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Difuzně řízené uvolňování látek z 
nanovlákenných struktur 

Abstrakt 

Výzkum a vývoj nanovlákenných nosičů léčiv jsou stále aktuálním 
tématem v oboru řízené dopravy léčiv. Nicméně, nanovlákenné 
systémy mají řadu unikátních vlastností, které nutí hledat nové 
přístupy pro popis a předpověď uvolňování bioaktivních látek z 
nanovláken. Cílem této disertační práce byl výzkum a vývoj 
polymerních nanovlákenných systémů zejména pro využití v kožní 
medicíně. V této studii byly různé molekuly inkorporovány do 
nanovláken metodou elektrostatického zvlákňovaní a vyrobené ma­
teriály byly charakterizovány z hlediska relevantních parametrů, 
klíčových pro výsledné aplikace. Matematický model vyvinutý v 
rámci této studie umožňuje přesnější stanovení difuzních koeficientů 
léčiv a také predikci kinetiky jejich uvolňování na základě mor­
fologie vláken. Výsledkem práce je také metoda umožňující efek­
tivní enkapsulaci citlivých biomolekul do struktury polymerních 
nanovláken. Výsledky této studie mohou sloužit jako dobrá plat­
forma pro další studie v oblasti výroby a také charakterizace elek­
trostaticky zvlákněných krytů ran. Kromě toho tato práce posky­
tuje poznatky o dosud neprozkoumaných mechanismech uvolňování 
léčiv z nanovláken. 

Klíčová slova: difúze, řízená doprava léčiv, kožní kryty, matem­
atický model, morfologie 
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Diffusion-controlled release of substances 
from nanofibrous structures 

Abstract 

The research and development of nanofibrous drug carriers is a 
hot topic in the field of controlled drug delivery. However, nanofi­
brous systems have many unique properties that force the search 
for new approaches to describe and predict the release of bioactive 
compounds from nanofibers. This dissertation aimed to research 
and develop polymeric nanofiber systems mainly for use in skin 
medicine. In this study, various molecules were incorporated into 
nanofibers by electrospinning, and the fabricated materials were 
characterized in terms of key parameters relevant to the resulting 
applications. The mathematical model developed in this study en­
ables a more accurate determination of drug diffusion coefficients 
and prediction of drug release kinetics based on fiber morphology. 
The work also resulted in a method to efficiently encapsulate sen­
sitive biomolecules into polymer nanofibers' structure. The results 
of this study can serve as a good platform for further studies in the 
manufacturing and characterization of electrospun wound dress­
ings. In addition, this work provides insights into previously unex­
plored mechanisms of drug release from nanofibers. 

Keywords: diffusion, drug delivery, wound dressing, mathemati­
cal modeling, morphology 
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Notation 

Symbol Meaning 
Usual 

Dimensions 
(values) 

Section 
References* 

Roman Symbols 
concentration of a substance within an aliquot mg • L - 1 7.8.1 

D diffusion coefficient cm2 • s_1 3.3.1 
e Euler's number, 2.718281 3.3.3 
E 1) Young's modulus MPa 1.3 

2) strength of an electric field V • in"1 1.4 
f 1) frequency Hz 1.4 

2) sampling fraction none 7.4.1 
h mass transfer coefficient cm • s_1 3.3.2 

cold crystallization enthalpy J-g-1 7.6 
AHm melting enthalpy J-g-1 7.6 
JR diffusive flux kg • m2 s-1 3.3.4 

Bessel functions of the first kind of orders zero and one none 3.3.3 
k pre-exponential factor (Korsmeyer-Peppas model) none 3.2 
kB Boltzmann constant 1.380649 • 1(T2 :t J • K-1 6.2 

Higuchi dissolution constant none 3.2 
l length of a fiber cm 3.3.4 
M amount of diffusing substance mg 3.3.4 
Mt absolute cumulative amount of substance release at time t mg 3.2 
Moc absolute cumulative amount of substance release at infinite time mg 3.2 
/ / 1) number of measurements none 2.3 

2) Korsmeyer-Peppas model exponent none 3.2 
3) density of the individual particles cm 6.2 

N number of fibers none 3.3.4 
P 1) sampling periodicity none 7.4.1 

2) p - value (statistics) none 2.3.2 
P probability none 3.3.6 
Q drug loading mg ' g"1 2.5.1 
Qi first quartile (0.25) none 7.9 
Os third quartile (0.75) none 7.9 
T 1) fiber radius (at the center) inn 3.3 

2) particle radius cm 6.2 
B 1) fiber radius (at the surface) inn 3.3 

2) droplet radius linn 1.4 
R 2 coefficient of determination none 3.2 
t time h 2.5 
T, crystallization temperature °c 7.6 
T melting temperature °c 7.6 
n concentration of a diffusive substance mg • cm^ 3.3 
u0 concentration of the drug in the fiber mg • cm^ 3.3 

concentration of the substance trapped inside 
the polymeric matrix by means of inter molecular interactions at infinite time 

mg • cm~'̂  3.3 
VR total volume of the release medium mL 7.8.1 
VS volume of an aliquot mL 7.8.1 

*Reference to the section where a particular symbol is used for the first time and/or 
where its definition is given 
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Symbol Meaning 
Usual 

Dimensions 
(values) 

Section 
References 

Greek Symbols 
a collision efficiency factor none 1.4 
Pij collision frequency function c m - 3 • s _ 1 6.2 
Pn eigenvalues (roots of equation 3.8) none 3.3.3 
s vacuum permittivity 8.854187 • 10~ 1 2 F • m _ 1 1.4 
rj dynamic viscosity N • s • m - 2 6.2 
p density of the liquid kg • m - 3 1.4 
a solution's surface tension N • m _ 1 1.4 
r characteristic relaxation time s 1.4 
<jj angular frequency of the external electric field s _ 1 1.4 
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Introduction 

The problem of effective delivery of drugs and finding the most effective treatment 
method has been known to humans since the beginning of time. Gradually, people 
have found new ways of treatment, either by discovering new drugs or modifying 
existing solutions. One of the successfully utilized approaches toward modification 
was introducing drugs into a structure of polymeric carriers. The rapid evolution of 
technologies allowed us to go from a macroscopic scale to a microscopic scale. Par­
ticularly, polymeric matrices in the form of nanofibers have several key advantages 
over any other types of conventional dosage forms. On the other hand, nanofi-
brous materials represent a highly complex system with many parameters affecting 
the efficiency of drug incorporation into the fiber structure and the physio-chemical 
properties of the resulting material. Although research in this field has been con­
ducted extensively during the last two decades, many methodological and theoretical 
questions remain unanswered. 

Nowadays, one of the main gaps in the field is understanding what mechanisms 
are responsible for drug release of substances from polymeric nanofibers. It is still 
not sufficiently clear whether using conventional mathematical models to describe 
drug release from nanofibers is appropriate, as the microscopic structure might not 
be comparable to traditional devices. There is also a great demand for new strategies 
to incorporate sensitive substances into polymeric nanofibers, mainly produced from 
harsh organic solvents, while preserving the native bioactivity of the incorporated 
substance. 

This Ph.D. study considers different aspects of the problem within the design and 
development of nanofibrous drug delivery systems. The thesis aims to contribute 
to filling gaps in understanding the release mechanisms of drugs from nanofibers. 
Additionally, a significant effort is aimed toward the quantitative prediction of drug 
release by developing a novel mechanistic model based on the diffusion equation, 
taking into account the unique complexity of a nanofibrous structure. Finally, the 
thesis contributes to the field by proposing a novel approach to incorporating sen­
sitive drugs into polymers through a combination of direct-current electrospinning 
and alternate-current electrospraying techniques. The impact of the raw starting 
polymer's properties on the final material is also considered. 

The primary significance of this Ph.D. research lies in using a mathematical 
model, which is neither empirical nor numerical but developed based on natural 
physicochemical phenomena. This phenomena-driven approach might help signifi­
cantly to understand the relationships between the variables involved in the sub­
stance release process. As there is still a lack of mechanistic mathematical models 
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developed explicitly for nanofibers, elaboration on how the complex structure of 
fibers affects the release will contribute to gaining insights into the substance re­
lease process mechanisms. Examining various model drugs in conjunction with the 
obtained results could accelerate the design and development of a novel active wound 
dressing utilizing electrospun nanofibers. 

This thesis consists of seven chapters which are connected by the overall introduc­
tion and overall conclusion. The first chapter, Fundamentals and State-of-the-art, 
provides the reader with fundamental information about the problems within the 
field and a brief literature survey on the topics concerned in the thesis. The sec­
ond chapter, Fabrication of nanofibrous wound dressings, covers the case study of 
the development process of active nanofibrous wound healing materials with incor­
porated bioactive substances and their subsequent characterization. The process 
of the development of a mathematical model to describe the release of the incorpo­
rated bioactive substances from the nanofibers is then described in the third chapter, 
Development of the mathematical model of drug release, and the evaluation of the 
developed model is covered in the fourth chapter, Application of a mathematical 
model of release kinetics. The fifth chapter, Effect of polymer parameters on elec­
trospun matrix, investigates the importance of homogeneity of the starting polymer 
material to produce nanofibers with reproducible physicochemical properties. The 
sixth chapter, New approach on the incorporation of sensitive bioactive substances to 
nanofibrous structures, explores the ways of combining different advanced techniques 
to establish a novel approach to incorporating sensitive bioactive substances into the 
nanofibers. Finally, the seventh chapter, Materials and Methods, is dedicated to the 
detailed description of the materials, experimental procedures, and analyses utilized 
throughout the thesis. 

The scope of the thesis is focused on polymeric electrospun-based drug deliv­
ery systems. For the most part, the delivery systems studied in this work can be 
characterized as "diffusion-controlled", although diffusion is not always the only 
driving release mechanism present. Also, it is important to mention that accord­
ing to a generally adopted convention, the author uses the term " nanofiber" to 
describe a fiber with a diameter below 1 fim. Throughout this thesis, the words 
'microfiber', 'sub-micro fiber' and "nanofiber" might be used interchangeably unless 
explicitly stated otherwise. Methodologically, this study covers mainly the direct-
current electrospinning technique for the fabrication of the nanofibers, followed by 
characterization mainly by scanning electron microscopy, image analysis, and high-
performance liquid chromatography. The theoretical approach toward developing a 
mathematical model is primarily defined by the solution of the diffusion equation in 
cylindrical coordinates and model verification employing non-linear regression. 

