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Abstract

The electrospun nanofibrous mat is an emerging tool for drug release studies. Therefore, it is essential to
predict this type of system's drug release behavior to overcome the existing problems and generate novel
drug release systems. In the present work, a numerical study is performed for fulfilling this requirement,
and the current numerical data is validated with the experimental study, which is available in the open
literature. Transient Langmuir-Freundlich adsorption-desorption isotherm is employed for describing the
drug release behavior of the electrospun nanofibrous system under perfect sink conditions. The effect of
the diffusion phenomenon is also taken into account. Drug release rates are investigated for different
initial drug concentrations, porosity values, permittivity mass coefficients, and mat surface areas.
Moreover, the relationship between the porosity and the initial drug concentration is also presented. It can
be reported that significant alterations occur in drug release rates through varied initial drug
concentrations and porosity. Although the drug release rate is altered with permittivity coefficient or
surface area, minor variations are observed compared to the parameters above. The results of the
numerical code agree well with the experimental data.

Anahtar Kelimeler: Controlled drug release, Electrospinning, Nanofibrous mat, Numerical analysis,
Adsorption-desorption kinetics

Electrospun Nanofibroz Matlardan Ampisilin Salimimin Sayisal Analizi
Oz

Elektrospun nanofibr6z mat, ila¢ salim caligmalari icin gincel bir tekniktir. Bu nedenle, mevcut
sorunlarin Gstesinden gelmek ve yeni ilag sahm sistemleri olusturmak icin bu tir sistemlerin ila¢ salim
davramsini incelemek 6nemlidir. Bu makalede, bu gerekliligin karsilanmas: icin sayisal bir calisma
yapilmis ve mevcut sayisal veriler literatiirde bulunan deneysel ¢alisma sonuclar ile dogrulanmistir.
Gegici Langmuir-Freundlich adsorpsiyon-desorpsiyon izotermi, elektrospun nanofibréz sistemin
muikemmel kuyu kosullar: altinda ilag sahm davranigini agiklamak icin kullanilmigtir. Diflizyonun etkisi
de hesaba katilmistir. ilag salim oranlari, farkh ilk ilag konsantrasyonlari, gézenek degerleri, gegirgenlik
kitle katsayilari ve mat yuzey alanlart igin arastirnlmigtir. Ayrica gdzenek ve ilk ilag konsantrasyonu
arasindaki iliski de bu cahismada verilmistir. Cesitli baslangi¢ ilag konsantrasyonlari ve gozenekler
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vasitasiyla ilag sahm oranlarinda bazi 6nemli degisikliklerin meydana geldigi gorilmustir. flag salim
hiz1, gegirgenlik katsayisi veya ylzey alan: ile degismekle birlikte, bu degisimlerde yukarida bahsedilen
parametrelere gore kiguk farklihklar gdzlenmektedir. Sayisal kodun sonuglari deneysel verilerle

uyumludur.

Keywords: Kontrolli ila¢ salimi, Elektrospinning, Nanofibr6z mat, Sayisal analiz, Adsorpsiyon-

desorpsiyon kinetigi
1. INTRODUCTION

Various advantages of extending drug release in
the human body, such as decreased fluctuations of
the active component in the bloodstream [1], lower
duration of administration [2], improved patient
enforcement [3] are present. In order to prolong
the active ingredient's efficacy, many medicinal
and chemical precautions are recommended. For
instance, adsorption time can be increased by
modifying the medication's administration type
[4], biotransformation can be prevented through
introducing enzymatic inhibitors to the drug
composition [5], and vasoconstrictor compounds
may postpone the extraction of the active
ingredient from the body [6]. The most effective
and healthy method is changing the type of active
ingredient's release form [7].

