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Abstract. Embelin is a natural agent with antimicrobial, antifungal and analgesic activities.
This work presents a mechanistic model for the release of embelin from a polycaprolactone
matrix. Based on the results of embelin release experiments and Raman microscopy
measurements, the model assumes a dual dispersion of the embelin: agglomerated and
dispersed. Embelin release mechanism combines the effects of the liquid migration into the
matrix, the drug ditfusion, and the drug dissolution within the wetted matrix. The model is
formulated in terms of four partial differential equations that account for the mass balances
of dispersed, agglomerated, and dissolved embelin, and aqueous solution. Model
predictions show that the release mechanism involves three stages: a burst stage, in which
dispersed embelin 1s rapidly released; a transition stage, in which dispersed and
agglomerated embelin are simultaneously released; and, once the dispersed embelin
depletion, a stable release stage until the agglomerated embelin exhausts.

Keywords: Mechanistic Model, Drug Release, Polycaprolactone, Embelin.

1 Introduction

Controlled drug delivery systems are efficient, versatile and safe means for the
pharmacological treatment of a number of human diseases [1,2]. Controlled drug delivery
technology facilitates the transport of a pharmaceutical agent to a specific area of the body
and assures the release of the agent into a therapeutic level for a sustained period of time
[3]. Theretfore, drug delivery systems contribute to control the biodistribution and to
increase the bioavailability of therapeutic agents [4].

Embelin is a natural benzoquinone therapeutic agent with poor water solubility. Embelin
can be isolated from species of the Myrsinaceae and Oxalidaceae families and has diverse
biological properties, including antimicrobial, antifungal, and analgesic activities [5-7]. It

has been observed that poly(g-caprolactone) (PCL) scaffolds containing embelin presented
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biocompatible, biodegradable, semicrystalline and hydrophobic polyester extensively used
in drug delivery systems due to its good drug permeability and low degradation rate
[10,11]. A number of embelin-loaded PCL systems have been studied and proposed by our
group [12—14]. Being hydrophobic and degradation resistant, the penetration of aqueous
solutions into and through PCL devices are minimal, what results in reduced drug release
rates [15,16]. Thus, drug doses can be controlled, the administration frequency reduced,
while the possibility of overdose is erased.

So far, embelin release from PCL matrices has been studied by using empirical
mathematical models, like zero-order and Korsmeyer-Peppas’ models [12]. The zero-order
model, in which the drug release rate remains constant over time, provides a good fit of
experimental data during the initial burst release stage, but it fails for the subsequent release
stages. The Korsmeyer-Peppas model proposes a power-law dependence of the drug release
with time, so it can be either used to fit the burst stage (in such a case, it reduces to the zero
order model) or the long-term release (assuming quasi-Fickian diffusion). However, this
model is unable to describe the complete behavior in a unified way. The limitations of the
above models to describe the embelin release phenomena in a unified way suggest that
multiple mechanisms of drug transport and release might take part simultaneously [9].

Mechanistic mathematical descriptions of mass transport in confrolled drug delivery
systems allow for deeper insights into the phenomena involved in drug release. In contrast
to empirical and semi-empirical models, mechanistic models incorporate the physical,
chemical and/or biological phenomena of the system [17]. Mechanistic models are effective
to help in the design and tuning of drug delivery systems by accelerating developing times
and reducing time- and cost-intensive series of trial-and-error experiments [18,19].

Diffusional mass transport is an important limitation to drug release in delivery systems
[20]. Drug diffusion could control the delivery rate or it could be predominant in
combination with other mechanisms such as drug dissolution, polymer swelling or polymer
degradation [21]. Additional phenomena to consider are fluid penetration, initial spatial
drug distribution, drug solubility and drug crystallinity.

The model by Higuchi [22] is the most extended to study diffusion-controlled non-
degrading systems in which the initial drug concentration exceeds drug solubility in the
wetted system [23]. Higuchi’s model assumes that the liquid penetrates rapidly into the
system, that the partial dissolution of the drug assures a saturated solution, and that only
dissolved drug is able to diffuse according to Fick’s law. In practice, this results in a model
in which the system empties starting from the outermost exposed layers and progresses
towards the interior layers. The embelin-PCL system has two characteristics that make it
incompatible with Higuchi’s model: hydrophobic character of PCL prevents the rapid
penetration of the liquid into the system, and the embelin dissolution rate is slow in
comparison to its diffusion velocity in the liquid.

m1 1 R 1 1 toat 1T 1 a1 1 ~ 1 1 -~ ™T ~1 at
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level. The model accounts for the combined eftects of the diffusion of the liquid into the
system, the dissolution of embelin in the wetted matrix and the diffusion of the dissolved
embelin in the liquid. The model formulation is based on the results of embelin release
experiments and Raman microscopy measurements. Raman microscopy is used to
characterize the in-depth embelin spatial distribution, which is a key data for the model
development.

2 Materials

Embelin (2.5-dihydroxy-3-undecil-1.4-benzoquinone, Fig. 1a) was isolated from Oxalis
ervthrorhiza Gillies ex Hooker et Arnott (Oxaloacetate) that was collected in San Juan
province (Argentina) following the procedure described by Feresin et al. [24]. Embelin
density is 1.130 gem™. PCL (number-average molecular weight of 80.000 g:mol™ and
density 1.145 g-em™), dichloromethane (DCM) and N,N-dimethylformamide (DMF) were
purchased from Aldrich Chemical Co. (St Louis, MO, USA). PCL chemical structure is
shown in Fig. 1b.

