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Abstract. The motion of a single rigid nanoparticle inside a hair follicle is investigated
by means of Brownian dynamics simulations. The cuticular hair structure is modeled
as a periodic asymmetric ratchet-shaped surface. Induced by oscillating radial hair
motion we find directed nanoparticle transport into the hair follicle with maximal
velocity at a specific optimal frequency and an optimal particle size. We observe flow
reversal when switching from radial to axial oscillatory hair motion. We also study
the diffusion behavior and find strongly enhanced diffusion for axial motion with a
diffusivity significantly larger than for free diffusion.

1. Introduction

Hair follicles constitute an important pathway for topically applied drug formulations
used in medical applications to overcome the skin barrier [1, 2]. In modern drug delivery
applications, often nanoparticles are used as carrier systems [3]. It has been shown that
solid nanoparticles can effectively penetrate into the hair follicles [4], however, typically
they do not penetrate all the way into the viable epidermis [5, 6]. The follicle thus can
serve as a reservoir for nanoparticles loaded with drugs, and after release drug molecules
may translocate the skin barrier and be delivered to specific target sites [7, 8].

Experiments are typically performed in vitro on porcine ear skin as a common model for
human skin [2]. Enhanced particle penetration was demonstrated after massaging the
skin, the main effect of which presumably is to mechanically move the hair relative to the
follicle, similar to the omnipresent motion of hair in typical every-day-live situations [9].
It was suggested that moving hair acts as a ratchet, which by its oscillatory motion drives
the nanoparticles deeply into the hair follicles. Further investigations revealed a strong
dependence of the transport efficiency on the nanoparticle size [10]. The optimal particle
size of about 600 nm corresponds to the thickness of overlapping cuticular hair surface
cells [9]. Since the hair structure resembles a sawtooth-like profile with a rather well
defined corrugation amplitude, a ratchet mechanism indeed might explain the enhanced
particle transport induced by hair motion. Other material properties and the solvent
properties were shown to only have a minor influence on the transport efficiency of
nanoparticles [11].
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The so-called ratchet effect has been amply described in literature and refers to directed
particle motion generated by a non-equilibrium perturbation of a periodic system. One
necessary ingredient is that the spatial symmetry is broken in order to single out a direc-
tion [12–15]. Ratcheting surfaces are observed in a number of different biological systems
ranging from biopolymers such as actin [16] to macroscopic systems like plants [17].

In this study we propose a simple two-dimensional stochastic model for single nanoparticle
transport inside a moving hair follicle. Our model incorporates the periodic asymmetric
hair structure and the oscillatory hair motion, which mimics the effect of skin massage or
other external forces acting on the hair. We show that these ingredients indeed lead to
directed nanoparticle motion. For varying frequency of radial hair motion perpendicular
to the hair axis, we find directed motion into the hair follicle with an optimal driving
frequency. We also find a slight enhancement of the diffusivity. We observe reversal of the
transport direction when changing the mode of hair movement from radial to axial motion
parallel to the hair axis. For axial motion, a significant enhancement of the diffusion
is observed with diffusivities larger than for free diffusion. By introducing an effective
viscosity, our directed ratchet model can explain the large follicular penetration depths
observed in experiments on nanoparticle transport into pig skin under applied massage.
Studying the influence of the particle size on the transport efficiency, we determine,
in agreement with experiments, an optimal particle size. The first section introduces
our model, discusses the model simplifications and explains the Brownian dynamics
simulations. In the last section we give a short conclusion and discuss future work.

2. Model and simulation details

The motion of a single nanoparticle inside a moving, structured hair follicle is modeled as
a random walk of a rigid particle in two dimensions that is interacting with the surface
of the hair and the follicle surface. As schematically depicted in fig. 1a, we use the
simplistic description of an asymmetric and fully periodic sawtooth structure to represent
the cuticular structure of hair, shown in fig. 1b, while the inner surface of the follicle
is modeled as a completely smooth surface. The sawtooth structure of the hair, shown
in fig. 1a in black, is characterized by the corrugation amplitude χ (cuticular thickness)
and the periodicity L. For sake of simplicity and speed of our simulations, both the hair
surface and the follicle surface are in our model assumed to be infinitely rigid. Note that
the rigid nanoparticle is in fact modeled as a point-like particle. The effect of different
particle sizes is taken into account in our simulations via the effective distance d between
hair and follicle. In order to connect to the experimental scenario, the experimental
distance is given by dexp = d+ 2R and thus implicitly incorporates the effect of changing
particle radius R.