Electrospinning is a versatile process for
generating continuous fibers with diameters
ranging from nano- to micro-scale [8]. In this
process, an external electrical field is applied to the
hemispherical solution drop at the edge of the
nozzle. Taylor cone is formed along with
increasing external electrical field [9]. After a
threshold value, the fluid's surface tension is
exceeded by electrostatic repulsive forces, which
leads to the ejection of a solidified single fluid jet
from the tip of the Taylor cone [10]. A single fluid
jet is splayed into fibers as traveling through the
applied electrical field [11]. Splayed fibers are
randomly or uniformly deposited on the grounded
scaffold; thus, a nanofibrous mat is generated.
Some remarkable advantages of electrospinning
exist, such as the fabrication of nanofibers with
large surface areas, good mechanical properties,
and easy surface functionalization [12]. Therefore,
electrospinning becomes a popular technique
throughout diverse professions, such as textile
engineering [13], food engineering [14],
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pharmaceutics [15], electronics [16], optics [17],
and biomedical engineering [18]. From a
biomedical engineering perspective,
electrospinning is utilized in the fields of
biomaterials [19], biosensors [20], tissue
engineering [21], and medical imaging [22]. The
advantages of electrospun  nanofibers in
pharmaceutics are high drug loading capacity,
controllable  microstructure  and  positional
deposition of components, enabling simultaneous
delivery of different therapeutics, and low costs
[23]. Moreover, location-specific drug delivery,
high solubility of hydrophobic drugs, prevention of
degradation of biomolecules can be achieved with
electrospinning, in contrast to conventional drug
release systems [24]. Due to these capabilities and
advantages, the drug release from electrospun
nanofibers is conducted and proposed in the
literature. Tetracycline hydrochloride release from
electrospun fibers is investigated and compared
with commercial drug release systems by Kenawy
et al. [25]. Zeng et al. [26] conduct a comparative
study between coated and uncoated nanofibers
according to drug release behaviors. Cui et al. [27]
utilizes electrospun nanofibers as drug delivery
vehicles. Thakur et al. [28] fabricate a nanofiber
scaffold by electrospinning and employ it as a drug
release system, etc.

Most studies are performed experimentally in the
drug release studies for nanofiber mats. To the best
of the authors' knowledge, mathematical modeling
for nanofibrous drug release is included only in
three studies, which are Nakielski et al. [28], Lin et
al. [29], and Petlin et al. [30]. While numerical
analysis is utilized for verifying experimental drug
release behavior by the first and the second
studies, the effect of nanofiber diameter
distribution on drug release rate is investigated
mechanistically in the work of Petlin et al. [29].
However, influences of many parameters
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associated with the electrospinning technique are
still unknown. At this point, mathematical
modeling comes into play as a useful tool to
handle physical problems due to its low time, labor
burden and high accuracy. Mathematical models of
drug release can be mainly categorized as
empirical/semi-empirical and mechanistic.
Although structural connectivity and functional
mechanisms are known for mechanistic modeling,
empirical/semi-empirical modeling is governed by
the system's external parameter, namely the drug
release rate.

In the current numerical study, the comprehensive
numerical analyses are provided for the parameters
of electrospinning affecting the drug release rate,
such as initial drug concentration, the porosity of
nanofibrous mat, and permittivity coefficient
between the nanofibrous mat and release medium,
size of the nanofibrous mat. Moreover, the impact
of porosity and the nanofibrous mat size on initial
drug concentration is also presented. For the
validation purposes of mathematical model, the
experimental results of Sultanova et al. [30] are
utilized.

2. MATERIAL AND METHODS

2.1. Theory

Drug release from nanofibrous mats are described
with transient Langmuir — Freundlich adsorption-
desorption isotherm (Equation 1):

dc,
dt

= kads (CAO - CA)CB - kdesCA (1)

where drug adsorbed on the fiber surface is
represented by Ca (kg/kg), Cs is the desorbed drug
concentration (kg/m3), and Cao represents the
initial adsorbed drug concentration. Kags (m%/kg.s)
and Kges (1/s) are adsorption rate constant and
desorption rate constant, respectively.