3 Experimental

3.1 Preparation of embelin-loaded PCL films

PCL matrices were prepared by solvent casting. A predetermined amount of PCL pellets
were dissolved in 5 ml of DCM:DMF mixture (1:1 by volume) under stirring to obtain a
polymer concentration of 10 wt%. Embelin were then added to the solution at 3 wt% and
18 wt%. Embelin amounts were selected to assure the minimum inhibitory concentration
index (MIC) for the films to be effective delivery systems with bactericidal and
trypanocidal activity [12]. The 3 wt% is intended to obtain films in which embelin is most
dissolved in the PCL matrix; the 18 wt% is intended to achieve the degree of drug
saturation in the films.

The solutions were poured into a 4.6 cm-diameter Petri dish (Fig. 1¢) and dried under a
fume hood for 24 h at room temperature to obtain films, which were labelled E3 and E18
according to their embelin loads. Films were then dried in a vacuum oven to remove the
residual solvent. Films were homogeneous and opaque, with the typical aspect of PCL
films. Film thicknesses, e=700 + 150 «m, were measured with a low force caliper. Films
were stored at room temperature for 45 days to ensure a constant crystallization degree for
PCL before pursuing any test.

3.2 Porosity

Liquid extrusion porosimetry (LEP) was used to determine the film porosity. Vaseline
(surface tension y = 33 dyn cm™) was used as intrusion liquid because it spontaneously fills
the porous structures of PCL (contact angle near to zero) without swelling effects [13]. Test
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USA). LEP measurements were complemented with scanning electron microscopy (SEM)
observations to characterize the surface porosity and morphology. Samples were examined
using a JEOL JSM-6460LV microscope after gold sputtering. Surface porosity was also
measured from SEM micrographs using the software Imagel.

3.3 Embelin quantification and distribution

Embelin content of the films was measured using ultraviolet-visible spectroscopy (Agilent
8453). Disc samples with 3 mm in diameter were cut from the films and were dissolved in
the DCM:DMF mixture, and quantification was carried out after calibration, observing the
absorption band at 2 = 330 nm, in accordance with the procedure by Prasad et al. [25].
Calibration resulted with R* = 0.989.

Distributions of embelin and PCL throughout the film thickness were probed with a
confocal Raman microscope (Renishaw InVia Reflex). This equipment consists of a Leica
DM2500 microscope, optically attached to a charge-coupled device (CCD) with a detector
of 1024x256 pixels for the spectral and spatial dimensions. A laser excitation of 785 nm
was used in combination with a grating of 1200 grooves-mm™. Regular confocality was
used in all the measurements. Raman profiles were obtained by two ways: in-depth and
laterally (both along the z-axis), as shown in Fig. 1d. Lateral profiles were measured along
paths on the exposed, previously cut, lateral surface of the film, from the top to the bottom
of the sample. Measurements were performed using a metallurgical Leica x50 (NA=0.75)
microscope objective in steps of 100 pm, an exposure time of 2 seconds per spectrum and 4
accumulations. Lateral profiles provide a qualitative mapping of the embelin content across
the complete specimen thickness. In-depth profiling was used to examine non-invasively
and without cutting, the top and bottom surfaces of the sample, up to depths of about 50
um. Measurements were carried out using a Leica x100 (NA=1.3) objective with oil-
immersion optics to preserve depth resolution. These spectra were acquired using 1 second
per spectrum and 5 accumulations.

Linear spectral decomposition method was used to obtain individual contributions of
embelin and PCL [26]. Thus, the Raman spectra of the film were decomposed into linear
combinations of the pure PCL and the embelin spectra plus a polynomial that accounted for
the changes in the baseline. The coefficients of the linear combinations represent the
individual contributions of the components; the results for the embelin contribution are
referred to as “embelin Raman intensity” hereafter. To compare the results of the model
simulations with the experimental measurements, the embelin profiles by the model were
convoluted with the theoretical Raman response; this was done following earlier works that
account for the effects of the spot-size and attenuation of the laser beam on the in-depth
profile [27,28].

A Frmhalin valaaca tacte
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(PBS, pH = 7.4) at 37 °C. Release measurements were made using 10 mm-diameter disc-
shaped specimens extracted from E3 and E18 samples. Release tests consisted of ten
specimens (with a mean initial total weight of 520 mg) placed into glass flasks containing
200 ml of solution that was stirred with an orbital shaker at 150 rpm for 18.5 days (Fig. le).
The embelin content in the solution was periodically monitored. For this, a [-ml aliquot
(0.5% of the solution volume) was extracted from the solution every hour during the first
12 h, and every 24 h during the following 18 days. The extracted volumes were replaced
with fresh solution. All measurements were conducted in triplicate and the results averaged.
The concentration of released embelin was determined by ultraviolet-visible spectroscopy
following the procedure explained in Section 3.3. Release tests lasted until embelin
contents were completely depleted.

4 Results and Discussion

4.1 Embelin content

Actual embelin contents in the films were 2.9 wt% for E3 and 6.1 wt% for E18. In the latter
case, a high fraction of embelin was rejected from a saturated PCL matrix as a fine powder
that was easily removed from the film surface. Based on their embelin contents, the
specimens extracted from the films were labelled ¢E3 and eE6, respectively.

4.2 Porosity

LEP tests reached a maximum applied pressure of Py, = 20 psi without vaseline going
through the film. The estimation of the upper bound for the pore diameter by means of the
Washburn’s equation, d,, = 4y /Py = 0.95 um, resulted less than one micrometer [13].
Thus, the result of the LEP test can be attributed to the films to have pores smaller than a
micrometer or to the absence of through-pores across the film.

Fig. 2 shows a SEM micrograph of the E3 surface. It can be observed that film surfaces
present a high number of cavities which can be ascribed to a high surface porosity which is
induced by a rapid volatilization of the solvent during casting and, probably, the addition of
embelin [12]. Mean pore size in the surface is in the range from 5 um to 10 um, with a
small number of large pores larger than 100 pm. On the other hand, observations of the
samples prepared with 18 wt% of embelin showed that surface pores were completely full
(and thus with no room for extra embelin), what is consistent with the exudation of the
embelin excess reported in the previous section.