This Ph.D. study intended to demonstrate that the unique structure and na­
ture of nanofibers not only give us many advantages over more conventional drug 
dosage forms but, on the other hand, impose a particular portion of responsibility 
and nuances to consider associated with the development of a nanofiber-based drug 
delivery system. 
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Aims and objectives of the thesis 

Building upon the aspects introduced in the introduction chapter, the overall aim 
of this dissertation was to design and develop nanofiber-based drug delivery plat­
forms intended mainly for wound healing applications by incorporating bioactive 
substances into the nanofibrous structure. Additionally, this thesis aimed to gain 
insights into the release mechanism of incorporated substances from fabricated 
materials, taking into account the unique complexity of nanofibrous systems. Thus, 
the overall aim was divided into eight objectives: 

1. Electrospinning of polymeric solutions (or suspensions) doped with selected 
bioactive substances. 

2. Characterization of physicochemical properties of the fabricated electrospun 
materials. 

3. Evaluation of the effectiveness of incorporating the substances into the 
nanofibers. 

4. Investigation of drug release kinetics from the fabricated nanofibers. 

5. Development of a mathematical model as a predictive tool for electrospun 
drug-delivery platforms. 

6. To justify the appropriateness of the developed mathematical model on the 
real experimentally obtained data. 

7. To estimate the diffusion coefficients of the selected substances within the 
nanofibers. 

8. To formulate a more sophisticated electrospun drug delivery platform of 
sensitive bioactive molecules. 

16 



1 Chapter I - Fundamentals and 
state-of-the-art 

This chapter is a literature review on the current state-of-the-art in the field of 
nanofibrous drug delivery systems. The chapter is aimed to familiarize the reader 
with the problems within the topic and provide necessary background information 
to enhance the general understanding of the thesis text. The structure of the chap­
ter consists of four connected sections. The first section will briefly introduce the 
overall issues related to the wound healing process and wound dressing development. 
The second section will present the current approaches to characterizing the release 
kinetics of substances from nanofibrous structures. The following section will cover 
the issues related to developing relatively new dosage forms - nanofibrous orodis-
persible films. Finally, the last section discusses the approaches for incorporating 
sensitive biomolecules into nanofibers spun from harsh organic solvents. 

1.1 Brief introduction to wound healing 

Wound healing is a complex biological process consisting of several overlapping 
stages. Although there are different conceptions on distinguishing the individ­
ual steps, an ideal wound healing process is usually described by four essential 
phases; according to Figure 1.1, the wounding stage itself is considered rapid (George 
Broughton et al., 2006; Hassiba et ah, 2016; Rieger et al., 2013). 

Even though the skin can repair most wounds by itself, there are a number 
of adverse factors, including potential infection (sepsis) and contamination of the 
wound with foreign bodies. These factors may result in prolonged healing and 
possibly chronic wound formation. Such a wound requires the use of antibiotics, 
which can produce harmful negative side effects, e.g., sleep disorders, headaches, 
and diarrhea (Kataria et al., 2014) either through direct toxicity or by contributing 
to the appearance of resistant microorganisms (Robson, 1997; Brown et al., 2016). 
Additionally, many currently used topical antimicrobial agents exert cytotoxic effects 
on keratinocytes and fibroblasts, which may delay wound healing (Cartotto, 2017). 
Localized drug delivery to the wound is therefore being studied as an alternative 
to generalized drug application. It has been known for a very long time that using 
an appropriate wound dressing can significantly improve the wound healing process 
compared to a wound left open to the air (Dhivya et al., 2015). However, traditional 
wound dressings, e.g., lint, gauzes, and cotton wools, cannot prevent wound beds 
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from drying and bacterial infection and thus need to be periodically replaced. This 
replacement, in turn, often damages the wound integrity and the newly healed tissue. 

A. Wounding 
Rapid 

B. Hemostasis 
0-15 min 

:. Inflammation 
15 min - day 6 

D. Proliferation 
Day 6 - week 3 

E. Maturation 
Week 3 - year 2 

• Keratinocytes 

• Healthy ECM 

• Clot 

o Neutrophils 

• New keratinocytes 

• Fibroblasts 

Granulation tissue 

Figure 1.1: Schematic representation of the main phases of wound healing process: 
Wounding (A), Hemostasis (B), Inflammation (C), Proliferation (D), and Matura­
tion (E). Adapted from (Rieger et al., 2013; Hassiba et al., 2016). 

Taking into account all of the above factors, we can conclude that the develop­
ment of an active biodegradable antibacterial and regeneration-promoting wound 
dressing can open new horizons for modern therapy of wounds in a fully controlled 
manner (Johnson et al., 2013; X u et al., 2018; C. Wang et al., 2018). 

Synthetic polymers are a prominent group among the wide range of clinically 
approved wound dressing materials. Synthetic polymers-based wound dressings can 
effectively adjust wound moisture by absorbing the excess exudate and can provide 
sufficient oxygen permeability (Boateng et al., 2008; Kataria et al., 2014). The poly-
caprolactone (PCL)-based nanofibrous scaffold wound dressing produced by electro-
spinning can undoubtedly be considered one of the most promising materials. P C L 
is biodegradable and degrades naturally occurring metabolite 6-hydroxyhexanoic 
acid. The electrospun P C L nanofibers can mimic the original structure of the na­
tive extracellular matrix (ECM), which may positively affect cell proliferation, e.g., 
fibroblasts. Considering the omplexity of bureaucratic components when develop­
ing a drug delivery system, it is important to mention that P C L scaffold has been 
approved by the American Food and Drug Administration (FDA) for biomedical 
applications (Zibiao L i et al., 2014). 

In addition, electrospun polymeric wound dressings can be conveniently func-
tionalized with a wide range of biomolecules and drugs (Hassiba et al., 2016; Preem 
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et al., 2017). Particularly, a promising group of such biomolecules are short pep­
tides, which are getting more and more interest in medical applications due to 
their positive effects on wound healing in terms of their antibacterial properties and 
acceleration of the healing process (Gomes et al., 2017). Indeed, a predictable re­
lease regime is required to achieve the desired therapeutic effect adequately. In the 
present Ph.D. study, this group was represented by the dipeptide Alaptide and the 
amino acid L-Arginine. The second-generation lipophosphonoxins (LPPO), synthe­
sized by Dominik Rejman's group (Institute of Organic Chemistry and Biochem­
istry, Czech Academy of Sciences, Prague), were utilized as an antimicrobial agent. 
These three selected biomolecules have great potential in the wound-healing pro­
cess. The rationale behind choosing these particular biomolecules is covered in the 
following section. The biomolecules were incorporated into electrospun nanofibrous 
P C L membranes to fabricate an active wound healing/antimicrobial dressing. The 
studies were conducted in collaboration with the Institute of Organic Chemistry and 
Biochemistry, Czech Academy of Sciences (Prague), Institute of Physiology of the 
Czech Academy of Sciences, (Prague), First Faculty of Medicine, Charles Univer­
sity, (Prague), Prague Burn Centre, Third Faculty of Medicine, University Hospital 
Královské Vinohrady (Prague) and others. Besides publications in impacted jour­
nals, the studies of LPPO-loaded nanofibers resulted in a published international 
patent (Zajicek et al., 2021) of nanofibrous wound dressing for topical use in thera­
pies. 

1.2 Mathematical modeling of drug release from 
nanofibers 

As mentioned above, quantitative predictions of drug release constitute one of the 
most critical and complicated issues in drug delivery science (Takeru Higuchi, 1961; 
Peppas, 1985; J. Siepmann; F. Siepmann, 2008). Release-predicting mathematical 
models can assist in preventing the need for time-consuming experiments, and gen­
erally accelerate the design and development of drug delivery devices (J. Siepmann; 
F. Siepmann, 2008). Understanding drug release from a particular drug delivery 
system requires comparing the experimental data with the solution provided by an 
accurate theoretical model. 

Generally, mathematical models that describe the kinetics of the release of sub­
stances comprise mechanistic and empirical or semi-empirical models (Grassi et al., 
2005; Juergen Siepmann et al., 2012). The fact that the latter approach is merely 
descriptive and is not based on actual physicochemical processes diminishes both 
its contribution toward understanding the true essence of release mechanisms and 
its predictive power. Thus, this approach is often used merely to compare drug 
release profiles applying specific parameters. Conversely, mechanistic models are 
constructed based on equations (usually partial differential equations) that describe 
real phenomena, e.g., dissolution, partition, diffusion, and erosion. Such models pro­
vide a more in-depth insight into the essence and relationships between the mech­
anisms that control the release of drugs from particular dosage forms. Although 
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numerical and analytical solutions can be used depending on the complexity of the 
sets of equations obtained and despite the relative ease of using numerical solutions, 
analytical solutions allow for a more complete understanding of the influence of 
significant individual variables. 

Research on nanofiber-based structures for drug delivery is a relatively new field. 
Despite this, it has already demonstrated significant progress and potential. It is 
more than 20 years since the first article on the release of drugs from nanofibers 
was published by Kenawy et al. (2002). Since that time, a considerable number 
of experimental studies have been conducted on the kinetics of drug release from 
nanofibers with concern to a wide variety of combinations of polymer matrices and 
incorporated drugs (Thakkar et al., 2017; Stack et al., 2018; Ghafoor et al., 2018; Bai 
et al., 2021). The rapid development of electrospinning technology makes it possible 
to achieve various release mechanisms such as e.g., immediate (Bai et al., 2021), 
sustained (Ghafoor et al., 2018), multiple-phase (Chang et al., 2020) or targeted 
(Ding et al., 2020). However, due to the complexity of nanofibrous structures, the 
essence of the physicochemical processes of the release of drugs from nanofibers still 
requires clarification. The overwhelming majority of articles that have described the 
kinetics of drug release draw their (often mechanistic) conclusions based merely on 
the fitting of experimental data to empirical or semi-empirical models (Kuang et al., 
2018; Preem et al., 2017; Pisani et al., 2019). The conclusions reported to date have 
been based primarily on the famous Peppas equation (Peppas, 1985) or a simplified 
form of the Higuchi equation (Takeru Higuchi, 1961; T. Higuchi, 1963), which is 
essentially a specific form of the Peppas equation relating to early release times. 

