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Drug release from slabs and the effects of surface roughness
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A B S T R A C T

We discuss diffusion-controlled drug release from slabs or thin films. Analytical and numerical results are
presented for slabs with flat surfaces, having a uniform thickness. Then, considering slabs with rough
surfaces, the influence of a non-uniform slab thickness on release kinetics is numerically investigated.
The numerical release profiles are obtained using Monte Carlo simulations. Release kinetics is quantified
through the stretched exponential (or Weibull) function and the resulting dependence of the two
parameters of this function on the thickness of the slab, for flat surfaces, and the amplitude of surface
fluctuations (or the degree of thickness variability) in case of roughness. We find that a higher surface
roughness leads to a faster drug release.
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1. Introduction

There are many applications of drug or biomolecular release
from slabs, thin films or multilayers, and membranes. A few recent
examples report: nanostructured films exhibiting lysozyme-
controlled release of EGF for wound-healing applications [1],
sol–gel silica thin films providing efficient local delivery of
antibiotics with adjuvant for potential inhibition of bacterial
infection in titanium implants [2], multilayered films sequentially
releasing multiple drugs for periodontitis treatment [3], multi-
layers showing suppression of burst release and an adjustable
release rate regulated by the composition and the relative
thickness of the layers [4], etc.

Theoretical modeling is simplified in such systems due to the
one-dimensional character of the device, since release from the
edges is considered negligible. The release predominantly occurs
through the main surfaces of the slab, which are very large in size
compared to the corresponding thickness, while release from the
other directions is ignored. Furthermore, edge effects near the
boundaries of the main surfaces can be neglected. Thus, the
relevant spatial variable is the one along the direction perpendic-
ular to these surfaces.

The celebrated Higuchi model [5] (see also the review [6]) refers
to such a one-dimensional formulation. Several reviews [7–11], as
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well as seminal papers [12,13], discuss the corresponding
equations and present analytical results for devices having a slab
shape. As it has been nicely shown in Ref. [14], the simplicity of
such geometries and the availability of analytical solutions of
diffusion equation can be efficiently used for the determination of
the diffusion coefficient of a drug of interest, by fitting the
analytical results with experimental release profiles of appropri-
ately prepared thin films. Apart from the simpler cases, described
merely by diffusion, models dealing with more complex situations
including swelling [15–17] or degradation [18–20], have been
considered too for one-dimensional planar geometries.

Here we investigate the effects of the roughness of slab’s
surfaces on drug release profiles. We consider diffusion-controlled
drug release, where swelling or degradation/erosion phenomena
are not significant. Therefore, stationary surface boundaries, either
flat or irregular, interfacing the release medium are used. First we
quantify release kinetics for slabs with smooth flat surfaces,
presenting a uniform thickness. Numerically obtained release
profiles, through Monte Carlo simulations, are compared with
predictions from the analytical solution of diffusion equation.
Then, slabs with irregular, rough surfaces are examined. The
thickness of the slab is non-uniform in this case; it exhibits
variations around an average value. We present the dependence of
Monte Carlo calculated release curves on the amplitude of surface
fluctuations, which serves as a measure of the irregularity of the
surfaces of the slab and the corresponding variability of its
thickness.

In all cases release kinetics is quantified using the stretched
exponential function, known as Weibull function too. Thus, release
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profiles are fitted with the equation [21]:
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¼ 1 � exp � t

t

� �b
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ð1Þ

where Mt is the amount of drug released at time t, M1 is the total
amount of drug released at infinite time, and b, t are the two
parameters of the function. The stretched exponential function,
Eq. (1), has been extensively used to describe both experimental
[22,23,1] and numerical [24–33] release data.

2. Methods

2.1. Monte Carlo simulations for slabs with flat surfaces (uniform
thickness)

We consider a slab of uniform thickness L, lying on the xy-plane
(i.e., its two main surfaces are parallel to the xy-plane, at a vertical
distance L), where the drug is released along the direction of z-axis.

Monte Carlo simulations of drug release are performed using a
three-dimensional lattice consisting of Nx � Ny � Nz sites [24,32].
Initially a number N0 of drug particles N0 � NxNyNz

� �
are randomly

placed on lattice cells, avoiding double occupancy (as excluded
volume interactions are assumed between the particles). The
number of particles N0 is related to the desired loading
concentration C0 (which equals to C0 ¼ N0=NxNyNz).