4.3 Embelin spatial distribution

Fig 3a shows the Raman spectra of pure embelin, pure PCL and that typical of an embelin-
PCL film. It is seen that the spectral profiles of pure PCL and embelin are ditferent.
Therefore, these individual components can be well resolved in the composite spectra of the

~1 T ~1 1 4 a1 1 1 ™ ta bl ~1 1.° -~ a1l 1 . 1
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figure in the insert combines the data of the five measurements. Similar profiles were
obtained for the specimen eE3. The intensity results allow to infer that embelin
concentrations are nearly constant along most of the specimen thicknesses, with
accumulations in the zones next to the specimen surfaces.

Fig. 4 presents the Raman intensity profiles of embelin in the zone next to the specimen
surfaces (up to 50 um depth), as obtained from in-depth profiling measurements. The
figure brings together the results of the measurements practiced on the top and bottom
surfaces. In these plots, positive z-values correspond to focusing points above the sample
surface, whereas negative values correspond to focusing points within the sample; the scale
is zeroed at the position where the sample surface is in focus to be visually observed. The
bell-shaped response profile shows that even when focusing above the sample surface,
some signal arising from the sample interior is observed because of the finite-sized laser
spot. The maxima take place below but near the surfaces because these are the zones that
concentrate most of the embelin. The intensities decrease as the focusing point moves
further within the sample; this is due to two causes: the embelin concentration decrement
and the increment of the laser radiation absorption by the sample with depth. Although the
important data dispersion —that can be attributed to the surface irregularity and porosity—,
the location of the maxima is consistent with the results in Fig. 3; they indicate high
embelin concentrations in a thin layer (about a few microns) below the surface. No
systematic differences were found between the measurements for the top and bottom
surfaces, thus embelin distributions can be considered symmetric with respect to the
specimen mid-planes. The lack of symmetry observed in Fig. 3 is attributed to the lack of a
well-defined sample edge that is difticult to access via lateral profiling.

4.4 Embelin release

Fig. 5 depicts the embelin released mass as function of time for specimens eE3 and eE6;
error bars indicate the dispersion of the results. Release histories are divided into three
stages: the burst stage (BS), which consists in the initial rapid release during approximately

derel

the first 12 h; a transition stage (TS) in which the mass release rate, , slows down;

and the stable release state (SRS) which starts after approximately 48 h and lasts until
embelin is completely exhausted (depletion times are approximately 400 h and 260 h for
the eE3 and eE6, respectively). It is interesting to note that the times of the BS and the TS
are roughly same for both specimens, although the difference in their embelin contents.

Weight checks showed that, consistently with its hydrophobic nature of PCL [29], the
aqueous solution intakes were very low, around 0.5% the matrix weight during the first 10
h of immersion.

Embelin release rates during the BS and SRS can be assimilated to constants, as indicated

dmre .
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indicating 95% confidence bounds. Results in Table 1 show that release rate of eE6 is
nearly 3 times that of eE3 during the BS, what is consistent with the larger amount of
embelin eE6 releases during the first 12 h. Similarly, the release rate of eE6 during the SRS
is approximately 2.4 times faster than that of eE3. This is not only because eE6 releases a
larger amount of embelin during the SRS, but because it does it in a shorter time than eE3.
When analyzed in terms of mass fraction, it is found that the eE3 releases approximately
41% of its embelin content during the BS and 59% during the SRS. On the other hand, the
¢E6 releases 52% and 48% of its embelin during the BS and the SRS, respectively.

A second set of in-depth Raman measurements was performed atter 48 h of release (i.e.,
tests were interrupted approximately at the beginning of the SRS). The embelin intensity
profiles are plot in Fig. 6. It is observed that the profiles have reduced their intensities with
respect to those at the beginning of the test (Fig. 4), what it is consistent with the decrease
in the embelin content. On the other hand, and in contrast to the measurements at the
beginning of the test, the positions of the maxima are dispersed; they can be found up to
about 20 um below the surface. These observations allow to infer that zones near the
surfaces do not empty out of embelin during the initial stages, as is the usual assumption for
burst models. The measurement at 48 h is in agreement with a significant part of the release
during the burst is embelin from the bulk, while a significative portion of the embelin on or
close the surface is released in the stable state.

4.5 Considerations about the experimental observations

The release rate of agent is influenced by characteristics of its dispersion and distribution in
the matrix [30]. Thus, the development of the model starts from considerations about drug
distribution in the film.

Raman measurements show initial embelin distributions that are compatible with that of
casted films, in which the contraction experienced by the material during solvent
evaporation results in the heterogeneous distribution of the solute. The embelin content
across the thickness is intimate related to porosity. The simplest approach compatible with
the observations in Section 4.2 is to assume that the film structure is not influenced by the
embelin content, and so, the surface porosity is the same for eE3 and eE6. For the model,
porosity profile is assumed piecewise constant; with a high porosity on the film surfaces,
@, consistent with the important embelin concentration in the surface layers, and a
relatively low porosity in the film bulk, ¢, which is ascribed to a fine porous
microstructure with low embelin concentration.

A gross estimation of the mean film porosity can be calculated using the volume and
weight of the eE3 and eE6 specimens and the density of the starting materials (Section 2).
This results in a mean approximate porosity ¢ = 0.18.

The ranctant rate nf tha dmia dalivery dAirine ARQ (Fia S allawe ta infar that amhalin
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between the BS and SRS suggests the presence of two forms of embelin, which are
assimilated to solid embelin and dissolved in PCL. Solid embelin is located on the film
surface layer, where the porosity favors the formation of drug agglomerations [31];
dissolved embelin spreads across the complete film thickness highly dispersed.