We model the steric repulsion of the nanoparticle from the two surfaces, which are
separated by a distance d, employing exponentially decaying repulsive potentials that
are located on the hair surface and the follicle surface

Uh(x) = e−
x+d/2−Ax sinωt

κ(1)

Uf (x) = e
x−d/2
κ(2)
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Figure 1. a) Schematic illustration of the model geometry and the model
parameters. A single hair is located inside the follicle. A single rigid
nanoparticle of radius R (grey) is present in the space between hair and
follicle and interacts with the surface of the hair (shown in black) and
the surface of the follicle (shown in red). Both surfaces are separated by
a distance dexp. The cuticular hair surface is represented by a sawtooth
structure with a corrugation height χ and a periodicity L. b) Electron-
microscope image of the cuticular structure of a human terminal hair,
which serves as a motivation for our simplified geometric model [18]. c)
Contour plot of the potential that mimics the hair and follicle surfaces
and confines the nanoparticle, according to eq. (4) in units of kT and for
the rescaled model parameters (dexp + 2R)/L = 1.0, χ/L = 0.3. The red
trajectory illustrates the Brownian random motion of the nanoparticle
center for the case of motionless hair.

with a short rescaled surface interaction range κ/L = 0.2.

Since it is not clear how a mechanical perturbation acting on the external hair section
translates into the relative motion of the hair with respect to the follicle, we study a
general model and separately investigate the effects of radial and axial hair motion.
Radial hair motion perpendicular to the hair axis is modeled via the time-dependent
periodic term in the potential eq. (1) with frequency ω and amplitude Ax. The resulting
motion of the hair surface in x-direction is illustrated in the top of fig. 2b. The sawtooth
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shape of the hair surface is modeled with a ratchet-shape function [19] given by

(3) F (z) = −χ
[
sin (2πz/L) + 1

4 sin (4πz/L)
]
.

The total potential energy acting on the nanoparticle reads
(4) U(x, z) = Uf

(
x

)
+ Uh

(
x+ F (z +Az sinωt)

)
,

where we introduce the axial periodic motion of the hair with respect to the follicle
with amplitude Az, which is illustrated in the bottom of fig. 2b. A contour plot of
the two-dimensional potential energy landscape, eq. (4), is shown in fig. 1c for rescaled
parameters d/L = 1.0 and χ/L = 0.3, the red line is a simulated Brownian trajectory of
a nanoparticle in the absence of hair motion.

We perform Brownian dynamics simulations based on the overdamped two-dimensional
Langevin equation,

ẋ = −µ0 ∂xU(x, z) + ξx(t)
ż = −µ0 ∂zU(x, z) + ξz(t),(5)

an example of a resulting nanoparticle trajectory is given in fig. 1c. The first term in
eq. (5) accounts for the direct force acting on the particle, which is proportional to the
nanoparticle mobility µ0. The second term represents the stochastic contribution ξα
given by Gaussian random components with correlations according to the fluctuation-
-dissipation theorem, 〈ξα(t)ξβ(t′)〉 = 2kTµ0 δαβδ(t − t′), and vanishing mean [20]. In
the following, all parameters and quantities are made dimensionless by rescaling lengths
according to x̃ = x/L by the periodic length scale of the sawtooth structure L, energies
Ũ = U/kT by thermal energy and times t̃ = t/τ by the characteristic particle diffusion
time τ = L2/µ0kT = 6πηRL2/kT with the viscosity η. For one set of parameters, the
simulation typically runs for 109 time steps with a rescaled time step ∆t/τ = 10−4. From
the simulations we obtain the average axial velocity V =< (z(t+103∆t)−z(t))/(103∆t) >
by sampling the particle position every 103 steps. The axial diffusivity D then follows by
calculation of the mean square displacement according to
(6) < (z(t)− z(0))2 >= 2Dt+ V 2t2.

