact for drugs to reach the deep sites
of tissue for effective accumulation.

The outcomes of nanoparticle-mediated topical delivery remain heterogeneous, with the drug
concentration decreasing throughout the skin layers from the SC surface to the deep tissue.
Further increasing the drug accumulation in different depths of the skin could not only facilitate
a localised treatment but also offer more flexibility in the clinical practice. As demonstrated by
the modelling predictions, the remarkable sensitivities of delivery outcomes to the layer-
specific release rate suggest such possibilities. Increasing the release rate in SC could improve
the drug exposure in SC and VE. As shown in Figure 10 and Figure 13, the release rates in
SC and VE need to be controlled below a threshold for achieving effective drug exposure in
DM and BL.

The drug delivery in DM can be improved by three means, including reducing the release rate

in either SC or VE and increasing the release rate in DM, as shown in Figure 10, Figure 13
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and Figure 16. Quantitative comparisons between these figures denote that the largest
improvement takes place when the release rate in SC is reduced. However, this would
simultaneously raise the concentration in VE. To be different, the increase of k¢ py has limited
impacts on SC and VE, which could contribute to realising the localised drug delivery for more
precise treatment.

The modelling predictions from this study demonstrate that the delivery outcomes in each skin
layer are greatly sensitive to the local rate of drug release from nanoparticles. Given the
heterogeneous characteristics of different skin layers, the microscale models considering the
geometrical features of tissue microarchitectures are preferred to further examine the complex
interactions between the nanoparticles, free drugs and tissue compositions. This is beneficial
to uncover the underlying mechanisms that would in turn improve the design of topical delivery.
The localised release could be realised through different means. A bespoken formulation would
make the nanoparticles sensitive to the microenvironment in a specific skin layer. Moreover,
the drug release dynamics can be enhanced actively using thermosensitive nanoparticles, which
are designed to release the payloads only when the environmental temperature is above a
threshold [79, 80]. High-intensity focused ultrasound can be used to heat the targeted lesions,
and thus trigger the drug release [81, 82]. As the ultrasound projection area and penetration
depth can be well controlled [83], the drug release is expected to be highly localised.

Most drugs across SC via a tortuous pathway within the lipid domain which mainly is the gaps
between corneocytes. As a result, the transport of nanoparticles in SC presents a size-dependent
manner. The transport is more efficient for small nanoparticles, whereas nanoparticles with a
similar dimension as the lipid domain are highly possible to be completely blocked. In addition,
the ability to transport in SC also depends on the nanoparticle formulation. In a diffusion
chamber experiment, gold-nanoparticles were able to penetrate SC even if the dimension was

greater than 100 nm [12, 84]. Lipid nanoparticles were also found to be able to pass through
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the SC [18] by diffusion [85, 86]. Since there is a lack of literature reporting the nanoparticle
diffusivity is SC, the value is roughly estimated as described in Section 2.3. Although this is in
line with the fact that SC with the densely packed microstructure is less permeable than VE
and DM that are aqueous membranes, the estimation remains less accurate. In this regard, the
values of diffusivity are kept identical in all the simulations to minimise the impacts. Overall,
this study can only provide qualitative results. The transport properties of specific nanoparticles,
the diffusivity in particular, are needed for performing quantitative analyses. This requires

further support from experiments.
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Figure 17. Comparison of experimental measurements and modelling predictions on the
concentration of econazole as a function of depth in DM. Experimental data and model parameters
are extracted from Ref. [26].

The adopted model is established to capture the key interplays between the skin tissue and
drugs in the delivery processes. The modelling predicted outcome of topical delivery of
econazole is compared to the experimental data [26] in Figure 17. The overall coefficient of
determination is 0.87. The drug concentration profile is further divided into two phases with a
boundary set at x = 0.6 um. The coefficients of determination are 0.42 and 0.98 in phase 1 and
phase 2, respectively. The predicted delivery outcomes of five more drugs are compared to

experimental results in Ref. [26], with the coefficient of determination ranging from 0.33 to
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0.91. The poor regression quality was attributed to the large variability of experimental data.
On the one hand, the drug penetration depth is on the scale of micrometre. This consequentially
raises the difficulties in accurately measuring the concentration which is location-dependent.
On the other hand, the complex and heterogeneous microenvironment in skin tissue would also
cause the variability of the measurement. Moreover, mathematical modelling was applied to
predict the penetration of Evans blue and albumin in agarose gel, with the coefficient of
determinations achieved at 0.70 and 0.83, respectively [87]. Similarly, several model validation
studies using the convection-diffusion-reaction equation to predict the small molecules and
nanoparticles transport have been reported in the literature [87-92]. Overall, these comparisons
further highlight the importance to understand the micro-environment in tissue and to measure
the transport properties of drug delivery systems. It should mention that the nanoparticles with
single-phase release is used in this study. Determined by the formulation and materials, drug
delivery systems could present multiple release phases [93] in order to meet the specific
delivery purpose. The delivery outcomes could strongly associate with the timing of the phase
change, which can be pre-designed and controlled in practice. A follow-up study could be
carried out to discuss the application of nanoparticles with different release profiles in topical
delivery. Moreover, the continuous non-fenestrated capillaries in skin are treated to be non-
permeable to general nanoparticles due to the nanoparticle’s large dimension. However,
besides the nanoparticle size, the transvascular permeability of nanoparticles also depends on
the formulation, particularly the ligands attached to the nanoparticle surface. For instance,
transferrin can significantly improve the nanoparticle permeability to cross the blood-brain
barrier [94]. This transvascular transport needs to be considered when examining the
performance of specific nanoparticles with such ligands attached.