Since aqueous solution penetration into the film is minimal due to the PCL hydrophobicity,
wetting and subsequent embelin dissolution are limited to the porous zone close to the
surfaces. The ingress of PBS into the surface layers triggers the dissolution of the embelin
(agglomerated and dispersed) present in this zone. PCL is highly permeable to small drug
molecules [32]; therefore, dispersed embelin could diffuse through the PCL amorphous
domain until it dissolves in PBS when it reaches the wetted zone [23].

5 A mechanistic model of embelin release
5.1 Model formulation

Based on the above considerations, a model for the embelin release is proposed next. The
model combines aqueous solution ingress and embelin diffusion and dissolution
mechanisms. A model scheme is shown in Fig. 7. The problem is assumed one dimensional
and symmetric with respect to the film mid-plane. The coordinate z' = z — e/2 is used as
spatial reference, being e the film average thickness (Fig. le and 7a), such that the model
domain spans z' = [0, e/2].

Embelin is presented in the film in three forms: dispersed (embelin dispersed at the
molecular level, and dissolved in the PCL amorphous domain), agglomerated (solid
embelin), and dissolved in PBS. The hypothesis on the coexistence of these three forms of
the solute is based on the work by Frenning [33], who observed this phenomenon in
systems with high drug concentrations and/or when the drug is poorly soluble in aqueous
solution. The mass concentrations of the three embelin forms, Cg dsp® C Fagy and Cg,_, are

given with respect to the film free volume,

dv(z") = (Adz") - p(2"), (D

where A is the specimen cross-section area and ¢(z") is the porosity. The overall embelin
concentration is Cx=Cp asp T Ciugy T Crgepr The above concentrations evolve as function of
the position, z, and time, ¢.

The embelin mass content at t =0, mp, is partitioned into dispersed, m dsp? and

agglomerated, mgagg, embelin, with partition coefficients given by

2 , , ,
. mgagg _ 2 f[]e/ CEagg (Z ;0) . (p(Z ) -Adz

fe = and (2)
ooome 2,00 p(z) - Adz

mg
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m2 2 foe/z Cryyp (7, 0) - (7)) - Ad7'

1R, =—ut = (3)
“rmy 2 fﬂelz Ce(Z',0)-p(z)-AdZ
: 0 0o _
with fg asp T fEagg =1
The initial embelin concentration is
Ce(Z',0) = CEdsp (z',0) + CEagg (z',0), (4)
while the initial concentration of the dissolved embelin is zero,
CEdw(z’, 0)=0. Q)
PBS ingress and ditfusion into the film is governed by Fick’s law [34],
a M azz

where C,, and D,  are the PBS concentration and diffusion coefficient, respectively. The

initial PBS concentration is null inside the film

Caq(2',0) = 0, (7)

and it is assumed to remain constant and equal to that of the solution bulk on the film
surfaces

CAq‘ (8/2 ’ t) = CAqbqu' (8)
The symmetry condition at the PBS concentration at the film mid-plane is
dCaq(0, 1) o
dz'
Agglomerated embelin is impeded to diffuse until it dissolves. When reached by PBS (this

)

is, for Cy, > 0), the agglomerates dissolves following the Noyes-Whitney model [35] (Fig.
7b),
dCg,,,
at

where kEﬂgg 1s the dissolution coefficient, A, g, 1s a coefficient that accounts for the area of
3

= _kEaggaEagg<CEsat - CEdSU) 1f CAq > O al’ld CEagg > 0, (10)

the agglomerates exposed to PBS, and (g = 0.13mg - cm™ is the embelin saturation

limit in PBS [29]. The angle brackets (-) adopt the value zero, and then no dissolution takes

place, when Cp, = Cg_ ., this is, when the embelin concentration attains the saturation

]im{f ThP nnnr]ifinn . ~ N nrevente ﬂ‘lP mnr‘@] tn r*liqqnlvp maore pmhp]in fhs\n iQ
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dCEﬂgg (e/z ’ t) _

=0; (1)
dZ' ’
the symmetry condition at the film mid-plane is
dC 0,t
L() _ (12)
dz'
Dispersed embelin diffusion is governed by Fick’s law,
ac 0%C
o E 'ﬂ—k}z g 45y {Chyae — Cigey)
ot dsp aZ,Z dsp “Edsp sat dsv ( 1 3)

if C4q > 0and Cyp > 0,

where Dg,  and kg, are the diffusion and the dissolution coefficients, respectively, and

g, is a coefficient that accounts for the area exposed to PBS. The interpretation of the

brackets (-} and the condition Cg asp = 0 1s the same as for the agglomerated embelin in Eq.

(10).
As for the agglomerated form, it is assumed that dispersed embelin is not released into the
PBS, so
dC 2,t
dz
the symmetry condition at the film mid-plane is
dcC 0,t
£ —0 (15)
dz
The mass balance for the dissolved embelin, Cg, . is
d CE(isv d : CEdsv
ot = Edsv aZ,Z + kEdspaEdsp<CEsat - CEdsv) + kEaggaEagg(CEsat - CEd5v> (16)

where D, is the diffusion coefficient. Dissolved embelin releases to the medium through
the film surface. This external mass transport is characterized by the constant & and the
driving force given by the difference between the embelin concentrations in the fluid bulk,
Cepor» and at the film surface, Cg,  (e/2,t). Perfect sink condition is assumed throughout
the experiment, meaning that the embelin concentration in the bulk fluid is negligible,
Cepue = 0 (less than 20% of the solubility value [12]). In this way, the boundary condition
at the free surface is

dCr. (e/2.t) h . . h
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The boundary condition at the film mid-plane is given by the symmetry-condition,

dCg,,,(0,8)
dz' B

The model assumes that the film matrix is inert and that it does not undergo neither

0. (18)

degradation nor erosion during wetting and embelin release, as the hydrolytic degradation
time of PCL is greater than the duration of the study [4]. Matrix swelling is neglected
because its hydrophobicity.