During the numerical simulation, at each Monte Carlo step a
drug particle is randomly chosen. Then one of its six neighboring
lattice sites is randomly selected and if this site is empty then the
chosen particle is moved there. Otherwise, if the selected
neighboring site is already occupied by another particle, then
the chosen particle remains at its position.

A drug particle is released during the simulation whenever both
conditions are met: (i) the particle occupies a lattice site belonging
either to upper, or to the lower, main surface of the slab (located at
z ¼ L, or z ¼ 0, respectively) and (ii) the randomly selected
neighboring site is upwards, or downwards, respectively. Release
is not permitted from the other faces of the lattice, by considering
periodic boundary conditions at the x- and y- axes. For example, if a
particle lies at the left boundary of the lattice (at x ¼ 0) and the
randomly selected neighboring site is towards the left, then the
particle re-enters from the opposite face of the lattice (at the right
boundary) with the same y and z coordinates (provided of course
that this new site is empty, otherwise the particle stays at its initial
position). Similar considerations hold for the right boundary of the
lattice, as well as for the two other boundaries perpendicular to the
y-axis.

The number of drug particles NðtÞ remaining in the lattice is
monitored during the simulation. Monte Carlo time t is increased
by 1=NðtÞ at each Monte Carlo step. A simulation stops when all
drug particles are released and the lattice is empty. Release profiles

Mt=M1 are obtained by statistically averaging the quantity No�NðtÞ
N0

over a number Rs of different realizations (i.e., different random
simulations as described above) at each case.

2.2. Monte Carlo simulations for slabs with rough surfaces (non-
uniform thickness)

In this case the upper and lower surfaces (drug releasing
boundaries) of the lattice representing the slab are no longer flat,
but they are irregular. To quantify the roughness of slab's surfaces
we introduce a parameter w, representing the amplitude of the
fluctuations of each surface.

We numerically construct lattices with irregular upper (lower)
surfaces lying in the region L � w 0 � wð Þ of the z-axis, instead of
being fixed at the constant value z ¼ L z ¼ 0ð Þ as happened
previously. Let us consider the two-dimensional Nx � Ny grid of the
lattice points at the xy-plane. At each point i, j of this grid the
corresponding z coordinate of the upper (lower) surface may now
have a different value zui;j zli;j

� �
, with L � w � zui;j � L þ w

�w � zli;j � w
� �

. The thickness of the slab at each point i; j of this
grid is Li;j ¼ zui;j � zli;j, with Li;j taking values in the region from
L � 2w to L þ 2w. (In the case of flat surfaces considered in the
previous subsection, it was zui;j ¼ L and zli;j ¼ 0 for all points i; j
of the grid, leading to a uniform slab thickness Li;j ¼ L
everywhere).

In order to avoid abrupt variations of the position of the upper
and lower surface at each point i; j of the grid, we consider a
regularly spaced sub-grid formed every a number ns of the Nx � Ny

lattice points, as shown by red squares in Fig. S1 of the
Supplementary information (ns ¼ 5 in that case). At each point
of this sub-grid a random integer number, homogeneously
distributed in the region L � w 0 � wð Þ, is selected for the z
coordinate zu (zl) of the upper (lower) surface. Then bilinear
interpolation between these random values is used for obtaining
the integer values corresponding to the z coordinates of the upper
or lower surface at the other points of the Nx � Ny grid. Using this
procedure rough slab surfaces are numerically constructed, with
positions varying in a range of 2w (see Fig. 4a and b below). The
resulted slabs present non-uniform thickness in the interval
L � DL (see Fig. 5a), with DL ¼ 2w the degree of thickness
variability. The values of the thickness of the slab obtained in this
way show a Gaussian-like distribution around the mean thickness
L, with a width provided through DL (see Fig. 5b).

The Monte Carlo simulations are performed as previously, with
the difference now that the drug particles are randomly moving on
a lattice with irregular upper and lower surfaces as described
above. Here a drug particle can be released by the upper (lower)
non-planar surface not only by moving upwards (downwards), as
previously, but also if it is randomly selected to move along the
direction of x- or y-axis in the case that the corresponding
neighboring site lies outside of the considered lattice sites
representing the slab, due to the roughness of the surface. For
the statistical average of the release profiles in this case, different
irregular surfaces, corresponding to a particular L and w, are
constructed at each realization.