Nevertheless, a number of assumptions are involved in this study. (1) Skin layers are divided

strictly with sharp boundaries as shown in Figure 2. The model parameters reflecting tissue
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properties are homogeneous in each layer. /n vivo, the transition zoom between two layers
could be irregular. The biological properties in these zooms could be heterogeneous depending
on the local microenvironment [95, 96]. These assumptions could be relaxed with supports of
realistic geometry and tissue properties from microscopic images and experiments. (2) The
water and drug transport through sweat glands and hair follicles is not considered. This
transport process [97, 98] is determined by multiple factors including the distribution of hair
follicles, depth into the skin layers and tissue microstructure around hair follicles and sweat
glands, etc. This is out of the scope of this study, and the present model needs to be further
developed to describe this process. (3) SC is treated as an impermeable layer to the interstitial
fluid flow. This is reasonable as water mainly crosses SC in the form of vapour, driven by the
gradient of water vapour pressure on both sides of the skin barrier [99]. This is usually named
the trans-epidermal water loss (TEWL). As this study is focused on the drug transport in skin
layers, the complex process of phase transition involved in TEWL is neglected. A mathematical
model has been reported to describe this vapour escape [100]. It could be coupled with the
model in this study to examine the impact of water loss on drug delivery in future. (4) The
concentration of nanoparticles on the top of the skin is assumed to be constant over time [22,
25]. This assumption is introduced with the aim to focus on the drug transport inside the skin
layers. Applying drug-coated cream multiple times or using drug-coated plaster and hydrogel
[101] could help keep this concentration constant. Even though, this concentration could be
heterogeneous in the poorly stirred vehicles [102, 103] and decreases as time proceeds [104];
these complexities depend on the type of drug formulations, nanoparticles and administration
scenario including dosing and timing. A separate study can be conducted to examine the
impacts of these factors in order to optimise the delivery strategy. (5) A zero-flux boundary
condition is applied on the SC surface for free drugs. It is assumed that the free drugs are unable

to leave the skin surface by diffusion. This would be feasible for the vehicles in which the
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diffusion coefficient of free drugs is significantly low. In contrast, a non-zero flux boundary
condition is needed when the free drug can effectively diffuse in the vehicle. As a result, the
present model should be further developed to describe the transport process in the delivery
vehicle [63]. It is worth pointing out that this SC-vehicle transport is highly dependent on the
vehicle formulation and material. As this study is focused on the transport into the deep skin
tissue, such a complex process is not included. A vehicle-specific study could be conducted to
examine the effect of this SC-vehicle transport on the delivery outcomes. (6) Given that most
capillaries are in the DM region next to VE [22, 34, 35], the function of blood drainage is only
considered in this region, whereas the capillary density is assumed to be zero in IDM. This is
a simplified model. It can be improved by using a distribution map of blood vessels which
could be obtained by analysing patient-specific tissue microscopic images. (7) With the aim to
examine the impact of release rate, the rest model parameters are assumed to be constant in this
study and only representative and averaged values are used, as listed in Table 1 and Table 2.
In vivo, these model parameters would vary in wide spectrums depending on the tissue
microenvironment and drug properties, such as drug diffusivity, tissue permeability and
partition coefficient, etc. Separate studies should be conducted to examine their impacts [105].
More importantly, the importance of each tissue and drug property in determining the delivery
outcomes could also be highly different. A follow-up study to cross-compare the role of each
property will identify the most influential factors [106], and thereby provide suggestions for
improving the treatment design.

5. Conclusions

Nanoparticle-mediated topical delivery is studied using mathematical modelling. Results
denote that long-term drug-skin contact is essential to achieve effective drug accumulation in
the deep skin tissue. As compared to the direct administration of plain drugs, nanoparticles

have the potential to reduce the free drug concentrations in SC and VE, and enable more drugs
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to transport into the deep skin layer of DM and BL to enhance the therapy. The delivery
outcomes are highly sensitive to the drug release rate. Using nanoparticles with slow-release
in SC would significantly enhance the drug accumulation in all the downstream layers. The
release rates in SC and VE need to be maintained below a threshold for effective drug exposure
in DM and BL. A more localised improvement in uDM can be obtained by increasing the
release rate in DM. To be different, this release rate needs to be optimised to enhance the
treatment in IDM. Results obtained in this study would be applied as a guide for the design and

optimisation of nanoparticle-mediated topical delivery.
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Highlights
e Nanoparticle has the potential to improve the drug accumulation in deep skin tissue.
e Drug penetration in different skin layers is sensitive to the release rate.

e Controlling the release rate can increase the drug concentration in specific layers.
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