5.2 Model implementation

In order to simplify the implementation and analysis, the model was rewritten in
zZr

dimensionless form, with the dimensionless position and time given by { = o) (Fig. 7b)
and T = ;sz)OZ, respectively. In this way, the dimensionless equations for the mass balance
of PBS (Eq. 6) and for the agglomerated (Eq. 10), dispersed (Eq. 13) and dissolved embelin
(Eg. 16) are:
9C,,(,7) _ Dy .aZC/’lq({,r) 19
dt D, a2 ’
dCg, ((,7) ke, ag,.  (e/2)? _
gégT _ _ _Bagg DE: (1—-Cg,,) if Cyy >0and Cg, >0, (20)
acé'dsp(ql T) _ DEdsp . aZCé-dsp _ kEdspaEdsp(e/Z)z (1 _ C’ ) (21)
0t Dy, 0% Dy, Fasv
if Csq>0and Cédsp > 0,
and
ac'én‘.sv (C’ T) _ DEdsv azcédsv + kEdSPaEdSP (8/2)2 (1 Cr )
gt Dg, 0 Dy, Easv
n kEaggaEagg (8/2)2 (1 C' ) (22)
DEO Easp?
c c
where the dimensionless concentrations are Cy, = _‘aq Cp, = “agg. E = Zdsp
Caqpuik @99 CEsat asp CEsat
_ CEd.sv.

and Cp, = Dg, is the diffusivity of embelin in the liquid-filled pores of the PCL

bl
CEsat

matrix.
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, dCsq(0,7)
CAq(L T) - CAqbulk/CAqbuzk =1 and d( =0; (23)

those of the agglomerated embelin (Eq. 11 and 12) are

dcgagg(l,r) _ dC,gagg(O, T) _

= =0: 24
dc d¢ ; (24)
those of the dispersed embelin (Eqs. 14 and 15) are
dCEdsp(l,I) _ dCEdsp(O,T) _o. 25)
a¢ a¢
and those of the dissolved embelin (Eqgs. 17 and 18) are
dcCy 1,7 h-(e/2 dcCr 0,1
LD D g L0 26)
d( DEO dsv d{

The model was implemented in MATLAB with PDEPE for the solution of one-dimensional
parabolic and elliptic partial differential equations by means of a finite difference scheme.
The model domain, { = [0,1], was discretized with 900 elements, 90% of which were
concentrated in the zone next to the film surface, { = [0.9,1].

5.3 Model tuning

The model requires the tuning of the following data and parameters: the initial spatial
embelin distribution and its partition into the dispersed and agglomerated forms; the PBS
diffusion coefficient, Dy, ; the diffusion coefficients of the dispersed, agglomerated and

dissolved embelin in the PCL matrix, Dg, ., Dg, ~and Dg, . the diffusion coefficient of
P agg dsv

embelin in the fluid-filled pores, Dg ; the dissolution coefficients of the dispersed and

agglomerated embelin, ki dsp and kEagg; the coefficients that account for the area of the

dispersed and agglomerated embelin that is exposed to PBS during the dissolution, ag,
sp

and Qg the coefficient of the external mass transport, h; and the porosity profile across

the film thickness, ¢ (z").

The above data and parameters are tuned so that the model embelin release matches those

of the experiments in Fig. 5. In this way, the model tuning is formulated as an optimization

problem, the objective function of which is the minimization of the sum of the normalized
square differences between the model and experimental embelin release histories:
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n exp 2
150 | me,, (6) —mg (&)
““}-ﬁn_Z[ e 27)

0
n m
i=1 E

where P is the set of the model parameters, mErel(ti) is the model prediction for the

accumulated embelin release up to time t;, which is computed by doing

t;

! e/2
mg,.,, (&) =mg — f 2] Ce(z',t) - @(z") - Adz' dt; (28)
0
0

and m?:fl (t;) are the experimental data points in Fig. 5. The explicit form for the vector of

the optimization variables P is given at the end of this section once all the considerations
for the analysis are presented.

The optimization is carried out under the following restrictions and considerations:

a. The embelin spatial distribution in time should evolve compatible with the Raman
measurements in Figs. 3, 4 and 6. The initial spatial concentrations of the agglomerated and
dispersed embelin were modelled using the following inverse exponential functions

0

ag
c 0) = agg d (29)
Fagg ($0) 1 4 o Phagg =D an
(,0) iy (30)
Ci. (¢,0) = -
Easp 1+ o PRasp @D

: 0 0 0 0
with the constants the AEgy + XEgsy> ﬁgaggand BE dsp tuned such that Cgagg (¢,0) and
Cr: dsp (¢,0) correspond to the agglomerated and dispersed embelin partitions in Eq. (2) and

(3), respectively. The surface layer thickness, {j, is expected to be of a few microns, of the
same order of the experimental measurements of the surface pore size.

Besides, the resulting initial embelin distribution
C4(8,0) = Cfy, (0,0) + Chyy, (0,0) 31
should be compatible with the Raman intensity profiles at t = 0.

Based on the model considerations (Section 4.5) the porosity profile is assumed ¢,, for the
film bulk and ¢; for the surface layer. In this way, the initial embelin mass content can be
expressed in terms of the concentrations in Egs. (29) and (30) via (31) as follows

4 1
mg =26Emtz4§[ | c@opdc + L cg(z,omdzl, (32)
0 l

1 a1 1 -~ - - 1 7 1 " 1 l 1
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Diffusion coefficients are assumed independent of concentrations. This assumption, while
not conceptually correct, has been largely applied due to the computational simplicity [23].