3. Results and discussion

3.1. Drug release from slabs with flat surfaces

3.1.1. Predictions from the analytical solution of diffusion equation
The equation of Fick’s second law can be easily solved for a slab

with planar surfaces, thickness L, and drug diffusion coefficient D.
In this case the problem is reduced to the one-dimensional
diffusion equation. Considering homogeneously distributed drug
particles as initial condition and sink boundary conditions, the
obtained fractional release is

Mt

M1
¼ 1 � 8

p2

X1
n¼0
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The analysis is simplified using the dimensionless time

td ¼ Dt=L2. Then Eq. (2) yields

Mt

M1
¼ 1 � 8

p2

X1
n¼0
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� �
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There is not any parameter in the solution now, as the device
characteristics are hidden in the units of time. We fit this solution
with the stretched exponential release, Eq. (1), since the latter
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provides a more convenient analytical description. Moreover, in
this way we can compare the analytical predictions with the
corresponding numerical simulations presented next.

The plot of Eq. (3) is shown in Fig. 1 with circles, along with the
corresponding fitting (solid line) by the stretched exponential
Eq. (1). The fitted parameters are b ¼ 0:80 and the dimensionless
time parameter td ¼ 0:076. Note from Eq. (1) that the stretched
exponential parameter t has units of time, while b is dimension-

less. Taking into account that td ¼ Dt=L2, we obtain the following
predictions from the analytical solution of diffusion equation:

t ¼ 0:076
L2

D
ð4Þ

b ¼ 0:80 ð5Þ
We see that both parameters do not depend on the initial drug

concentration C0, while b is also predicted to be independent on
the other device characteristics, L and D. These results are similar to
those obtained in the case of release from spherical devices [32].

The obtained value of b in Eq. (5) agrees very well with a
suggested relation [22] between the stretched exponential
exponent and the exponent n appearing in the well known Peppas
power-law: Mt=M1 ¼ ktn. For Fickian release from slabs, the
exponent in the latter formula equals to n ¼ 0:5 [12]. Analyzing a
large number of data in Ref. [22], the linear relationship b ¼
1:4n þ 0:11 has been suggested. For n ¼ 0:5 this equation yields
b ¼ 0:81.

3.1.2. Numerical results obtained by Monte Carlo simulations
Here we discuss results for drug release from slabs with planar

surfaces, obtained by Monte Carlo simulations. For the data
presented below we have used Rs ¼ 100 different realizations in
lattices with Nx ¼ Ny ¼ 20 sites in the x and y directions where the
periodic boundary conditions are used (see Subsection 2.1). We
have checked in indicative cases that the same results are obtained
using 200 realizations and lattices with Nx ¼ Ny ¼ 10 or 40 sites.

We first examine the potential dependence of release profiles
on the initial concentration C0 of the drug. Values of C0 ranging
from 4% to 50% are used. As expected, release kinetics does not
depend on C0. This is in agreement with the results of similar
Fig. 1. The release profile, Mt=M1, as a function of the dimensionless time

td ¼ Dt=L2 , obtained from the analytical solution, Eq. (3), of diffusion equation
for the case of a slab (magenta circles). Continuous blue line shows the
fitting with the stretched exponential function, Eq. (1), resulting in b ¼ 0:80
and td ¼ 0:076.
studies in other systems [24,32,33], as well as with the analytical
predictions from the diffusion equation.

Then the influence of the thickness L of the slab on the release is
investigated. Circles in Fig. 2 show the fractional release obtained
for various values of thickness from L ¼ 10 up to L ¼ 100. Here L is
measured in units of the lattice spacing lu [32], and therefore its
value coincides with Nz. We see from Fig. 2 that release is delayed
for thicker slabs, as anticipated. We use the stretched exponential
function, Eq. (1), to quantify the observed behavior.