After the desorption process, free drug molecules
are removed from the nanofibrous surface through
the diffusion phenomenon. Rectangular
coordinates are preferred for describing the
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transport of free drug molecules. Note that the
diffusion coefficient of the modeled drug is
assumed constant. The change of the desorbed
drug concentration with time can be governed by
the equation below (Equation 2).

dCy _ (a?ca +6ZCBJ_1—8 dc, @
B

x> dy? : 7 at

where ¢ is the porosity of nanofibrous mat and pp
is the density of polymer (kg/m3). A nanofibrous
mat is assumed to be placed in a perfect sink
medium. Therefore, perfect sink condition is
applied upon the boundaries of the nanofibrous
mat (Equation 3):

‘JB = kc (CB,medium _CB) (3)

where Jg is the flux of the desorbed molecule, k; is
the permittivity coefficient (m/s), Cg, the medium
is the desorbed molecule concentration in the
surrounding medium and equal to zero, due to the
perfect sink condition. The drug release rate is
calculated according to the ratio of remaining drug
mass inside the computational domain and initial
drug mass, as shown (Equation 4):

DRR :l— J‘VCA ((1_6)/g)ppdv
[ Cal(1=2)18) p,dv

(4)

As seen in the equation 4, the drug release
mechanism is primarily based on the adsorption-
desorption process. Ca and Cao are multiplicated
by the equation of ((1-:3)/:3)pp for converting the

mass concentration term (kg/kg) to the volumetric
concentration term (kg/m?). In addition, the drug
release mechanism is also affected by the
concentration of desorbed drug molecules, the
diffusion coefficient of the model drug, and the
permittivity coefficient of the interface between
the nanofibrous mat and the release medium.

2.2. Numerical Analysis

First of all, the study by Sultanova et al.,[30] is
used to validate the initial results of the current
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numerical simulation. In their study, ampicillin
and polycaprolactone (PCL) are the drug and the
polymer, respectively. Drug release is carried out
in phosphate-buffered saline (PBS, at pH: 7.4)
medium. The experimental result of the drug
release rate is exploited to determine the model
parameters. By this means, an excellent alignment
is established between the experimental and the
numerical results. Simulations are performed via
COMSOL Multiphysics 5.3a software. The
nanofibrous mat is constructed as a tetragonal
prism with a width of W=1.5cm, a length of
L=1.5cm, and a height of H=0.025 cm, as depicted
in Figure 1a. Due to the physics of the problem,
the nanofibrous mat used in our numerical model
is created in two dimensions (2D), as shown in
Figure 1b since nanofibrous mats have a relatively

low thickness (typically a few hundred
micrometers). Therefore, the numerical model can
provide acceptable results with the experimental
data. Moreover, nanofibers are assumed to be non-
degradable in numerical analyses. PCL degrades
fully in a period of 60 months in PBS media [31],
which is a very long time scale for our simulations;
thus, degradation can be safely ignored in this
work. The computational domain has a mesh
structure with triangular elements. A convergence
analysis is carried out to determine the optimum
mesh element number. The problem is solved with
meshes having 366, 574, 1308 and 2124 elements.
The relative error between 574- and 1308-element
meshes is observed to be lower than 0.1%.
Therefore, 574-element mesh is taken to be
optimal for this study.

Figure 1. (a) Nanofibrous mat dimensions in 3D (b) 2D computational domain with applied mesh

3. RESULTS AND DISCUSSION

Since the required modeling parameter values for
ampicillin and PCL are not available, we first
focus on determining these parameters in this
study. A strong correlation with r=0.9815 is
observed between the experimental and numerical
results, as shown in Figure 2. Therefore,
adsorption rate constant, desorption rate constant,
diffusion coefficient of desorbed drug and
permittivity constant at the interface are
determined as kags=5x10"® m3/(kg.s), Kaes=2.3x10*
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1/s, Dg=1x10"° m?/s, ke=7x10® m/s, respectively.
In the experimental study, the nanofibrous mats'
mass is given as 100 mg and drug concentration is
five times lower than polymer concentration,
which yields Cap=0.2. Hence, the initial drug mass
is determined as 16.667 mg. In order to obtain the
initial drug mass, which is aimed to be consistent
with the experimental results, the porosity value as
shown in the denominator of Equation 4 is
adjusted to 0.436. The density of PCL is a known
value and equals to p,=1145 kg/m?. All parameters
used for the simulations are listed in Table 1.
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Figure 2. Comparison of drug release rates between the experimental study of Sultanova et al. [30] and