® Preliminary qualitative parametric studies showed that D, is the critical parameter for
the model tuning. No data on PBS diffusion in casted PCL films was found in
the literature. The only data found was for the diffusion of water in a casted PCL film
reported by Peng et al. [36]. Peng et al. used infrared correlation spectroscopy to
estimate a diffusion coefficient of 3.3+ 107¢ ¢m? h™! at 26 °C. Unfortunately, Peng et
al. do not report the film porosity. It has to be also noted that diffusion coefficient in
polymers strongly depends on temperature [37]. The above issues do not allow to
assimilate Peng's diffusion coefficient to Dy,, but they show that temperature could be a
critical parameter. On the other hand, D, must be compatible with PBS intake, which

was measured lower than 0.5 wt% after 10 h.

e Data from the bibliography show that effective diffusion coefficients of drugs in PBS-
filled pores in films and other matrix geometries are of magnitude less than
1073 cm*h ™! [11,32,38-42]. This range is used as reference for Dg, in our work.

e The diffusion coefficient of the dissolved embelin is assumed equal the diffusion

coefficient of the embelin in PBS-filled pores, so Dg, = Dg, .

e Based on the work of Grassi et al. [41], the diffusion coefficient of the dispersed embelin
in the matrix is assumed an order of magnitude less than the diffusion in the PBS-filled
pores, this is Dg,,, = 0.1Dp,.

e Since embelin agglomerates cannot diffuse, its diffusion coetficient is set Dg,,, = 0.

b. The dissolution and area coefficients for the dispersed and agglomerated embelin were

- N — .
grouped in kg asp kg asp P Easp and kEagg = kEagg LTI and handled as single parameters.

Following the studies of Chang et al. [43], they are treated as adjustable parameters.

c. Preliminary qualitative parametric studies showed that the effect of the resistance to the
external mass transport is negligible when the perfect sink condition is assumed.
Consequently, the external transport coefficient is set with a remarkably high value, say
h = 1000 cm™1.

Based on the above considerations, the explicit form for the vector of the optimization
variables is

_ 0 0 0 0 i i
P=af, B2 @ B 918 Dag, Diy K | (33)

5.4 Model application and analvsis
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implementation of optimization algorithms unfruitful. Thus, the values for the design
variables (Eq. 33) that result in the best fit of the objective function (Eq. 27) for the embelin
release experiments were found by trial and error, using a procedure that attended to the
constraints and considerations discussed in Section 5.3.

Embelin release histories of the optimized models are depicted in Fig. 8 along with the
experimental data. Note that in contrast to the experimental results in Fig. 5, embelin

~ . ~ . . 0 . m . .
releases are now plotted as fractions of the initial embelin content, i’;”, such that the limit
E

MErel
mg
objective function (Eq. 27) are R =9-10"* and 18- 10~* for eE3 and eE6, respectively.
The mean relative deviations of the model from the experimental data are 3 and 4%.

value = 1 indicates that embelin contents are completely depleted. Residuals of the

Maximum deviations of the model predictions from the experimental data are found in the
beginning of the test (during the first hours of immersion) and during the transition from
the BS to the TS, where the model overestimates the experimental values.

The initial embelin concentration Cy.(z) profiles are shown in Fig. 9. The associated values

for the variables agagg, ﬁgagg, a dsp? Jif asp P> P and (; are reported in Table 2 along with
the resulting overall partition coetficients for the agglomerated embelin, fEOa_gg. The values
of fEOagg indicate that eE6 contains a lower proportion of agglomerated embelin than eE3,

that could be related with the high amount of excess embelin that is exuded in solid form
during the film preparation. The surface layer contains approximately 63% of the initial
embelin load of eE3, being 78% of the embelin in the surface layer in the agglomerated
form. For eE6, the surface layer contains approximately 53% of the initial embelin load,
with 67% of the embelin in the surface layer being in the agglomerated form. These high
embelin concentrations on the surfaces are compatible with the Raman results in Section
4.3, Fig. 10.

The boundary layer extents are set to 12.3 um for both specimens (shaded areas in Fig. 9),
the same order of the surface porosity size (Section 4.2). Porosity of the surface layers is
@; = 0.9, compatible with the observations in Section 4.2. Mean bulk porosity is set
@p = 0.15 in order to attain the mean porosity value @ (Section 4.5).

The proposed initial embelin distributions were checked for compatibility with Raman
intensity measurements. To carried out proper comparisons, model predictions were
convoluted with the instrumental response (Section 3.3). The results are plotted in Fig. 10,
where the shaded areas are the envelopes of the experimental intensity profiles in Fig. 4. It
1s worth noting that these comparisons are qualitative, as the numerical results are scaled to
make them compatible with the experimental data. Despite the scaling, it is interesting to
see that both sets of results have their maxima a few microns below the surface.
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this coefficient, 5- 107 em? h™ 1 < Dy, < 2- 10=? cm? h™', that allows for
dissolution-controlled models. Additionally, this range for the D, satisfies experimental
PBS intake constrain (less than 0.5 wt% after 10 h of immersion). PBS diffusion
coefficients lower than 5+ 1071° em? h™! do not allow the intake of the amount of fluid
necessary for the embelin dissolution and its complete release. The best fits between
experimental and numerical results were for Dy, = 1- 107 cm® h™'.

The effective diffusion coefficients of embelin in PBS-filled pores was set Dg =
0.0008 cm? - h™1, what is compatible with the considerations made in Section 5.3. In the
same way as with the D, the Dy was set the same for the two samples.