However, the main difficulty of the theoretical approach lies in the fact that 
nanofibers reveal a complex system. Unlike most other conventional dosage forms 
(pellets, spheres, or planar slabs), the electrospun matrices are composed of thou­
sands of infinite cylinders with differing diameters, each of which makes its contri­
bution to the cumulative drug release profile of the nanofiber-based drug delivery 
device. 

The primary considerations behind this study were to fill some of the gaps in 
understanding the potential restrictions surrounding and the applicability of exist­
ing empirical and mechanistic drug delivery models concerning electrospun-based 
carriers. To clarify the drug release mechanism, we determined the apparent dif­
fusion coefficients for a specific nanofibrous drug-delivery system since diflusivity 
plays a significant role in the quantitative prediction of drug release. In a simi­
lar way to studies by Petlin et al. (2017) and Milosevic et al. (2020), this study 
considered the significant effect of the fiber diameter distribution on the collective 
kinetics of drug release. Generally, just a few parameters can be easily determined 
from micro-graphs. Among them are fiber diameters, fiber orientation, and pore 
size. Thus, such a model has a significant advantage as the diffusion coefficients can 
be estimated based on easily obtainable experimental data. 
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1.3 Nanofibrous orodispersible films 

Orodispersible films (ODFs) comprise a relatively new and promising dosage form. 
This dosage form is suitable for patients with swallowing difficulties (dysphagia), 
especially for seniors and young children (Preis, 2015; Slavkova et al., 2015; Orlu et 
al., 2017; Visser et al., 2017). Therefore, pharmaceutical companies are developing 
various innovative oral dosage forms, one of the most promising of which comprises 
FDS (Fast dissolving system), which allows for very rapid dispersion in the oral 
cavity. The significant advantages of these systems concern their simple discrete 
administration without the need for swallowing or chewing and the rapid onset of 
action (Bala et al., 2013; Bahrainian et al., 2017). The systems include tablets, 
films, wafers, and buccal and sublingual patches, which can be used for topical and 
systemic drug delivery (Bahrainian et al., 2017). According to European Pharma­
copoeia, ODFs are defined as "single or multilayer sheets of suitable materials, to be 
placed in the mouth where they disperse rapidly", i.e., within 30 s (O'Malley, 1971). 
The most commonly used oral film-delivery drugs consist of anesthetics, cough and 
sore throat medications, antiasthmatics, antihistamines, erectile dysfunction, gas­
trointestinal, nausea, and CNS medication drugs. Other injectables include caffeine, 
various vitamins, and sleeping and snoring medications (Borges et al., 2015; M a n 
et al., 2016; Mahboob et al., 2016). This dosage form is particularly suitable for 
highly potent drugs administered in low doses (Hoffmann et al., 2011). 

Oral dispersion films are most commonly produced via casting (pouring) and dry­
ing, e.g., solvent casting and semi-solid casting. Other fabrication methods include 
hot-melt extrusion, solid dispersion extrusion, and the 3D printing method (Borges 
et al., 2015; Irfan et al., 2016; Effiong Daniel Ekpa et al., 2020). Moreover, in recent 
years, the trend toward fabricating nanofibers via electrospinning has gained con­
siderable momentum in this field. The solvent casting method is based on spreading 
a polymer matrix over a support substrate and the subsequent drying/removal of 
the solvent in an oven. The active pharmaceutical ingredient (API) is dissolved or 
suspended in a solution of polymers, plasticizers, disintegrants, and other soluble 
components in a volatile solvent, most commonly water or alcohol. However, the 
disadvantage of this method may be the potential presence of residual solvents in 
the film if a solvent other than water is used (Borges et al., 2015). 

The main advantages of ODFs consist of rapid dissolution and disintegration 
(with nanofibrous films, this advantage is multiplied) and the subsequent onset of 
the action of the drug, simple and discreet administration without the need for 
water, high dosing efficacy and accuracy, etc. (Bala et al., 2013; Irfan et al., 2016; 
Mahboob et al., 2016; Bahrainian et al., 2017). The disadvantage of these films 
remains, however, the limitation of the dose of the drug, which is up to 100 mg 
(Borges et al., 2015); furthermore, due to their good water solubility, ODFs need to 
be protected from moisture, ideally with aluminum foil or another barrier material. 

The main advantage of nanofibrous layers compared to conventional methods 
concerns their large specific surface, which significantly reduces the dissolution time 
of the film. However, this may also be a disadvantage in industrial production due 
to the high susceptibility of such layers to atmospheric humidity and problems with 
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storage. A further advantage is that the process involves the massive evaporation 
of solvents; thus, almost no residual solvents remain within the fibers. As with the 
more commonly used ODF preparation methods, industrial production allows for 
considerable cost savings. 

The choice of polymeric agents (usually a combination of at least two polymers) 
for forming oral films is crucial. It is necessary to ensure the good mechanical 
properties of the resulting film, rapid dissolution, and compatibility of the polymers 
themselves. The stability of the material depends on the polymer and the overall 
composition of the film. The potential occurrence of phase separation and the crys­
tallization of the polymer or A P I (active pharmaceutical ingredient) results in the 
deterioration of the mechanical properties of oral films, which negatively influences 
post-production processing, including slicing, packaging, and handling during drug 
delivery. 

A study by Samprasit et al. (2015), which investigated the physical stability of 
nanofibrous P V P oral films containing Meloxicam, demonstrated that the storage of 
manufactured films under the appropriate conditions (25 °C / 60 % RH) prevents 
the formation of morphological crystals and ensures that the film remains stable for 
six months. The tensile strength of the studied oral films ranged from (0.9 ± 0.4) to 
(1.7 ± 0.7) MPa. Interestingly, a study by Bukhary, Williams, and Orlu (2017) of 
P V P nanofibers containing Valsartan and amlodipine besylate determined a period 
of stability of up to 4 months before the occurrence of phase separation. Paaver 
et al. (2015) addressed the production of controlled-release ODF nanofibers. Their 
comparison of 3 HPMCs containing Piroxicam determined that the recrystallization 
of APIs occurs over time and that the process is accelerated at low temperatures and 
humidity levels. Thus, the quality of nanofibrous films depends on the quality of the 
H P M C , the solvent system, and the storage conditions. Similar results were obtained 
by Liew, Tan, and Peh (2014) in their investigation of the effect of H P M C , P V P , and 
the plasticizer concentration on the production of nanofibrous ODFs with Donepezil 
HC1. The tensile strength was found to increase with higher H P M C concentrations; 
the plasticizers acted to decrease the strength. Still, they increased the elasticity 
(with optimum amounts and types), and the P V P content in the composition of 
the film enhanced the material's strength and elasticity. Tort and Acartiirk (2016) 
prepared a nanofibrous ODF with H P M C , PEO, and sodium alginate with the 
addition of glutamine. Birer and Acartiirk (2021) achieved the highest degree of 
elongation for nanofibrous films containing telmisartan and L-Arginine using a P V P 
matrix. The results revealed that the films produced via electrospinning had a higher 
Young's modulus E and exhibited a deterioration in their mechanical properties after 
one month. The nanofibrous films also showed a worsening dissolution rate over time 
due to the recrystallization of the drug within the fibers. 

1.4 Encapsulation of sensitive substances 

As discussed in the previous sections, the nanofibers can be functionalized with 
various bioactive substances. Indeed, encapsulating sensitive bioactive compounds 
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in nanofibers is complex due to the toxicity of solvents. Therefore, the choice of 
solvents is limited to water, DMSO, etc., a factor that reduces the choice of poten­
tial polymers. In the case of water-soluble polymers, a question arises concerning 
crosslinking. Moreover, a significant proportion of these polymers are soluble in a 
variety of other solvents. However, polyvinyl alcohol (PVA), which is soluble only 
in sufficient quantities in water for high degrees of hydrolysis (Brough et al., 2016), 
is an exception; it is also non-toxic, cytocompatible, and has been approved for use 
in the pharmaceutical industry (Baker et al., 2012). Nevertheless, its application in 
tissue engineering is problematic due to its high degree of hydrophilicity and partial 
solubility in air moisture (Nyflott et al., 2017; Nuttelman et al., 2002). Although it is 
suitable for encapsulating bioactive compounds (Huang et al., 2022), P V A capsules 
still need to be crosslinked or integrated into fibers, which was our case. 

One potential method for preparing nano/microcapsules comprises electrostatic 
spraying, also referred to as electrohydrodynamic atomization. This process differs 
from electrostatic spinning mainly in terms of the lower concentration of the poly­
mer, which is often of a lower molecular weight, which leads to the generation of 
droplets in place of fibers under the same operating conditions (Bock et al., 2012). 
The droplets generated via electrospraying generally have a relatively narrow diam­
eter distribution, which depends primarily on the voltage, the electrical conductivity 
of the liquid, and the dispensing rate (Duby et al., 2006). Further advantages of the 
electrospraying method include its so-called "self-dispersion" characteristic, which 
is caused by the Coulomb repulsion of the charged droplets during the spraying pro­
cess, thus acting to prevent their aggregation (Duby et al., 2006; A . Gupta et al., 
2020). On the other hand, one of the disadvantages of this process concerns the 
need for an oppositely charged electrode, which poses problems, especially when the 
polymer must be deposited on structured surfaces or liquids (solvents). However, 
alternating electrical voltages render the presence of an oppositely charged electrode 
unnecessary (Pokorný et al., 2014). 