3. Results

3.1. Transport properties of a particle under radial and axial hair motion.
First we study the particle transport for periodic hair motion that is radial with respect
to the follicle as a function of driving frequency ω̃ with fixed motion amplitude Ãx = 0.5
(while Ãz = 0). This situation is schematically depicted in the top of fig. 2b. The
distance d̃ = 0.2 between hair and follicle surface is fixed and the corrugation amplitude
is set to χ̃ = 0.5. Results for the average velocity Ṽ and diffusivity D̃ are shown in
fig. 2a,c as black symbols. For radial hair motion, we find enhanced particle transport
into the hair follicle, as seen by the positive average velocity in fig. 2a as a function of
frequency. There is an optimal frequency ω̃ ≈ 100 at which the average velocity exhibits
a maximum. As shown in fig. 2c, the diffusivity D̃ exhibits a maximum at somewhat
smaller values of ω̃ compared to the frequency at which the average velocity is maximal.
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Figure 2. Results for nanoparticle motion induced by radial (black
symbols) and axial (gray symbols) hair motion with amplitudes Ãx = 0.5
(while Ãz = 0) and Ãz = 0.5 (while Ãx = 0), respectively. The corrugation
amplitude of the hair surface is fixed to χ̃ = 0.5 and the distance between
the hair and follicle surfaces is d̃ = 0.2. a) For radial motion the average
rescaled velocity Ṽ is positive (i.e. into the follicle) and increases with
increasing frequency up to a maximum at ω̃ ≈ 100. In contrast, for axial
motion Ṽ is negative (i.e. out of the follicle) and with increasing frequency
exhibits a minimum at ω̃ ≈ 150. b) Illustration of the radial (top) and
axial (bottom) modus of hair motion and the resulting transport into
or out of the follicle, respectively. c) The diffusivity D̃ as a function of
frequency for radial motion has a weak maximum at smaller frequencies
ω̃ ≈ 50 than the maximum in the average velocity Ṽ seen in a). Axial
hair motion leads to a pronounced maximum in diffusivity at a frequency
corresponding to the minimum in average velocity shown in a).

Around the maximum, the diffusivity slightly exceeds the equilibrium (ω̃ = 0) value of
D̃0 = 0.05.

Next we consider axial motion of the hair with amplitude Ãz = 0.5 (while Ãx = 0), as
schematically shown in the bottom of fig. 2b. The average velocity and diffusivity as a
function of frequency ω̃ are presented as gray symbols in fig. 2a,c for fixed χ̃ = 0.5 and
distance d̃ = 0.2. As opposed to radial hair motion, we observe a negative velocity, that
means directed particle transport out of the hair follicle. The velocity decreases with
increasing frequency to a minimum at about ω̃ = 150. Simultaneously, the diffusivity
shown in fig. 2c exhibits a pronounced maximum. Diffusivities D̃ > 1 larger than for free
diffusion are observed, which is a substantial enhancement compared to the equilibrium
case, corresponding to the limit ω̃ = 0, for which D̃0 = 0.05. We conclude that axial hair
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motion can greatly enhance the diffusive transport of the nanoparticle but also leads to
directed transport out of the follicle. This raises the question what the dominating mode
of transport for axial hair motion is, a question we will address later on.

In fig. 3 we give a pictorial explanation for the difference between radial and axial hair
motion and the resulting flashing and pushing ratchet effects, respectively. Radial hair
motion, illustrated in fig. 3a, causes an effect similar to what is known as flashing ratchet
effect [14]. In contrast to previous theoretical models, here we consider a moving ratchet-
shaped surface and two-dimensional particle motion instead of a ratchet potential in one
dimension that is switched on and off. However, the mechanism of alternating particle
localization and diffusion over a barrier is similar, including the necessary condition of
a spatial symmetry breaking of the potential landscape. As seen in fig. 3a, radial hair
motion leads to particle transport to the right which can be understood by the fact that
particles in step i) are pushed down the shallow flank to the right and in step ii) diffuse
from the minima over the steep flank. Axial hair motion, illustrated in fig. 3b, causes a
pushing ratchet effect. Due to the spatial asymmetry of the potential, particles are in
step i) predominantly pushed to the left by the steep flank and in step ii) diffuse over
the barrier of the shallow flank to the next minimum on the left.