our numerical results

Table 1. Parameters used during the numerical analyzes

Symbol | Definition Values

Kads Adsorption rate constant of the model drug 5x108 m¥kg.s

Kdes Desorption rate constant of the model drug 2.3x10* 1/s

Cao Initial adsorbed drug concentration 0.05-0.1-0.2-0.4-0.8 kg/kg

€ Porosity of the nanofibrous mat 0.216-0.436-0.654-0.872

D Diffusion coefficient of the model drug 1x1072° m?/s

ke Permittivity coefficient 3.5x108-7x108-1.4x107 m/s

Adsorbed drug concentration, depicted in Figure 3,
demonstrates that the loaded drug is uniformly
adsorbed on the nanofiber surface initially. When
the release process starts, the drug is desorbed and
transported out of the nanofibrous mat. During the
process, the uniform distribution of the drug is
roughly maintained. Concentration diminishes
slightly in the horizontal and vertical directions.
When a drug concentration of 296.18 kg/m? is
loaded, the only drug in the amount of
24.156 kg/m® remains after t=4h. This result is
consistent with the inevitable burst release
behavior of nanofibrous membranes. The drug
release rate is attenuated for t=8h, for which a drug
concentration of 17.118 kg/m® is left. The
attenuation in the drug release rate is sustained for
further timeframes. Drug concentrations of
15.208 kg/m?, 10.072 kg/m? and 3.7843 kg/m? are
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left as adsorbent for t=24h, t=48h, t=96h,
respectively. Drug release characteristic diverges
from zero-order release kinetics while the
corresponding graph approaches the full release
condition. The concentration of the adsorbed drug
(Ca) is also graphically presented in Figure 4,
along with the desorbed drug concentration (Cg)
on the nanofibrous mat. While adsorbed drug
concentration increases, desorbed drug
concentration, in contrast, decreases for the first
six hours. Concentration values of Ca=1.46 kg/m?
and Cg=229.98 kg/m® are obtained at t=6h.
Afterward, Ca decreases continuously, as Cg does.
It can be concluded that after a certain time point,
which is approximately t=6h for the present study,
diffusion dominates adsorption-desorption as a
release mechanism. Ca disappears completely and
Cg approaches 31.17 kg/m3 after 96 hours.
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Figure 3. Concentration maps of adsorbed drug molecules on the nanofibrous mats for different
timescales (h=hour)
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Figure 4. Transient concentrations of adsorbed and desorbed molecules on the nanofibrous mat
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Figure 5. (a) Drug release rates for different initial drug concentrations within 96h. (b) Drug release rates
for different initial drug concentrations within 6h

Initial drug concentration is significant for the drug
release behavior, as graphically depicted in Figure
5a. When lower concentrations of the drug are
loaded to the nanofibers, faster drug release is
consistently observed, which agrees with the
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experimental study of Kabay et al. [32]. While
98.05% of the loaded drug is released for
Ca0=0.05, 84.5% of the loaded drug is released for
Ca0=0.8. Nearly full release, which is defined as a
release rate higher than 99.5%, is observed at
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t=46 h and t=78 h for Ca¢=0.05 and Cac=0.1,
respectively. However, this rate is not reached via
Cn0=0.2, Ca0=0.4, Ca¢=0.8, whose efficiencies are
99.31%, 98.57% and 97.01%, respectively.