Although the first experiments on electrospraying using the A C were conducted 
several decades ago (Sample et al., 1972; Sato, 1984), this method still lacks a pre­
cise physical description, in contrast to its DC counterpart. The first publications 
on this topic concentrated primarily on the formation of emulsions in liquid-liquid 
systems. For example, Masayuki Sato experimented with the AC-spraying of liq­
uids into immiscible liquid-acceptors at low frequencies (Sato, 1984). In contrast, a 
study by Guido Gneist and Hans-Jórg Bart (2002) investigated the A C electrospray­
ing of liquid-liquid systems at high frequencies (30 to 45 kHz). Wang et al. (2006) 
even noted that at very low frequencies, the behavior of the droplets is similar to 
that in classical DC spraying in terms of separation and the charge accumulation 
of the droplets. However, few papers have been devoted to the A C spraying of 
polymer solutions. For example, Kessick et al. (2004) reported a higher degree of 
carboxymethylcellulose coverage on semiconducting substrates when comparing the 
potential of A C to DC, probably due to a reduction in the surface charge accumu­
lation. 

In the case of A C electrospraying, in addition to the magnitude of the electrical 
voltage, other manipulatable parameters concern the frequency and shape of the 
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signal, as illustrated by the balancing of the Maxwell stress eE2/2 by the capillary 
pressure a/R at low frequencies, where the Maxwell pressure can be assumed to 
be independent of the applied frequency (Maheshwari et al., 2009). In addition, 
resonance may occur in an A C field between the frequency of the input signal and 
that of the droplet itself. It implies a higher degree of strain and droplet growth 
with enhanced detachment even when lower voltages are applied. In general, A C 
electrospraying can be divided into two physical principles in terms of the generation 
of the resulting droplets, i.e., low frequency (/ < 10 kHz) (Yeo et al., 2004) and high 
frequency (/ > 10 kHz) according to the magnitude of the frequency. However, this 
paper considers only the low-frequency droplet generation method. 

Grigor'ev has provided a theoretical explanation for low-viscosity drops 
(Grigor'ev, 2000), who inferred that the characteristic time for the relaxation of hy-
drodynamic drops back to their initial spherical shapes must be significantly longer 
than the external electric field (r l/ou) period. The time r can be estimated as 
required for a stretched spheroidal drop to recover its spherical form under surface 
tension. The center of mass of the half drop moves with constant acceleration under 
the influence of constant Laplace force, thus determining the following restriction 
on the drop parameters. 

where p denotes the density of the liquid, R is the droplet radius, a is the 
solution's surface tension, and u is the frequency of the external electric field. Ma­
heshwari (Maheshwari et al., 2009) considered a similar relationship in his research, 
albeit for a slightly different geometrical arrangement. Substituting values that 
corresponded approximately with our parameters (p ~ 103 kg -m - 3 ; R ~ 10~3 m; 
a ~ 40 • 10~3 N - m - 1 ) for each parameter of equation (1.1), we determined that 
/ 55 Hz. The surface tension was determined approximately for water/ethanol 
at a ratio of 8:2. This simple estimate led us to hypothesize that to destabilize a 
droplet, we must apply a frequency in the order of units of Hz. The confirmation of 
the hypothesis will be demonstrated later on in the text of chapter six. 

(1.1) 
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2 Chapter II: Fabrication of nanofibrous 
wound dressings 

2.1 Introduction 

This chapter introduces the pitfalls in the design and fabrication of drug-loaded 
electrospun nanofibers for use as wound dressings. The effect of the incorporated 
drug on the electrospun materials' morphology and release kinetics profiles will be 
discussed. The text of this chapter is based mainly on three papers published in 
Scientific reports (Do Pham et al., 2021), Biomedical Materials (Mikeš et al., 2020), 
and Journal of Drug Delivery Science and Technology (Asatiani; Novotný, et al., 
2021). 

This chapter covers the process of fabrication of a novel nanofiber-based wound 
dressings with an active antimicrobial/regeneration promoting by means of needless 
electrospinning. The focus of the study was on the efficient incorporation of the 
selected substances to the nanofibrous structure and further investigation of their 
release from nanofibers. It is believed that development of such doped wound dress­
ing and the knowledge of how they are able to release the active agents may provide 
a pathway to more effective therapies in wound healing. 

2.2 Rationale behind implementation of the 
incorporated substances 

This section covers the rationale for choosing the bioactive substances for the incor­
poration to the nanofibers. Figure 2.1 depicts the S E M micrographs of morphology 
of the substances selected for incorporation to nanofibrous structures in this study. 
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Figure 2.1: The S E M micrographs of encapsulated substances (pure powders) -
Alaptide (A), L-Arginine (B), and L P P O (C). The scale bars are 50 fim and 20 fim. 

2.2.1 Alaptide 
In the introduction chapter, it was already discussed that short peptides represent 
a promising group of biomolecules for used biomedical application due to their an­
tibacterial properties and its ability to accelerate wound healing process. Thus, 
the first molecule studied in this thesis is Alaptide. Alaptide, (Figure 2.2), is a 
spirocyclic synthetic dipeptide which was discovered in the 1980s by Czech chemists 
Sturc and Kasafirek (Kasafirek et al., 1984). It was developed as an analogue of 
the melanocyte-stimulating hormone release-inhibiting factor (MIF). This factor, 
also referred to as macrophage migration inhibitory factor, plays a significant role 
in wound healing. MIF has been identified as a key effector of beneficial estrogen 
effects on wound repair (Gilliver et al., 2011) and it induces the proliferation of 
keratinocytes in vitro and in vivo (Gesser et al., 2011). Alaptide was selected from 
among series of other spirocyclic derivatives as the most advantageous MIF analogue 
from the point of view of its enzymatic stability and due to its pharmacodynamical 
profile (Kasafirek et al., 1984; Opatrilova et al., 2013). 

In the current study, Alaptide was chosen mainly for its favorable results in 
dermatological experiments: a considerable number of tests have shown that Alap­
tide can have a positive influence on epidermal regeneration. In vivo experiments, 
performed on domestic pigs, rats, and mice proved that Alaptide accelerated skin re­
generation and the curing of experimental skin injuries (Radl et al., 1990). Moreover, 
very low acute toxicity was observed in rats and mice, i.e. a 1 g/1 kg dose caused 
only 20% mortality of female rats (Hlinak et al., 1992; Hliňák et al., 2005). This 
low toxicity can reduce one of the major disadvantages of transdermal drugs—the 
possibility of local skin irritation and allergization. Alaptide is currently successfully 
used as a veterinary 1% hydrophilic ointment under the name ALAPTID® (Bioveta, 
Czech Republic) for treating warm-blooded animals in order to cure local injuries 
such as burns, frost-bite, bedsores, etc (Julínek et al., 2010). The release of Alaptide 
from other formulations, e.g. from cellulose-based hydrogels, has also been studied 
(Sklenář et al., 2013). 
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Figure 2.2: Chemical structure of dipeptide Alaptide 

2.2.2 L-Arginine 
Along with the short peptides, various amino acids are known for its positive effect on 
the wound healing process. L-Arginine is a non-essential amino acid with a positively 
charged basic side chain. Its positive effect on wound healing is mainly attributed 
to the release of nitric oxide and multifunctional free radicals (J.-d. Luo et al., 2005; 
Stechmiller et al., 2005), see Figure 2.3. Nitric oxide plays a pivotal role in skin 
repair. It influences the activities of macrophages, fibroblasts and keratinocytes 
during wound healing. Additionally, L-Arginine is a substrate of arginase, which 
converts it into ornithine. Ornithine, in turn, is another key player in the process 
of wound healing, serving as a substrate for synthesis of polyamines, which are 
crucial for cell proliferation. While proline, which is derived from ornithine, plays 
a significant role in collagen syntheis (Childress et al., 2008). L-Arginine and its 
metabolism products are required for tissue repair of acute and chronic wounds. 
They stimulate the release of growth hormone, and also the release of insulin-like 
growth factor I (IGF-1), both of which can improve wound healing (Alexander et 
al., 2014). The body does not provide sufficient amounts of L-arginine for metabolic 
needs during the healing process. This amino acid is synthetized in healthy humans, 
but additional L-arginine is needed after injury. A comprehensive review on the 
L-arginine metabolism and healing has been written by Stechmiller et al (2005). 
Modifying nanofibers with L-arginine has been dealt with in only a small number 
of papers. Subramaniyan et al. coated polyurethane nanofibers with L-arginine 
for biological in vitro testing (Allur Subramaniyan et al., 2018). Other authors 
have modified the surface of a lignin or cellulose nanofiber gel with L-arginine for 
wound healing (Reesi et al., 2018; Feizabadi et al., 2018). It is important to mention, 
that L-Arginine incorporated to the nanofiber-containing gels accelerated the wound 
healing process better comparing to L-Arginine solution. The suggested explanation 
for this is the similarity of a nanofibrous layer to extracellular matrix (ECM) (Yoo 
et al., 2009; Chou et al., 2015). 
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Figure 2.3: Chemical structure of L-Arginine and schematic representation of its 
hydroxylation to form L-Citrulline with release of nitric oxide. 

2.2.3 Lipophosphonoxins (LPPO) 
The third molecule which will be described in following chapters is a novel modu­
lar compound termed lipophosphonoxins (LPPO) was synthesized by Dominik Rej-
man's group (Seydlova et al., 2017). From a chemical point of view, L P P O are small 
amphiphilic molecules bearing positive charge. L P P O has a modular structure, as 
can be seen from Figure 2.4 (left), consisting of four modules: nucleoside module, 
a hydrophobic module, an iminosugar module and the phosphonate linker-module, 
holding all the modules together. 