a)
i)

ii)

iii)

b)
i)

ii)

iii)

Figure 3. a) Illustration of radial hair motion and the flashing ratchet
effect that leads to transport of the nanoparticles to the right, i.e. down the
shallow slope. i) Upward hair motion leads to strong particle localization
in the potential minimum. Subsequent downward motion in ii) allows
relaxation and particle diffusion from the minima over the barrier with the
steep slope. Transport to the right results in iii) from upwardly moving
hair that pushes some particles down the shallow slope. b) Illustration of
the axial hair motion and the pushing ratchet effect that leads to transport
of the nanoparticles to the left. i) The hair moves to the left and the
steep slope pushes particles to the left. ii) Hair motion to the right has a
less pronounced effect on the particles, which can diffuse over the flank
with the shallow slope to the left. iii) Subsequent leftward hair motion
again leads to localization and forced motion of the particles to the left.
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3.2. Recovering physical dimensions. In order to compare our simulation results
with experimental results, we present in fig. 4a,b the average nanoparticle velocity as
a function of radial driving frequency in physical units, using the same data as already
shown in fig. 2a. We assume a characteristic corrugation length scale L = 5µm, i.e. the
actual length scale of the cuticular hair structure in fig. 1a, the corrugation amplitude
χ = 2.5µm, and a particle radius R = 0.3µm. In experiments, nanoparticles with
radii between R = 0.06− 0.5µm were tested and most efficient transport was found for
R ≈ 0.32µm [10]. Simulation results are shown for temperature T = 310K and two
different viscosities: in fig. 4a for the viscosity of water, η = 0.001Pa s, and in fig. 4b for
the viscosity of human sebum, η = 0.065Pa s [21]. For the viscosity of water, a maximal
particle velocity of V = 38nm/s is reached at a frequency of about ω = 3 s−1, while for
the viscosity of human sebum a maximal particle velocity of V = 0.6nm/s is reached at a
much lower frequency of about ω = 0.04 s−1. We conclude that the local viscosity inside
the hair follicle is a very important parameter that sensitively influences the directed
particle transport properties.

In order to compare with the experimental penetration depth lexp = 300µm obtained in
the absence of massage and the value of more than lexp = 1000µm after 3 min massage
and 30 min penetration time [4], in the following we define an effective viscosity ηeff. The
estimated experimental diffusivity without massage follows from the measured penetration
depth lexp = 300µm for penetration time texp = 30min as Dexp

0 = l2exp/texp = 50µm2/s.
In our model we measure a rescaled equilibrium diffusivity of D̃0 = 0.05. By setting
D0 = Dexp

0 , we obtain the effective viscosity ηeff = D̃0 kT
6πDexp

0 R
≈ 0.8 × 10−6 Pa s, which

is much smaller than water. This could mean that the space between hair and follicle
surface is only partially filled with liquid or that chemical potential gradients pull particles
into the follicle. Using this effective viscosity, we reach a maximal particle velocity with
massage of V = 46.1µm/s and thus a penetration depth after 3 min massage of about
8300µm, even larger than the experimental value of lexp = 1000µm.

We conclude that by introducing an effective viscosity that is even much smaller than
water, the directed ratchet transport model is able to explain the large penetration
depth observed in experiments. However, it remains unclear whether also the diffusion
enhancement is a relevant factor for the nanoparticle transport.