In contrast to the diffusion coefficients above, no unique value for the dissolution
coefficients kg, and kg, could be used for both samples. Dissolution coefficients are
sp agg

kiE295 = 3200 h™' and kLEF2%° =9.8h' for eE3, and kiE%'¥ = 11600 h~! and
Edsp Eagg Edsp

k'Efg’;s = 23.5 h™! for eE6. Consistent with the higher release rates of eE6 during the BS

and SRS (Table 1), dissolution coefficients of eE6 are both higher than those of eE3. This
behavior is attributed to the larger exposed area of agglomerates to PBS for eE6, which are
mainly concentrated in the surface layer, thus favoring the release. Furthermore, the
dissolution coefficients of the agglomerated embelin are lower than those of the dispersed
ones; this reflects the smaller exposed area per unit mass of the agglomerated embelin with
respect to the dispersed one.

The results for the time evolution of the normalized embelin concentration are plot in Fig.
9. Results for ¢ < 48 h (or in other words, for BS and TS) show a small but extended
reduction in the embelin concentration; this behavior is clearer for eE6, for which the
reduction in the embelin concentration beyond the boundary layer is evident. Besides, for
t > 48 h (this is, for the SRS) the embelin concentration reduction occurs in the boundary
layer. It is interesting to observe that the embelin profiles present transition points during
the SRS (marked with circles in Fig. 9), which are associated with dissolution of the
agglomerated embelin. Note that transition points move deeper into the sample during the
early SRS (see the evolutions from t =48 htot = 100 h and t = 150 h of eE3 and eE6,
respectively), following the PBS penetration and the embelin dissolution. Then, once the
agglomerated embelin located beyond the boundary layer is depleted, the transition points
move towards the sample surface (see the profile for ¢ = 200 h and ¢ = 300 h of eE3 and
eEo6, respectively).

Fig. 11 compares the Raman experimental measurements in Fig. 6 with the simulated
intensity profiles of the numerical predictions for t = 48 h. It is observed that both sets of
results are compatible with the presence of embelin in the zone next to the surface, which
we associate to the agglomerated embelin. Fig. 11a shows that experimental profile and

17/41



19/9/2020

https://reader.elsevier.com/reader/sd/pii/S0142941820320845?token=1AE8633C59453D6D08D85695A3EFDB460EA63A1F17E4AE30EBB232918...

Development and Validation of a mechanistic model for the release of embelin from a polycaprolactone matrix | Elsevier Enhanced Reader

experimental measurements move deeper into the sample (about 10 um to 15 wm), while
the peak of the model results remains in the same position next to the surface (Fig. 11b). As
it was already discussed when dealing with the dispersion in the Raman intensity
measurements in Section 4.3, the deep location of the peak of eE6 is attributed to the
porosity on the specimen surface. It is argued that, as embelin is released from the pores,
there is more uncertainty in the detection of the specimen surface, which is systematically
detected towards the interior of the specimen. We support this hypothesis on the fact that
there is no means by which embelin can penetrate deeper into the sample.

The criterion proposed by Chang and Himmelstein [43] is used to assess whether diffusion
or dissolution preponderates in the kinetics of the different mechanisms in the model. This

criterion states that dissolution is the rate-limiting mechanism when (}i—f) ' < ké_l (and
vice-versa), where L is characteristic diffusion length in the range 0 < L < e/2. Table 3
summarizes the resistance coefficients for the diffusion of PBS, dispersed and dissolved
embelin, and for the dissolution of dispersed and agglomerated embelin. Note that the
characteristic length has been set equal to surface layer for PBS and dissolved embelin,
since these two species diffuse the distance of the surface layer extent ((e /2)-(1— Q)); n
contrast, the characteristic length for the dissolved embelin has been set equal to e /2, since
this specie diffuses from the interior of the specimen to the free surface. It is observed from
Table 3 that the maximum resistance is for PBS diffusion, so PBS ingress dominates
embelin dissolution rates and dissolved embelin diffusion. Dissolution coefficients of the
dispersed embelin present the lowest resistances and they are dominated by dispersed
embelin diffusion resistance (which does not need of the PBS ingress). Dissolution of
agglomerated embelin and ditfusion of dissolved embelin have comparable resistances. The
above observations show that besides the high resistance to PBS ingress, the dominant
embelin release mechanisms are: the diffusion of the dispersed embelin during the BS and
the dissolution of the agglomerated embelin during SRS.

The conclusions in the previous paragraph are corroborated by the plots in Fig. 12, which
illustrate the model predictions for the release histories of the agglomerated and dispersed
embelin. Released embelin masses are normalized with respect to their initial contents, such

meg mg s . . .
that mo—agg =1 and mo—dsp = 1 indicate that agglomerated and dissolved embelin contents
Eagg Edasp

are depleted, respectively. It can be observed from the plots that embelin release during the
BS consists mainly of dispersed embelin, which decelerates during the TS and until it
extinguishes before by the end of the TS. On the other hand, the release of agglomerated
embelin is negligible during the BS (mainly in eE3), it accelerates during the TS and keeps
a nearly constant rate during the SRS until depletion.

6 Conclusions
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based on the results of embelin release experiments and optical and confocal Raman
microscopy observations. The model assumes a dual dispersion of the embelin:
agglomerated and dispersed. Agglomerated embelin is initially located in boundary layer
next to the surfaces, while dispersed embelin spreads throughout the film. Embelin release
mechanism combines the effects of the aqueous solution migration into the film, the
embelin diffusion and the embelin dissolution when in contact with the aqueous solution.
Diftusion coefficient for the liquid ingress into the film is the critical parameter for the
model tuning. The dominant embelin release mechanisms are the diffusion of the dispersed
embelin during the burst stage, and the dissolution of the agglomerated embelin during
stable release stage.