The modifications of the iminosugar module led to developement of second-
generation L P P O , which were used in the present study. It was already proved 
to have a significant antibacterial activities against a wide range of bacteria, both 
gram-positive and gram-negative, including the strains with a developed multidrug-
resistance, with no cytotoxicity on human cells at bactericidal concentrations 
(Panova et al., 2015). The mechanism of action of L P P O , however, differs re­
markably from that of conventional clinically used antibiotics. L P P O act by perme-
abilization of the bacterial membrane leading to its disruption and, subsequently, 
to cell death. Taking into account, the unique structure and mechanism of action 
of L P P O , it is not anticipated that microorganisms will develop cross-resistance 
as they do with conventional antimicrobial drugs (Seydlova et al., 2017). The use 
of L P P O as an antimicrobial additive was already successfully evaluated in bone 
cement (Zbornikova et al., 2020). 
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Figure 2.4: Lipophosphonoxins. Scheme of a general modular structure of lipophos-
phonoxins (left) and the chemical structure of the second generation-LPPO DR-6180 
compound used in the present study 

2.3 Morphology of drug-loaded wound dressings 

2.3.1 Nanofibrous membranes loaded with Alaptide, L-Arginine 
or their mixture 

A l l polymer/drug formulations were successfully electrospun with two types of ad­
ditives (dipeptide and amino acid) incorporated into the P C L fibers individually as 
well as their mixture. The reason of combination of Alaptide and L-Arginine was to 
verify its possible synergic effect on acceleration of wound healing process. P C L is 
one of the most promising polymers for use as a wound dressing due to its capacity 
to tune the biodegradability and cytocompatibility. The morphological analysis of 
produced nanofibers revealed that the differing drug loading concentrations led to 
the formation of differing morphologies, as can be seen from micrographs in the 
Figure 2.5. 
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Figure 2.5: Representative S E M micrographs of the electrospun P C L nanofibers 
loaded with Alaptide or/and L-Arginine. A - pure P C L , B-E - morphology of 
nanofibrous mats with 0.1, 1, 1.5, and 2.5% of Alaptide. F-I - morphology of nanofi-
brous mats loaded with 1, 5, and 10% of L-Arginine. I - the nanofibrous mat loaded 
with mixture of 1.5%Alaptide+10%Arginine. The scale bars are 10 /xm (2 /xm in 
the magnified images). 

Generally, the fabricated P C L nanofibrous layers had multimodal distributions of 
fiber diameters (Figure 2.6). This is mainly due to the use of a critical concentration 
of the polymer that already forms fibers without beads for a given solvent system and 
molecular weight distribution (Puppi et ah, 2010). With increasing concentration of 
the polymer, or with use of higher molecular weight, monomodal but thicker fibers 
would be obtained (Mikes et al., 2021). The increase in the loading of Alaptide 
led to a corresponding decrease in the fiber diameters. Hence, the thinnest fibers 
were attained from the solution with the highest degree of Alaptide loading (2.5 
wt %). However, P C L with 1.5 % Alaptide had the broadest fiber distribution of 
all the produced materials, which affected the mean value. On the other hand, 
the increment of the L-Arginine loading led to the increasing fiber diameters. The 
electrospinning of nanofibers loaded with the mixture of 5 % L-Arginine 1.5% 
Alaptide resulted in the broad-peak fiber diameter distribution with morphology 
similar to the material with 1.5% of Alaptide. Comparison of the fabricated doped 
layers to the control sample (pure PCL) revealed a statistically significant difference 
for all the drug-loaded samples with exception of P C L + 1.5 wt.% Alaptide and and 
10 % of L-Arginine. 

30 



B. PCL+ Q.1% Alaptide C. PCL +1% Alaptide D. PCL + 1.5% Alaptide E. PCL+2.5% Alaptide 

Mean ± 3D 
308.9 ± 245 

Fiber diameter (nm) Fiber diameter (nm) Fiber diameter (nm) Fiber diameter {nm] 

Figure 2.6: Histograms of fiber diameter distribution and mean values of nanofibrous 
materials loaded with Alaptide and/or L-Arginine (n=200). A - pure P C L , B-E 
- nanofibrous mats with 0.1, 1, 1.5, and 2.5% of Alaptide. F-I - morphology of 
nanofibrous mats loaded with 1, 5, and 10% of L-Arginine. I - the nanofibrous mat 
loaded with mixture of 1.5%Alaptide+10%Arginine. 

The differing mat morphologies were partially explained by the differing compo­
sitions of the electrospinning polymer solutions in terms of the low solubility of both 
additives. The solubility of Alaptide in the used solvent system at 20° C was deter­
mined experimentally at 3.06 mg/mL (i.e. ~0.18 %). This finding is in accordance 
with Figure 2.7), where the relatively sharp transition from solution to suspension 
is visible between 0.15 and 0.20 % w/w of Alaptide. L-arginine is soluble in water 
and slightly soluble in ethanol (Bowden et al., 2018). Thus, it was expected that 
the precursor solution with 0.1 wt% of Alaptide would be fully dissolved so as to 
form a solution, whereas the rest of the Alaptide or L-Arginine-containing formu­
lations were expected to consist principally of undissolved nano- or micro-particles, 
thus forming a suspension. Further, it was assumed that electrospinning from the 
solution would lead to forming a so-called "monolith solution " matrix type wherein 
the drug was homogeneously dissolved throughout the polymer matrix. In contrast, 
electrospinning from the suspension would result in a "monolith dispersion " with a 
higher degree of heterogeneity and drug particle (crystal) diameters comparable to 
those of the fibers (Juergen Siepmann et al., 2012). In this regard, some of the de­
fects found on the S E M micrographs of the nanofibrous structure had similar shapes 
and sizes as L-arginine and Alaptide particles. This is mainly due to electrospinning 
from suspensions (with the exception of 0.1 wt.% Alaptide). 

The particular solvent system (see chapter 7.1) was used for electrospinning 
because chloroform is a good solvent of P C L . However, chloroform has a moderate 
dielectric constant and creates fibers with relatively large diameters. The increase in 
the dielectric constant with the addition of ethanol, methanol or dimethylformamide 
produces fibers with a more narrow distribution profile of the fiber diameter (C. 
Luo et al., 2012). Addition of ethanol was chosen due to its relatively low toxicity. 
Another option is to use the acetic and formic acid solvent system. This system 
reduces the diameter of the fibers as the dielectric constant increases, however the 
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polymer solution is unstable and may become degraded over time (Ekram et al., 
2017). 

Figure 2.7: Solubility of Alaptide in the polymer solution (16% P C L , CHC13/EtOH 
9:1). Samples 1-8 represent P C L solutions with 0, 0.1, 0.15, 0.20, 0.25, 0.5, 1 and 
2.5 wt% of Alaptide, respectively. The green frame indicates the "solution" range, 
and the red frame indicates the "suspension" range. 

2.3.2 Nanofibrous membranes with LPPO 
The PCL-based nanofibrous wound dressings were successfully prepared with ad­
ditions of three different concentration of antibacterial molecule L P P O (DR-6180). 
The morphology of the fabricated layers is depicted in Figure 2.8 A - D . The mor­
phological analysis of the membranes revealed comparable morphology in terms of 
fiber diameters, with median values around 300 nm for all the materials (see Figure 
2.8 E-H). The multiple comparisons of the LPPO-loaded membranes with the con­
trol (pure PCL) showed a statistically significant difference (P-value-based) for the 
membranes with 2 % and 10 % of L P P O . Despite this, it can be assumed, that the 
difference occurred mainly from the heterogeneity of the materials itself. However, 
the slight decrement of fiber size of PCL+10% L P P O layer can be explained by the 
surfactant-like behaviour of L P P O , which might significantly decrease the surface 
tension of the polymer solutions. Additionally, as was proved later (see Do Pham 
et al., 2021 for more details), higher loading of L P P O enhanced wettability and 
biodegradability of the materials, simultaneously providing significant antibacterial 
properties. 
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Figure 2.8: Representative S E M micrographs and histograms of fiber diameters 
of the fabricated P C L nanofibrous layers loaded with L P P O . A ­ pure P C L , B ­
PCL+2%LPPO, C­ PCL+5%LPPO, D ­ PCL+10% L P P O . The scale bars are 50 
\im (10 \im in the magnified images). 

Noteworthy, the distribution of fiber diameters for the LPPO­loaded materials 
was multimodal as well as the materials loaded with Alaptide and L­Arginine, with 
most of the diameters distributed around the median value and some highly exceed­

ing the size of one micrometer. Obviously, these thick outliers may significantly 
shift the mean values and increase the standard deviation. Thus, commonly used 
statistical software (e.g., GraphPad) often offers various algorithms to obtain the 
good­looking "cleansed", outlier­free data. However, it will be discussed in the fol­

lowing chapters how important is to take into the account these "outlying" thick 
fibers (high above one micron), in order to understand the release kinetics of sub­

stances from the nanofibers. 

2.4 In vivo evaluation of the healing capabilities 

Performance of drug­loaded membranes fabricated in the current PhD study were 
tested in vitro in terms of antibacterial activity, cell migration and proliferation. 
Despite this, in order to evaluate the healing capabilities, the drug­loaded materials 
were tested under in vivo conditions in cooperation with First Faculty of Medicine, 
Charles University (Prague) (Mikeš et al., 2020) and Prague Burn Centre, Third 
Faculty of Medicine, University Hospital Královské Vinohrady (Prague) (Do Pham 
et al., 2021). Nanofibrous membranes with Alaptide or Alaptide+L­Arginine mix­

ture were tested on Female albino laboratory rats. Particularly, two types of skin 
wounds were studied ­ deep skin incicison (15­20 mm in length) and circular skin 
burns (j2C25 mm) in the dorsal area of the animals. Nanofibrous membranes loaded 
with lipophosphonoxins were tested on inbred male Balb/c (Balb) mice model. 
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2.4.1 Burn wounds 

Nanofibrous membranes loaded with Alaptide or Alaptide+L-Arginine mixture 

Figure 2.9 shows the process of healing of burn wounds which were monitored visu­
ally for 7, 14, 21, 28 and 35 days in order to estimate burn recovery. It can be seen 
from Figure 2.9 that in all burn injury resulted in marked skin necrosis and 
appearance of erythema (reddening). Instantly after the burn injury, the burns were 
covered with drug-loaded P C L membrane. On the 7th day after the injury dead 
tissue pieces (eschar) were noted in all the wounds. It can be seen from the images 
(second and third row), that the treated wounds the eschar were densely covered 
with gradually degradation P C L membranes. Important to mention that gradual 
erosion of the wound dressing, combined with diffusional transport, increased the 
release of the loaded substances to the wound, thus enhancing the healing process. 
Over the further days of the study, the burn injuries treated with drug-loaded P C L 
membranes was found to be significantly different in terms of general wound closure 
and re-ephitalization, comparing to the control. At the end of the study, day 35, 
almost completely healed wound was observed for wound treated with drug-loaded 
P C L membranes. Whereas, the untreated burn injury did not achieve the complete 
closure within this time period. 