In order to illustrate the difference between directed and diffusive transport, we plot
in fig. 4c the characteristic time scale for directed motion, defined by tv = l/ |V |, and
the characteristic time scale for diffusive motion, defined by td = l2/D, as a function of
penetration depth l using the maximal velocity V = 38 nm/s (ω = 3.4 s−1) from fig. 4a,
where the diffusivity is D = 0.17µm2/s. For comparison, the time scale for diffusion
in the absence of hair motion (ω = 0) t0 = l2/D0 is shown as a dotted line for the
measured value D0 = 0.04µm2/s. It is seen that hair motion significantly enhances
diffusion and thus decreases the diffusion time. For short times less than about 120 s,
diffusive transport, shown as a dashed line in fig. 4c, is more effective, that means the
diffusive time scale td is smaller compared to directed transport shown as a solid line. At
a penetration depth l∗ = D/V , indicated by a vertical gray bar in fig. 4c, both time scales
are equal, tv = td. For larger times t > 120 s directed motion is the important mode of
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Figure 4. Average transport velocity V in physical units as a function of
radial driving frequency ω for fixed parameters L = 5µm, χ = 2.5µm, R =
0.3µm, d = 1µm, Ax = 2.5µm (Az = 0) , T = 310K, and two different
viscosities for a) water η = 0.001Pa s and b) sebum η = 0.065Pa s. c)
Comparison of the characteristic time scale for directed motion tv = l/ |V |
(solid line) and diffusive motion td = l2/D (dashed line) as a function of
penetration depth l for the viscosity of water and parameters for maximal
particle velocity in a): ω = 3.4 s−1, V = 38nm/s, and D = 0.17µm2/s.
The dotted line shows the time scale for diffusive motion in the absence
of external driving (ω = 0) for which D0 = 0.04µm2/s. The vertical gray
bar indicates the transition from diffusive to directed transport. d) The
corresponding length l∗ = D/ |V | at which both time scales are equal,
tv = td, is plotted as a function of frequency.

transport, leading to larger penetration depths than is achieved by diffusive transport.
The crossover from the diffusive regime, i.e. td < tv, to the regime of directed transport,
i.e. tv < td, occurs at a penetration depth l∗ ≈ 5 nm corresponding to the periodicity L
of the cuticular hair structure. In fig. 4d, l∗ = D/ |V | is shown as a function of frequency
w for the same parameters used in fig. 4a. We conclude that for frequencies larger than
about ω = 1 s−1 the crossover to directed transport occurs at such low penetration depths
that in order to explain experimental results, the directed particle motion induced by
moving hair is the more important mechanism.

3.3. Influence of particle size. The investigation of the effect of different distances d̃
between the hair and follicle surfaces in our model is a way to determine the influence
of particle size on the particle transport efficiency. In fig. 5a,b we show results for the
average particle velocity Ṽ and diffusivity D̃, respectively, for radial hair motion with
fixed frequency ω̃ = 100 as a function of d̃. Small distances induce particle trapping
between the two surfaces and thus lead to small velocities and small diffusivities. At large
surface distances the particle has on average a large separation from the hair surface
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and thus does not feel the hair motion, consequently the ratchet effect vanishes and
the particle transport velocity goes to zero. The optimal distance at which particle
transport velocity into the follicle is maximal is seen to be d̃ = 0.5, which turns out to
be of the same magnitude as the hair corrugation amplitude χ̃ = 0.5. This means that
directed transport is most pronounced when the surfaces are close but not overlapping.
The diffusivity in fig. 5b monotonically increases with distance d̃. For large distances
d̃ > 5 the particle diffusion is not perturbed by the moving hair surface and thus the free
diffusion limit with D̃ = 1 is approached, as seen in fig. 5b.

Experimental penetration depths in hair follicles [10] as a function of PLGA (poly-
lactid-co-glycolid) particle size are presented in fig. 5c. It is seen that the nanoparticle
penetration into hair follicles is optimal at an intermediate particle diameter of about
600 nm. The relation between the hair-follicle distance used in the simulation model d,
where the nanoparticle is assumed point-like, and the total hair-follicle distance dexp for
a finite-size particle, is given by d = dexp − 2R. This allows to relate the maximum in
transport velocity seen in the simulation data in fig. 5a as a function of d̃ = d/L with
the optimal penetration seen in the experimental data in fig. 5c as a function of 2R.
In essence, decreasing the particle diameter 2R at fixed total hair-follicle distance dexp
corresponds to increasing the distance d = dexp − 2R in the simulation model. We can
thus identify the optimal particle diameter of 2R = 643nm in the experimental data in
fig. 5c with the optimal distance d = 2500 nm in the simulation data in fig. 5a, obtained
via d = d̃L assuming a corrugation period of L = 5000 nm. According to our model,
the total hair-follicle separation follows to be of the order of dexp = d+ 2R ≈ 3100 nm.
Since this separation presumably corresponds to the most highly constricted region in
the follicle, this seems to be a realistic value.