Solid lines in Fig. 2 present fittings of the numerical release
profiles with Eq. (1). From these fittings the stretched exponential
parameters b and t are obtained for different values of L. These
dependencies are shown by symbols in Fig. 3: the time parameter t

is proportional to L2, as it can be seen by the fitting with the

parabolic solid line showing the relation t ¼ 0:48L2, while the
exponent b is inversely proportional to L as shows the correspond-
ing linear fitting of b ¼ f ð1=LÞ with the solid line b ¼ 0:71 þ 1:1

L .
The above mentioned relations, obtained through the fittings

shown in Fig. 3, concern dimensionless quantities. For a discussion
of the units of length, lu, and time, tu, considered in the Monte Carlo
simulations see the relevant discussion in Ref. [32]. Taking into
account dimensional analysis regarding the dependence of time
parameter t on the thickness L and the drug diffusion coefficient D
and also that the diffusion coefficient corresponding to the Monte

Carlo process described in Subsection 2.1 equals to l2u=6tu [32], one
then obtains that in normal units

t ¼ 0:48
6

L2

D
¼ 0:080

L2

D
ð6Þ

This relation, derived from the numerical simulations, is in close
agreement with Eq. (4) predicted from the analytical solution of
Fick’s second law.

The dependence of b on thickness L in normal units reads

b ¼ 0:71 þ 1:1
L=lu

� 0:71 ð7Þ

Since lu is assumed to be of the order of the linear dimensions of
drug particles, the thickness of the slab is much larger than that,
i.e., L >> lu. This implies that the second term 1:1

L=lu
of the sum in the

last equation can be neglected, resulting in a constant value of b, in
Fig. 2. Release profiles, Mt=M1, as a function of Monte Carlo time for slabs of
different thickness L (circles). Error bars correspond to standard deviations
from the different realizations. Solid lines represent fittings of the numerical
results with the stretched exponential function, Eq. (1).



Fig. 3. Dependence of the stretched exponential parameters t and b on the thickness L of the slab, as obtained through the fittings of the numerical results of

Fig. 2 with Eq. (1). Left: t as a function of L (circles). Solid line shows a fitting with a parabolic function t � L2. Right: b as a function of 1=L (squares). Solid
line shows a linear fitting.
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accordance with the analytical prediction. However, the constant
term is somewhat smaller than that of Eq. (5).

Similar dependencies of the stretched exponential parameters
b and t as those of Eqs. (6) and (7), have been numerically found in
the case of release from spheres too, with the radius of the sphere
replacing the thickness L (see Eqs. (11) and (13) in Ref. [32]). As
happens in the case of spheres, also here, for slabs, the
proportionality coefficient in t (the constant term in b) is around
6% larger (10% smaller) than the corresponding prediction of the
analytical solution of diffusion equation. Note at this point that the
used Monte Carlo simulations take into account excluded volume
interactions between the diffusive drug particles, while no
interactions are considered in the analytical treatment of diffusion
equation. However, it has been surprisingly found that Monte Carlo
simulations produce the same results regardless whether excluded
volume interactions are included or no interactions are considered
[34].

3.2. Drug release from slabs with rough surfaces

In a real situation the surfaces of a slab or a membrane are not
perfectly flat, but they exhibit some degree of roughness. For
example in the Fig. S2 of Supplementary information an optical
Fig. 4. Examples of numerically constructed rough surfaces. Left: Three-dimensional vie
L ¼ 60, and amplitude of surface fluctuations w ¼ 8. Right: Contour plot of the 

L ¼ 100, and amplitude of surface fluctuations w ¼ 8. The color bars at the rig
respectively.
profilometer image of a drug-loaded thin polymeric membrane is
shown [35,36]. Of course the degree of roughness varies from case
to case. In this section we numerically investigate the influence of
surface roughness on the release profiles by considering irregular
surfaces and examining different amplitudes w of surface
fluctuations.

To mimic an experimental situation like that shown in Fig. S2 of
Supplementary information, we have constructed rough surfaces
using the procedure described in Subsection 2.2. Indicative
examples of irregular surfaces obtained in this way are shown
in Fig. 4. At the left (right) of this figure a three-dimensional plot
(a two-dimensional contour plot) of the lower (upper) rough
surface is displayed for a lattice with Nx � Ny equal to 20 � 20
80 � 80ð Þ, ns ¼ 5, average thickness L ¼ 60 L ¼ 100ð Þ and ampli-
tude of surface fluctuations w ¼ 8.