The results of time dependence of wound area during the healing of skin burns 
also demonstrated (Mikes et al., 2020) the significant difference between treated 
and untreated wounds. Moreover, synergetic effect of two biomolecules was revealed 
comparing wounds treated with Alaptide-loaded and Alaptide/Arginine-loaded P C L 
membranes. 

Figure 2.9: Representative images of the healing process (5 weeks) of burn wounds 
with control membrane without treatment (first row), Alaptide-loaded membranes 
(second row), 1.5wt%Alaptide+5wt%L-Arginine mixture-loaded membranes (third 
row). Scale bar is 10 mm. (Reprinted from [Mikes et al., 2020]). 
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2.4.2 Skin incisions 

Nanofibrous membranes loaded with Alaptide or Alaptide+L-Arginine mixture 

The second type of wound for investigation of the healing capabilities was deep 
skin incisions. The depth of the skin incisions was 4 mm. Figure 2.10 depicts 
the healing process of control group and the wounds treated with drug-loaded P C L 
membranes. The control group was not treated over the whole healing process. 
There is an evident difference in terms of the eschar area within the first seven days 
after injury. As was discussed previously, the end of first week corresponds to the 
phase of proliferation. This stage is characterized by the appearance of red granu­
lation tissue with an uneven texture, consisting of collagen and other biomolecules 
present in extracellular matrix. This granulation tissue serves as a scaffold for the 
formation of new connective tissue and skin (Gonzalez et al., 2016). The presence of 
dark granulation may indicate an infection, ischemia, or poor perfusion. During this 
proliferative stage, the wound continuously shrinks and the new tissues are formed. 
It can be seen from Figure 2.10 that this process lasted for at least 14 days for the 
untreated group. At the end of the proliferative stage, epithelial cells reappear on 
the skin incisions surface. During the last phase the type III collagen is gradually 
replaced by type I collagen and the wound closes, and the skin area becomes stronger 
as the thickness of the scar decreases (Gonzalez et al., 2016). It can be seen from 
Figure 2.10 that for the untreated group the remodeling was observed after third 
week of the study. 

Considering the groups, which were treated with drug-loaded P C L membranes, 
the significant acceleration of the healing process was observed (Figure 2.10, second 
and third row). The epithelization phase was observed already after the first week. 
The gradual reduction of the wound area during the further stages of healing was 
also much more pronounced for the treated groups. Visible enhancement of the 
wound healing process can be explained by the specific structure of the nanofibrous 
wound dressing, which protects the wound from infection and damage, as well as 
maintain the moisture level and cleanliness within the wound. 
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Figure 2.10: Representative images of the healing process (4 weeks) of deep inci­
sions with control membrane without treatment (first row), Alaptide-loaded mem­
branes (second row), 1.5wt%Alaptide+5wt%Arginine mixture-loaded membranes 
(third row). Scale bar is 10 mm. (Reprinted from [Mikes et al., 2020]). 

Generally, both tested compounds used in this study remarkably accelerated the 
healing process of experimental wounds in vivo in rats. The healing process of the 
burn wounds treated with a combination of Alaptide and L-Arginine lasted 28 days 
(4 weeks), leading to the wound area close to zero as a result. Whereas for the 
untreated burn wounds, this process took about 42 days (6 weeks). Considering the 
incision wounds, the healing process lasted 4 weeks both for the treated and un­
treated wounds. Despite this, the healing was different in terms of the size (area) of 
eschar which was formed in the beginning of the healing process. A presence of rela­
tively large eschar was observed during the whole period of healing for the untreated 
wounds, while rapid decrement of wound size with almost no eshar formation was 
observed for the membranes treated with Alaptide or with the Alaptide/L-Arginine 
combination (see Figure 2.10). 

It is assumed that the main potential for the use of these modified nanofibrous 
membranes is in the treatment of relatively large wounds, where supportive material 
is required. This type of wounds are often infected and thus can cause sepsis, 
especially in the case of burn wounds. Functionalization of nanofibers not only 
with wound healing drugs but also with antibacterial drugs is therefore essential for 
clinical applications of the nanofibrous wound dressings. As will be discussed in the 
following sections, the second-generation L P P O may serve as a good candidate for 
such a antibacterial agent to be incorporated to nanofibers. 
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2.4.3 Infected skin incisions 

Nanofibrous membranes with LPPO 

An 8-mm disposable skin biopsy punch was used to create a full-thickness skin 
defect overlying the thoracic spinal column and the adjacent musculature. The 
open wounds were then infected with Staphylococcus aureus strain. The wound 
experiment was evaluated on post-operative day 7th. As reported, wound infection 
was clearly visible by the presence of purulent exudate. The nanofibrous P C L wound 
dressings loaded with 5 wt% and 10 wt% of L P P O displayed a pronounced infection-
impairing effect with negligible (from cytotoxicity point of view) systemic levels in 
liver and/or plasma. Whereas the wound dressing with 2 wt% L P P O had limited 
antibacterial activity. Additionally, the newly developed P C L wound dressings with 
and without L P P O slightly improved granulation tissue formation. 

2.5 In vitro drug release studies 

In order to develop an active antibacterial/healing-enhancing wound dressing, the 
controlled release of the incorporated agent is crucial. Therefore, the produced 
nanofibrous materials were examined under in vitro conditions in order to investigate 
the kinetics of release of the incorporated substances into a phosphate-buffered saline 
(PBS) environment. 

2.5.1 Nanofibrous membranes loaded with Alaptide or 
Alaptide+L-Arginine mixture 

First of all, in order to verify the efficiency of drug incorporation, the drug loading 
within the fabricated membranes was determined by means of H P L C . The values 
of predicted (calculated) and actual (determined) values for both molecules are 
summed up in Table 2.1. 

The predicted drug loading [mg/g], Q, within the fibers was calculated on the 
basis of the dry mass in the polymer solution under the simple assumption of the 
complete evaporation of the solvent following electrospinning: 

^Tl fiber 

where m^rug [mg] is the mass of the incorporated substance added to the corre­
sponding polymer solution and mfiber [g] is the mass of the fibrous sample. 

The determined Q (mg/g) values were not significantly different from the pre­
dicted values for both incorporated molecules. Table 2.1 shows that with concern 
to the 2.5 and 1 wt.% of Alaptide, the mean Q (mg/g) values were approx. 16.5% 
higher than the predicted values with standard deviation of approximately 10 %. 
Whereas the mean value for the 0.1 wt.% differed by a mere 2.5 %, thus suggesting 
the more homogeneous distribution of the drug throughout the nanofibrous mats. 
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Table 2.1: Comparison of the loading of Alaptide and L-Arginine [mg/g] in the 
nanofibers as determined via H P L C and the predicted values. 

L-arginine loading in P C L 

Loading Predicted loading Determined loading 
in the solution in nanofibers in nanofibers 

(% w/w) (mg/g) (mg/g) 

1 58.8 68.2 ± 5.4 
5 238.1 299.3 ± 12.7 
10 384.6 474.3 ± 55.9 

Alaptide loading in P C L 

0.1 6.2 6.3 ± 0.6 
1 58.8 71.8 ± 5.6 

1.5 85.7 101.6 ± 10.7 
2.5 135.1 159.3 ± 15.8 

Similarly, the mean Q values for L-Arginine were slightly higher than the predicted 
values, but also mostly within the standard deviation range. 

These differences in loading can be explained by the nature of the electrospinning 
solutions. It was observed that the suspension of L-arginine tends to be very unstable 
and the formation of of L-arginine agglomerates was visible over some time. This 
phenomenon affected the homogeneity of the distribution of the drug in the P C L 
membrane. The inconsistency relating to the drug loading for the higher loadings 
of both molecules may have been due to the presence of both the dissolved and 
undissolved drug within the nanofibrous mats. Moreover, with concern of Alaptide, 
the difference between the predicted and actual loading could have been caused by 
the polarity of the Alaptide molecule. The dipole moment of the molecule may lead 
to the rearrangement of the Alaptide molecules (particles) in the polymer solution 
as a result of the presence of an electrostatic field during the electrospinning process 
(Zhuang L i et al., 2014). Thus, it appears that the Alaptide-containing fraction of 
the precursor P C L solution was spun preferentially over "Alaptide-free" fraction. 

On the basis of our preliminary in vitro studies (Mikes et al., 2020), the drug 
release study of Alaptide from P C L nanofibers was repeated, given the shortcomings 
of the previous experiment and with emphasis on nature of the Alaptide release from 
nanofibrous structure. The cumulative drug release profiles of Alaptide (in mg) 
versus time (mean of the three samples) are depicted in Figure 2.11. The release 
of all the loadings was found to be biphasic with pronounced burst release at the 
outset. The PCL+2.5% Alaptide and PCL+1 wt% Alaptide samples exhibited more 
pronounced burst effects that resulted in the release of almost all the drug content 
within the first 24 h. The release of the lowest concentration, 0.1%, occurred in a 
more sustained manner and did not exhibit such a significant burst effect. With 
respect to the drug loading value shown in Table 2.1, more than half of the initial 
drug loading content was released within the first 10 h for all the samples (see Figure 
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2.11, D-F). On the basis of results from repeated experiments on cell metabolic 
activity, it was assumed that Alaptide loadings higher than 2.5 wt.% could support 
the healing process (Mikes et al., 2020). This loading can be even increased, however 
according to these findings, the majority of drug content will, in any case, be released 
within the first hours. 
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Figure 2.11: Cumulative release of Alaptide (in milligrams) from the P C L nanofi-
brous mats. The overall release time frame is depicted in the top panel (A-C). The 
graphs inside the blue dashed borders (D-F) represent the first 24 h of release. 