4. Conclusion

In the present study we demonstrate, using a simple stochastic two-dimensional simulation
model, that a ratchet mechanism is able to explain the penetration enhancement of
nanoparticles into hair follicles. We distinguish two transport mechanisms: directed
motion and enhanced diffusive motion, both are caused by the oscillatory hair motion.
We find that radially moving hair causes directed nanoparticle transport into the hair
follicle, which is most efficient at an optimal driving frequency and at an optimal particle
size. By introducing an effective viscosity, the directed ratchet transport model yields
penetration depths even larger than observed in experiments. This might be due to the
fact that experiments haven been done at a fixed and most likely sub-optimal frequency
of the massage device. We show that a diffusive transport mechanism can also play
an important role. We estimate the crossover from diffusive to directed transport for
radial hair motion to occur at a penetration depth of the order of 5µm, which is much
smaller than the experimentally observed penetration depths of more than 1000µm. In
order to predict the relevance of diffusion for the nanoparticle transport, it would be
important to know the amount of applied nanoparticles that actually penetrate into the
follicle besides the maximal penetration depth. Further experimental studies at variable
frequency would also be highly interesting and in fact are needed be needed in order to
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Figure 5. Results for a particle under radial hair motion with fixed
frequency ω̃ = 100 and amplitude Ax = 0.5. a) The average velocity Ṽ
and the b) diffusivity D̃ is plotted as a function of distance d̃ between the
hair and the follicle surface. The optimal distance for enhanced transport
of the particle toward the root is about d̃ = d/L = 0.5 (L being the
corrugation period seen in fig. 1a) at which Ṽ exhibits a maximum. The
diffusivity in b) monotonically increases toward the free diffusion limit.
c) Experimental penetration depths for PLGA particles as a function of
particle diameter 2R [10]. Decreasing particle diameter corresponds to
increasing net hair-follicle distance d in our simulation model.

confirm our prediction about the frequency dependency of the transport efficiency and
the existence of an optimal frequency.

In the experimental studies we compare our simulations with, the hair motion is caused by
massage [10]. In these experiments, the precise fashion in which the hair is moving relative
to the hair follicle is not precisely known and presumably correspond to a superposition of
radial and axial oscillatory hair motion. This serves as a motivation for our work in which
we study the effects of these two modes of motion separately. In contrast to pure radial
hair motion, which causes a flashing ratchet effect and transports nanoparticles into the
follicle, pure axial hair motion leads to nanoparticle transport in the opposite direction,
i.e. out of the follicle. We denote this transport mechanism as pushing ratchet mode. In
this case we observe a significant enhancement of the diffusivity, which even becomes
larger than for the free diffusion case. Since particle transport into the hair follicle is
observed in the experiment, we speculate that radial hair motion is the dominating mode,
but more experiments would be needed to settle this question. In future work it would
certainly be interesting to study a more general simulation model and to investigate the
effects of the superposition of radial and axial hair motion.
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In conclusion, our simple two-dimensional stochastic model demonstrates the basic
mechanism of nanoparticle transport on a ratchet-shaped hair surface as well as the
influence of parameters such as driving frequency and particle size. Future model
refinements should take into account several other important factors that might influence
the nanoparticle transport efficiency. Those include more complicated non-periodic and
disordered structures of the follicle and the hair surfaces which might lead to steric
hair-follicle interlocking [22]. One other interesting model generalization would include
adhesion effects between particles and the hair and follicle surface as well as viscoelastic
properties of the liquid medium between hair and follicle [23, 24]. Furthermore, effects
of nanoparticle and follicle as well as hair elasticity and inter-particle interactions are
important future lines of work.
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ers: Architecture, Transport and Topical Application of Drugs for Therapeutic Use" is
acknowledged.
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