Although developed for the embelin-PCL system, the proposed mechanistic model could be
applied to tune for other poorly soluble drugs provided that the matrix is inert, this is, it
does not undergo neither degradation, erosion nor swelling during wetting and drug release.
The model is flexible in what respects to the initial distribution of the drug forms.
Furthermore, the model could be extended to incorporate concentration-dependent
dissolution coefficients in order to account for the reduction of the agglomerates size (and
consequently, the exposed area) as the dissolution progresses.
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9 List of symbols

A Specimen cross-section area.

A ygq Coefficient to account for the area of the agglomerates exposed to PBS.

a Coefficient to account for the area of the dispersed embelin exposed to
Fasr | PBS.

d Specimen diameter.

e Specimen thickness.

Cr Overall embelin mass concentration.
Ceyonn Embelin concentration in the fluid bulk.
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Cropy Agglomerated embelin mass concentration.
Ceye, Dissolved embelin mass concentration.
Cr,,, Embelin saturation limit in PBS.
Cagq PBS mass concentration.
Cagrun PBS mass concentration at the fluid bulk.
Ck Dimensionless overall embelin mass concentration.
¢ édsp Dimensionless dispersed embelin mass concentration.
Eq 90 Dimensionless agglomerated embelin mass concentration.
Ck dsw Dimensionless dissolved embelin mass concentration.
C jlq Dimensionless PBS mass concentration.
Dy, Embelin diffusion coeflicient in the fluid-filled pores.
Dyq PBS diffusion coefficient.
f) fa 0 Partition coefticient of the initial agglomerated embelin mass content.
fs dsp Partition coefficient of the initial dispersed embelin mass content.
h External transport coefficient.
kg, " Agglomerated embelin dissolution coetficient.
Ky, Dispersed embelin dissolution coefficient.
mp Initial overall embelin mass content.
,%a 0 Initial agglomerated embelin mass content.
my dsp Initial dispersed embelin mass content.
mg . Embelin released mass.
fol Experimental results for the embelin released mass.
P Model parameter set.
t Time.
z Through-the-thickness position with origin at the specimen surface.
z' Through-the-thickness position with origin at the specimen mid-plane.
7 Surface layer extent.
agaqq, 15 anqq Fitting coefficients for the initial C, ,}agg.
ag ., Biy, | Fitting coefficients for the initial Cf,_ .
[0 Porosity as function of the position.
7 Specimen mean porosity.
©, Bulk porosity.
@, Surface layer porosity.
Dimensionless through-the-thickness position with origin at the
¢ specimen mid-plane.
< Dimensionless surface layer extent.
T Dimensionless time.
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Captions to the figures
Figure 1: Sample preparation and testing: (a) PCL structure, (b) embelin structure, (c)

schematic of the specimen obtention from the films, (d) specimen for Raman analysis and
(e) schematic of the delivery test.

Figure 2: SEM micrograph of the surface of a E3 sample.

Figure 3: (a) Raman spectra of embelin, PCL and an embelin loaded PCL sample. (b) Initial
embelin intensity across the thickness for specimen eE6.

Figure 4. Initial embelin intensity profiles in the zones next to the specimen surfaces.
Figure 5. Embelin released mass as function of time for eE3 and eE6 specimens.

Figure 6. Embelin intensity profiles in the zone next to the specimen surfaces after 48 h of
release.

Figure 7. Scheme of the embelin release model: (a) Initial embelin distribution, dispersed
embelin diffusion and water ingress; (b) Embelin dissolution, diffusion and release.

Figure 8. Model predictions of the embelin release histories and comparisons with the
experimental data.

Figure 9. Time evolution of the embelin spatial distribution for specimens (a) eE3 and (b)
eE6. Circles indicate the transition points and shaded areas represent the surface layer
extent.

Figure 10. Initial embelin distribution: comparison between the simulated Raman intensity
profiles and the experimental measurement for specimens (a) eE3 and (b) eE6.

Figure 11: Spatial embelin distribution after 48 h: comparison between the convoluted
model results and the experimental measurements (a) eE3 and (b) eE6.

Figure 12: Model predictions for dispersed and agglomerated embelin release of samples

(a) eE3 and (b) eE6. Agglomerated and dispersed masses are normalized with respect to the

. . O D .
initial contents mpg dsp and ME 000 respectively.
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Tables

Table 1. Estimations of the embelin release rates at the burst and stable release stages.

Embelin release

rate [mg/h]

eE3

eE6

Burst stage (BS)

0.0660 +0.0075

0.1823 +0.0179

Stable release stage (SRS)

0.0022 +1-10™

0.0052 = 4-10™

Table 2. Values of the parameters that define and characterize the initial spatial embelin

distribution.
Analysis case agagg ﬁgagg a’.gdsp ﬁEOdsp fgagg ¢ Y] Pp
eE3 4100 100 1875 2 0.51 0.965 0.9 0.15
cE6 6200 100 | 5076 2 0.37 0.965 0.9 0.15

Table 3. Resistance coefficients for the diffusion of PBS, dispersed and dissolved embelin,

and for the dissolution of dispersed and agglomerated embelin.

eE3

eE6

PBS diffusion

-1

(ma
(/2 (- OF

) =2-10°h

Diffusion of the dispersed
embelin

DEd.sp - 1
((6/2)2> =2-10" h

Diffusion of the dissolved
embelin

Dg,
([(6/2) (A=)

-1

) =2-10"3h

Dissolution  of
embelin in PBS

dispersed

kg, =3°107"h

Ky, =9:107h

Dissolution of agglomerated
embelin in PBS

Kiyy  =1°1071h

Kipyy  =4-1072h
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Highlights

*  Embelinis released after being dissolved by the solution entering the sample.
* The solution diffusion coefficient is the critical parameter for the model tuning.
* Disperse embelin is liberated during the rapid initial release stage.

* Superficial agglomerated embelin is liberated during the long-lasting stable
stage.
* Raman microscopy validates the model set-up and results.
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