Importantly, the subsequent dissolution of the electrospun mats revealed no 
residual Alaptide content trapped within the drug-loaded fibers at the conclusion 
of the release experiment, suggesting that the whole of the loaded Alaptide content 
had been released within 14 days. 

The same method for the investigation of drug release kinetics from nanofibers 
loaded L-Arginine was applied. However, in vitro drug release experiment from 
Arginine-loaded membranes was rather complicated by the nature of L-Arginine. 
The cumulative amount of release L-Arginine decreased along with time. Most 
likely this happened due to the gradual degradation of L-arginine to L-citrulline in 
the release medium caused by the change in pH, which in turn distorted the H P L C 
measurement of drug release. 

Thus instead of determining cumulative drug release, the change in pH level of 
demineralized water with immersed L-Arginine-loaded samples was measured (Fig­
ure 2.12). Similarly to Alaptide-loaded membranes, a burst release was observed for 
L-arginine according to a sudden decrement of pH in the first hours. Subsequently, 
the release kinetics study, confirming this observation by H P L C measurements was 
subsequently published by the colleagues (Horakova et al., 2020). 
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Figure 2.12: The measured change in the pH level of demineralized water after 
immersing the P C L membrane with various amounts of incorporated L-arginine. 
The first measurement was made at t = 30 min. The data points were fitted with 
an exponential function (dotted curve). 

2.5.2 Nanofibrous membranes with LPPO 

In contrast to the measurement of Alaptide/L-Arginine-loaded membranes, the at­
tempt to measure L P P O loading within the nanofibers was unsuccessful due to the 
complex (surfactant-like) structure of the molecule. Unfortunately, a viable sepa­
ration method was not developed within the given time frame of the study. The 
L P P O formed strong bonds with P C L , causing the formation of gel-like aggregates 
when the LPPO-loaded nanofibers were dissolved. As a result, it was not possible 
to separate the L P P O fraction for further H P L C analysis. Thus only the loading 
calculated on the basis of dry mass (see Equation (2.1)) is shown in Table 2.2. 

Table 2.2: Actual loading of L P P O [mg/g] in the nanofibers. 

L P P O loading in P C L 

Loading Predicted loading Determined loading 
in the solution in nanofibers in nanofibers 

(% w/w) (mg/g) (mg/g) 

2 19.6 n/a 
5 47.6 n/a 
10 90.9 n/a 

The cumulative LPPO-release profiles versus time are shown in Figure 2.13 for 
three different loadings of L P P O . In the similar fashion to Alaptide- and L-Arginine 
- loaded membranes, demonstrated biphasic (or even a "threephasic") release char-
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acterized by a pronounced initial burst followed by the gradual release over time. 
The third phase may be distinguished for P C L with 5% and 10% of L P P O with a 
further stair-like increment in released amount after appx. 500 hours. Although, 
the detection limit of the developed H P L C method was relatively low, it can be 
seen that detectable cumulative release of P C L + 2% L P P O started only after 24 
hours of experiment. Indeed, according to the predicted loading values (Table 2.2), 
the L P P O release rate was rather slow for all the examined membranes. Note, that 
the cumulative amount of released L P P O was proportional to the loading of L P P O . 
Thereby, the amount (in mg) released from PCL+10% L P P O was approximetely 
two times larger than that of PCL+5% L P P O and about 5 times larger than that of 
PCL+2% L P P O . This persisted consistence of the loaded ratios of loaded drug may 
indirectly indicate the homogeneous distribution of L P P O within the membranes. 
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Figure 2.13: Cumulative release of L P P O (in milligrams) from the P C L nanofibrous 
mats. The overall release time frame is depicted in the top panel (A-C). The graphs 
inside the green dashed borders (D-F) represent the first 24 h of release. 

The findings of subsequent studies (Do Pham et al., 2021) suggested that dif­
fusion may not be the only rate-limiting mechanism for L P P O release from P C L 
nanofibers, but also an errosion of P C L plays a significant role. The study demon­
strated that enzymatically-catalyzed L P P O release from P C L nanofibers in the pres­
ence of lipase was concentration-dependent and correlated with the degradation rate 
of the P C L matrix. This particular feature can be beneficial for an active wound-
dressing, as bacteria can enzymatically stimulate the release of L P P O in proportion 
to the bacterial load within the wound. 
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2.6 Conclusion 

The aim of this chapter was to demonstrate the process of successful functional-
ization of PCL-based electrospun membranes intended as wound dressings and to 
evaluate its applicability in wound healing. Three different bioactive molecules were 
used as a model drugs, namely spirocyclic dipeptide Alaptide, single amino-acid 
L-Arginine, and the second-generation Lipophosphonoxins. In order to investigate 
the consequences of drug incorporation, the fabricated drug-loaded materials were 
characterized in terms of morphology. The release of the incorporated drugs from 
produced nanofibers was studied under in vitro conditions. Finally, the tests on 
rats/mice were conducted in order to verify the enhanced wound healing capabili­
ties in vivo compared to the control group (untreated P C L nanofibers). 

The morphology of nanofibrous membranes doped with Alaptide or L-Arginine 
was dependent on the physical state of the incorporated drug in the polymer solution 
(or suspension). Some defects found within the structure of the membranes had size 
and shapes similar to Alaptide and L-Arginine. Whereas, no traces of L P P O on the 
surface of the nanofibers were found and it is assumed that all of L P P O was dissolved 
in the electrospinning solution. The release of the incorporated drugs was bi-phasic 
with a pronounced burst release in the initial stage. Due the complex nature and 
surfactant-like behavior of L P P O , there was likely other release mechanism involved 
besides diffusion. A l l the developed nanofibrous membranes enhanced the wound 
healing process under in vivo conditions. 

The findings of this chapter have important implications for the field of wound 
dressing development, as they demonstrated that the fabricated nanofibrous mem­
branes doped with the selected bioactive agents have a great potential for enhancing 
wound healing and reducing the risk of the S. eraretis-induced wound infection (or 
sepsis). Some important aspects of drug incorporation strategies to electrospun 
nanofibers are also discussed. Although the studies covered in this chapter pro­
vide promising results, the author acknowledge that further in vitro drug release 
studies with modified conditions are necessary in order to obtain reliably repro­
ducible results. Generally, future research could explore the behaviour of releasing 
substances loaded at close-to-solubility-limit concentrations in order to understand 
the difference in release mechanisms for monolith-dispersion and monolith-solutions 
matrices. The combination of developed nanofibrous materials with other suitable 
formulations (e.g., hydrogels) could be investigated as well as the combination of the 
wound healing-enhancing molecules and the antibacterial agents in order to achieve 
a synergy effect of different components. 

In conclusion, this chapter has demonstrated the great potential of the developed 
nanofibrous membranes as a novel approach for accelerating wound healing process 
and eliminating the risk of microbial infection of the wound. Indeed, the estimation 
of an appropriate drug loading and prediction of its release behaviour is essential 
to design and develop a decent wound dressing. Thus, in order to predict the drug 
release kinetics from nanofibers, use of a mathematical model is needed. The next 
chapter will cover the development of such a mathematical model for a diffusion-
controlled release on the basis of the diffusion equation. 
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3 Chapter III: Development of the 
mathematical model of drug release 

3.1 Introduction 

This chapter will describe the theoretical approach to releasing kinetics of a sub­
stance from nanofibrous structures. It will demonstrate how essential specific pa­
rameters of the fibrous mat are. The majority of the text that comprises this chapter 
was previously published in the Journal of Drug Delivery Science and Technology 
(2021), volume 63, p. 102492 (Asatiani; Novotný, et al., 2021). 

This chapter aims to evaluate the relevance of applying classical mathematical 
models to nanofiber structures. We will also explore the need for novel approaches, 
taking into account the specific features of nanofiber-based drug delivery systems. 
Accordingly, the development of a new mathematical model that describes the dif­
fusion of substances from nanofibers using an analytical solution of the diffusion 
equation in cylindrical coordinates will be described. 

3.2 "Rethinking models": Why do we need a new 
mathematical model in the first place? 

Despite the relatively evident complexity of nanofibrous drug delivery systems, few 
attempts have been made in recent years to establish a mechanistic approach to 
the kinetics of drug release from nanofibers. Some authors have reported numerical 
calculations such as the Finite Elements Method (Nakielski et al., 2015; Kojic et al., 
2017; Milosevic; D. Stojanovic, et al., 2018), Method of Lines (Halwes et al., 2018), or 
simple iterative schemes (Cabrera et al., 2006). In contrast, analytical approaches 
to addressing such issues have been suggested in studies by Srikar et al. (2009), 
Gandhi et al. (2009) and Khansari et al. (2013) that advocate the desorption-
limited approach, as well as in recent studies by Petlin et al. (2017) and Spiridonova 
et al. (2019) that describe models controlled by the fiber distribution. Recently, a 
study has been reported that combines the Finite Elements Computational Method 
and the fiber-distribution model by Petlin et al. (Milosevic; D. B. Stojanovic, et 
al., 2020). In addition, only a limited number of these studies attempt to estimate 
the drug diffusion coefficient Srikar et al., 2009; Gandhi et al., 2009; Spiridonova 
et al., 2019; Petlin et al., 2017; Chung et al., 2019 within the nanofibers, which may 
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differ significantly from the apparent diffusion coefficients estimated for the same 
polymer but other geometries (e.g., polymeric slabs or pellets) Rosenberg et al., 
2007; Muschert et al., 2009. 

In the study by Srikar et al. (2009) a case in which the release of the drug is 
significantly below 100% is described. However, it is possible to misinterpret this 
model, particularly in cases where the percentage amount of the released drug is 
merely calculated (from the polymer solution) rather than determined experimen­
tally, i.e., it is possible to determine a drug release count of less than 100 % in cases 
where the incorporation efficiency is less than 100 % (e.g., due to the insufficient 
stirring of the polymer solution). 