Slabs with such irregular surfaces present a non-uniform
thickness, with an average value L. The variation of the thickness
DL is given through the amplitude w of surface fluctuations. For
upper and lower non-planar surfaces with positions fluctuating in
the interval L � w and 0 � w, respectively, the slab thickness varies
in the range L � DL, where DL ¼ 2w. For the surfaces considered in
our simulations, the resulted slabs exhibit a thickness distribution
resembling a Gaussian. These are demonstrated in Fig. 5: the
w of the lower surface of a lattice with Nx � Ny ¼ 20 � 20,ns ¼ 5, average thickness
upper surface of a lattice with Nx � Ny ¼ 80 � 80, ns ¼ 5, average thickness
ht of each plot display the z coordinates of the lower and upper surface,



Fig. 5. Thickness variability of the slabs considered in our simulations. Top: Thickness variation of an indicative example of a slab with Nx � Ny ¼ 20 � 20, ns ¼ 5, average
thickness L ¼ 60, and amplitude of surface fluctuations w ¼ 8 (degree of thickness variability DL ¼ 16). Bottom: Thickness distributions for various values of w in
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variation of the thickness in a particular simulation of one example
of a slab with average thickness L ¼ 60 and w ¼ 8 DL ¼ 16ð Þ is
shown at the top, while the thickness distributions for different
values of w at a fixed L ¼ 60 is presented at the bottom. In the latter
case, the distribution corresponding at each w is obtained over a
few thousands of simulations at the particular values of w and L.

3.2.1. Release profiles obtained by Monte Carlo simulations
Numerical results of the release profiles, obtained through

Monte Carlo simulations, for slabs with an average thickness
L ¼ 60 and different amplitudes w of surface roughness are
presented in Fig. 6. Releases curves have been statistically averaged
over a few thousands realizations. Standard deviations are not
shown for clarity, but indicative errors can be seen in Fig. 7 below.
For comparison we have also included in Fig. 6 the data for a slab
with flat surfaces and a uniform thickness L ¼ 60 (corresponding to
the case w ¼ 0). It can be seen that by increasing w, i.e., increasing
the surface roughness, the drug release is substantially accelerated.
Note that the more rough is the surface, the larger the area of the
surface from where the drug is released.

Analogous results to those shown in Fig. 6 for L ¼ 60 are also
obtained for slabs with other average thicknesses, L ¼ 20, 80, and
100. In each case w was varied from zero up to values just below
L=2 (since DL ¼ 2w should be less than L, otherwise holes would be
created in the slab). It has been also checked that larger values of
Nx � Ny give similar results.

The choice of the sub-grid spacing ns, used in our method for
constructing rough surfaces in the simulations (see Subsection 2.2
and the related Fig. S1 in the Supplementary information), affects
the release kinetics. In particular, for a fixed value of w, by
increasing ns the release is delayed. This seems reasonable because
the surfaces become smoother in this way; as the number of the
sub-grid sites (i.e., the sites i; j of the Nx � Ny grid where the
positions of the surfaces randomly fluctuate) is decreasing, while
the intermediate grid sites between those ones correspond to
smooth variations of surfaces’ positions due to the bilinear
interpolation. Therefore the degree of surface roughness is
provided through a combination of the parameters w and ns as
follows: the larger the value of the amplitude of fluctuations w, or
the smaller the sub-grid spacing ns, the higher the surface
roughness. Our numerical simulations indicate that a higher
surface roughness gives faster release rates, while smoother
surfaces delay the release. This property may be used for controlled
release, especially in cases that smart systems inducing roughness
would be devised.



Fig. 6. Fractional drug release, Mt=M1 , from slabs with rough surfaces, as a function of Monte Carlo time, for various amplitudes w of surface fluctuations. The
case w ¼ 0 corresponds to planar surfaces (slab of uniform thickness). In all cases slabs of Nx � Ny ¼ 20 � 20, ns ¼ 5, and average thickness L ¼ 60 are used.