Porosity [33] is one of the most fundamental
parameters for drug release studies. In
electrospinning systems, porosity correlates with
nanofiber density through nanofiber deposition
duration on the scaffold. Since the drug is
dissolved within the polymer solution, porosity is
directly related to the initial drug concentration. As
shown in Figure 6a, the initial drug mass decreases
with increasing porosity. The porosity value of
€=0.436 is the base value in this study, which
corresponds to an initial drug mass of 16.667 mg.
When the porosity decreases twofold (£=0.218),
the initial drug mass increases to 46.207 mg. On

the other hand, if the porosity increases twofold
(¢=0.654) and fourfold (¢=0.872), the initial drug
mass is calculated as 6.815 mg and 1.891 mg,
respectively. This finding is graphically displayed
in Figure 6a. The influence of porosity variation on
drug release rate is also investigated in the present
work. As such, the drug release rate rises with
increasing porosity, as seen in Figure 6b and
Figure 6¢. At t=6 h, drug release rates of 88.13%,
94.66%, 97.29%, 98.73% are obtained for the
porosity values of £=0.218, £=0.436, £=0.654,
€=0.872, respectively. Although, the nearly full
release is observed for £=0.872 and £=0.654 at
t=13h and t=68h, respectively; 97.97% and
99.31% of drug release is reached for the systems
with £=0.218 and ¢=0.436 at 100h and 88h,
respectively. It is known that the drug release rate
is directly proportional to the porosity.
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Figure 6. (a) Variations of initial drug concentrations for different porosity values. (b) Drug release rates
for different porosity values within 96h. (c) Drug release rates for different porosity values

within 6h

The results of the current numerical work also
provide information about the effect of the
permittivity coefficient on the drug relase. As seen
in Figure 7, a slight decrease is observed in drug
release rates with decreasing permittivity
coefficients. For instance, drug release rates of
94.39%, 94.66%, 94.95% are acquired for
ke=3.5x10"® m/s, k=7x10® m/s, k;=1.4x107 m/s at
t=6 h, respectively. When full release is obtained
nearly for k.=1.4x107 m/s at t=92 h, drug release
rates of 99.31% and 98.81% are obtained for
ke=7x10"8 m/s and k.=3.5x10® m/s, respectively. It
is also investigated whether the drug release rate is
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affected by the nanofibrous mat's surface area. The
base surface area for the nanofibrous mat in this
study is set to A=2.25cm?, which is halved as well
as doubled and quadrupled in various analyses for
parametric investigation. Initial drug concentration
varies linearly with surface area, as shown in
Figure 8a. However, no significant variations are
observed for drug release rates with different
surface areas, in contrast to the drug release from
tablet matrices [34] or hydrogel coatings [35].
Nevertheless, more rapid drug release is observed
for smaller surface areas, which is shown in
Figures 8b and 8c. Drug release rates of 95.36%,
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94.66%, 94.41%, 94.29% are acquired for the
surface areas of A=0.5625 cm?, A=2.25 cm?,
A=5.0625 cm?, A=9 cm? at t=6 h, respectively.
Moreover, nearly full release is reached only with
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A=0.5625 cm? at t=40 h. Drug release rates of
99.31%, 98.24%, %97.46 is carried out for
A=2.25 cm?, A=5.0625 cm?, A=9 cm? at t=96 h,
respectively.
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Figure 7. (a) Drug release rates for different permittivity coefficients within 96h. (b) Drug release rates
for different permittivity coefficients within 96h
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Figure 8. (a) Relationship between nanofibrous mat surface area and initial drug mass. (b) Drug release
rates for varying surface areas within 96h. (c) Drug release rates for varying surface areas

within 6h
4. CONCLUSIONS

In this study, drug release from nanofibrous mats
is numerically analyzed. Although several
experimental works are presented in the literature,
comprehensive numerical studies are limited in
this field. The following conclusions can be drawn
from this study.

1. The experimental data are perfectly predicted
by the current finite-element code.

2. The adsorbed drug is almost uniformly
distributed throughout the nanofibrous mat
surface, and burst release is observed initially.

3. Most of the drug molecules are desorbed

within six hours.

More rapid drug release is achieved by means

of lower concentrations of initial drug loading.

5. When the porosity decreases, initial drug mass
increases due to enhanced nanofiber density.

6. The drug release rate can be accelerated by

increasing the porosity.

The drug release rate can be increased by the

rise of the permittivity coefficient or

attenuating the nanofibrous mat's surface area.
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