Fig. 7. Release profiles, Mt=M1 , as a function of Monte Carlo time for the cases with w ¼ 4 (circles, left) and w ¼ 28 (squares, right) of Fig. 6. Error bars
correspond to standard deviations from the different realizations. Continuous lines represent fits of the numerical results with the stretched exponential function,
Eq. (1).
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3.2.2. Dependence of stretched exponential parameters on the degree
of thickness variability

In order to quantitatively describe the dependence of release
kinetics on the degree of thickness variation, we have fitted the
numerically obtained results with the stretched exponential
function, Eq. (1). As in other cases, this simple analytical formula
provides a good overall description of the fractional release. This
can be seen from Fig. 7, where the fitting of the release profiles of
Fig. 6 corresponding to w ¼ 4 (red circles in Fig. 7) and w ¼ 28
(green squares in Fig. 7) is shown by solid lines. Concerning the
data from the numerical simulations in this figure, note that the
relative errors are significantly larger as w increases, due to the
increased irregularity of the surfaces.

Through fittings like those shown in Fig. 7, the values of the
stretched exponential parameters b and t are obtained for each
case examined. The dependence of these parameters on the degree
of thickness variability DL ¼ 2w is presented in Fig. 8, for two
different average slab thicknesses, L ¼ 60 (circles) and L ¼ 100
(triangles). The data at DL ¼ 0 correspond to w ¼ 0, i.e., to slabs
with a uniform thickness L ¼ 60 or L ¼ 100, respectively (see the
values of t and b shown in Fig. 3).

We see that the time parameter t decreases with DL (Fig. 8,
left), showing this behavior up to the maximum allowed value of
thickness variability (DL < L). On the contrary, the stretched
exponential exponent b displays a non-monotonous dependence
(Fig. 8, right), presenting a minimum at a value of DL around
ð2=3ÞL.

4. Conclusions

We have examined drug release from slabs/thin films of either
flat, or rough, surfaces and discussed the influence of surface
roughness on release kinetics. Monte Carlo simulations are used
for the numerical calculation of diffusion-controlled release
profiles. Analytical results are considered in the case of slabs with
uniform thickness. Fractional release has been quantified through
the stretched exponential function and the dependence of the two



Fig. 8. Dependence of the stretched exponential parameters on the degree of thickness variability DL. Left: Time parameter t as a function of DL. Right: Exponent b as
a function of DL. Triangles correspond to slabs with average thickness L ¼ 100, and circles to L ¼ 60. In all cases Nx � Ny ¼ 20 � 20 and ns ¼ 5. Solid lines show
fits with polynomials of second degree.
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parameters of this function on the relevant characteristics of the
system.

In the case of slabs with planar surfaces, the predictions from
the analytical solution of diffusion equation are first discussed,
regarding the dependence of the stretched exponential time
parameter t and the exponent b on the thickness of the device and
the diffusion coefficient. Then these predictions have been
confirmed by the numerical results obtained through Monte Carlo
simulations. Both approaches show the same dependencies, with
only small differences on the values of the numerical constants.

Slabs with rough surfaces, exhibiting non-uniform thickness,
have been investigated through numerical simulations. For this
purpose a method for constructing irregular surfaces was
developed. Films of different average thickness and for various
degrees of surface roughness have been examined. We found that
the higher the roughness, the faster the release, while the release
rate is slowing down for smoother slab surfaces. The dependence
of the stretched exponential parameters on the degree of thickness
variability DL is presented. While the time parameter t decreases
monotonously with DL, the exponent b shows a richer behavior
presenting a minimum.
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Figure S1. Schematic representation of the procedure used for the construction of rough 
surfaces in the numerical simulations. The sub-grid shown by red squares corresponds to the 
positions of the -plane where randomly selected integer numbers (in the range  for 
the lower surface and  for the upper surface) provide the  coordinates of slab’s main 
surfaces. The integer  coordinates of the lower and upper surfaces at the other points of the 
grid (shown by black circles) have been calculated using bilinear interpolation between the 
random values of the sub-grid. 

 



 

Figure S2. Optical profilometer image of a thin poly(ε-caprolactone) membrane loaded with 
0.2% Verapamil Hydrochloride. A surface region with dimensions around 600x450 µm is 
shown. The colorbar at the right displays the fluctuations of the surface roughness. The 
average thickness is around 2.7 mm in this case. (Courtesy of I. Kontopoulou and N. 
Bouropoulos). 
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