The results of the studies conducted by Petlin et al. (2017) are limited by 
the assumption of a monolithic solution-type drug delivery system. In the case of 
monolithic dispersion, the model will not necessarily function when electrospinning 
proceeds from a suspension. Although work by Petlin et al. (2017) was based on 
real experimental data, the nanofibrous mats examined had a relatively homoge­
neous distribution of fiber diameters. In particular, the value of the coefficient of 
variation (CV) of the fiber diameter distribution would typically have higher values 
(Colmenares-Roldan et al., 2017), especially concerning polycaprolactone fibers. 

Nowadays, it is customary in modern scientific literature to characterize the 
mechanisms of release from nanofibers by applying widely-used empirical models 
such as the Korsmeyer-Peppas (3.1) and the simplified form of the Higuchi equation 
(3.2): 

' -- ktn (3.1) 
M oo 

Mt = kHt1/2 (3.2) 

where Mt and M^ are the absolute cumulative amounts of the drug released at 
time t and at infinite time, n is the diffusional exponent, k is the pre-exponential 
factor incorporating the characteristics of the macromolecular network that forms 
the drug carrier, and ku is the Higuchi dissolution constant. 

The Korsmeyer-Peppas model, also widely known as the "power law", is valid for 
the first 60% of a normalized cumulative fractional release of a substance. This model 
takes into account substance release deviations from Fick's law following anomalous 
release behavior. The n value is related to the geometry of the matrix. It indicates 
the transport mechanism: particularly, if n = 0.5, drug release takes the form of 
Fickian diffusion; if 0.5 < n < 1, drug release takes the form of non-Fickian diffusion 
due to the combination of erosion and diffusion, and n — 1, case II (relaxational) 
transport (Peppas, 1985). It should be noted that the Higuchi equation generally 
represents a special case of the Peppas model for n = 0.5 

However, is using these models for such a complex system as nanofiber 
membranes appropriate? These models were originally derived for more familiar 
dosage forms - i.e., cylinders of known length (pellets), slabs (or thin films), 
or spheres, whereas nanofiber systems, in fact, comprise an assembly of infinite 
cylinders of various diameters. Unfortunately, such simplified models tend to 
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"hide" too much physical meaning in one equation parameter and are often 
misinterpreted. For example, the release mechanism is frequently attributed 
to a diffuse character based merely on the exponent value n<0.5 for slabs or 
n<0.45 for cylinders (Kuang et al., 2018; Preem et al., 2017; Pisani et al., 2019), 
whereas the original article (Peppas, 1985) states that "the exponent n may take only 
values greater than 0.5; n < 0.5 is a clear indication of a statistical analysis problem". 

PCL + 0.1%Alap1ide PCL+1% Alaptide PCL + 2.5% Alaplids 

Time [h] Time [h] Time [h] 

Figure 3.1: Representative results of fitting the experimentally obtained results of 
Alaptide release to the Korsmeyer-Peppas model. 

Among others, nanofibrous drug delivery systems' burst release is a common 
issue. Sometimes, a significant part of the drug is released within a very short 
time frame, making it very complicated to withdraw aliquots consistently. Thus, if 
the preliminary study is being conducted, this can result in a lack of data points 
within the first 60 % range to be fitted with the Korsmeyer-Peppas model. Figure 
3.1 shows an example of fitting the experimentally obtained drug release results to 
Korsmeyer-Peppas model. It can be seen that the goodness of the fit of all three 
data sets is high, i.e., 0.981, 0.995, and 0.994, respectively. However, the obtained 
values of the exponent n, 0.168, 0.237, and 0.365 do not make much sense or are 
just out of the acceptable range. As mentioned above, values lower than 0.5 might 
indicate an error in the data or the system assumptions in the first place. 

3.3 Development of a new mathematical model 

3.3.1 Establishing a problem 
First, it is important to ask, what is a nanofibrous membrane? At least, what is 
it from the geometrical point of view? Depending on what the answer is, different 
approaches and the establishment of a mathematical problem will be applied. One 
can approximate a nanofibrous mat just as a thin slab (plane sheet). Another 
option can be considering nanofibrous membranes as porous mesh. This study 
will consider nanofibrous membranes a rather complex system of infinite cylinders. 
For this assumption, solving the diffusion equation in cylindrical coordinates with 
appropriate initial and boundary conditions is necessary. 
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Generally, three main cases can be considered when solving the problem of drug 
diffusion through cylindrical solids: a) solid cylinder of finite length, b) hollow cylin­
der of infinite length, and c) solid cylinder of infinite length (Vergnaud, 1993; Crank, 
1979). We will focus on the last the length of nanofibers can be assumed 
to be infinite. Moreover, this is the simplest case due to axial symmetry, as the 
diffusion is radial only; thus, the edge effects are negligible. The concentration of a 
drug u(r, t) is dependent only on time t and the radius of a fiber, r. The diffusion 
equation in cylindrical coordinates for 0 < r < R and for 0 < t < oo, assuming axial 
symmetry, is: 

where D is the diffusion coefficient. Note, in our particular case, we assume that 
D does not depend on concentration changes (i.e., is constant). 

It is assumed that at t — 0, the concentration of the drug in the fiber is uniform 
and equal to U0 for 0 < r < R, thus the initial conditions can be written as follows: 

3.3.2 Choice of boundary condition 
Before choosing the boundary condition for r = R, one more aspect of diffusion-
controlled drug release should be clarified. Although it may not be obvious, the 
release of drugs from nanofibers is conceptually similar to the evaporation problem 
of a liquid. It can be mathematically described with the same equations. Analog­
ically to the evaporation of a liquid, in some cases, the boundary conditions relate 
to the rate of mass transfer of a drug across the surface of the medium. Crank 
(1979) describes this boundary condition as follows: during the evaporation, if the 
solid is initially dry and the air contains water vapor, the solid takes up moisture 
from the air. Such exchange of moisture at any time, t, will depend on the air's 
relative humidity and the actual concentration of the moisture on the surface of the 
solid. Crank (1979) provides a simple, reasonable assumption that the rate of this 
moisture exchange is then directly proportional to the difference between the actual 
concentration UQ(T) at the surface at any time and the concentration which 
would be achieved in the equilibrium with the vapor pressure in the atmosphere 
remote from the surface. 

(3.3) 

du 
dr r=o,t 

0 (3.4) 
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Figure 3.2: Illustration of drug release from a nanofiber involving unstirred boundary 
layer close to nanofiber surface. Initially, the drug is homogeneously distributed 
within the nanofiber (left) and the drug is released over time t from the nanofiber 
surface (right). 

Similarly, when a nanofibrous matrix is immersed into a release medium, an 
unstirred boundary-layer mass transfer resistance may exist at the surface of the 
matrix (L. Fan et al., 1989) as illustrated in Figure 3.2. Most importantly, such a 
boundary layer may exist even in well-agitated release systems (L. Fan et al., 1989; 
J. Siepmann; Lecomte, et al., 1999; Muschert et al., 2009), giving rise to additional 
resistance. Simplified, in a well-agitated release medium, there is a region of a 
"completely unstirred liquid layer," where the mass transfer occurs only via diffusion, 
and then a "well-stirred bulk fluid," in which the mass transfer occurs mainly via 
convection (J. Siepmann; F. Siepmann, 2013). The mass transfer exchange is then 
analogical to the exchange of moisture described by Crank (1979). 

It is worth mentioning that the real-life systems are rather complex, and these 
transitions are not that steep (Brunner, 1904). Despite this, two kinds of boundary 
conditions can be considered. The first one is when the mass transfer on the surface 
is so high (i.e., the mass transfer resistance is so low) that the concentration of the 
released substance on the fiber's surface reaches the constant value at equilibrium 
immediately after release starts. The second case assumes a finite mass transfer 
on the surface, which leads to concentration variations during the release process 
from the initial value to the value after reaching the equilibrium (Vergnaud, 1993). 
Mathematically, this boundary condition can be expressed as follows: 

dr R,t 
h[u(R,t) -Uoo] (3.5) 

R,t 
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where h is a boundary layer mass transfer coefficient [cm/s], which depends on 
the partition coefficient of the drug between the nanofibers and the release medium, 
as well as the thickness of the unstirred boundary layer (which is a function of 
agitation speed of the release medium) (L. Fan et al., 1989; J. Siepmann; F. Siep-
mann, 2013). Note that if this rate is large, the boundary condition should be 
u(R,t) — UQO = 0 (i.e., sink condition). 

3.3.3 Solving the diffusion equation 
Now, in order to solve the diffusion equation (3.3) with the given initial (3.4) and 
boundary (3.5) conditions, let us first introduce a new variable: 

' OO ) u(r,t) = u(r,t) - U0 

where u(r,t) represents the concentration of the diffusing substance in time t, 
and u(r, oo) = is the concentration of the substance, which is trapped inside 
the polymeric matrix by means of intermolecular interactions at time t —> oo. With 
this definition, we obtain a new boundary condition at r = R 

du 
u(r, 0) = UQ - C/oo - D— hu(R,t) (3.6) 

R,t 

The problem (3.3) can be solved by the method of separation of variables 
u (r,t) = T (t) R (r) (Crank, 1979), leading to the following solution: 

u(r,t) = Ce-x2DtJ0(Xr) (3.7) 

We now apply this solution (3.7) to the boundary condition at r=R (3.6), using 
the relation of Bessel functions that dJo(x)/dx = —Ji(x), to obtain the following 
equation: 

h R 
-—JoG9)+/3JiG9) = 0 (3.8) 

with (3 = XR. 

The roots of this equation give the eigenvalues A„ = (3n/R, which are dependent 
on the value of hR/D. The parameter hR/D will be discussed in more detail in the 
section 3.3.5. For the first ten positive roots of the equation (3.8) for various values 
of hR/D, the reader is referred to Table 3.1 (section 3.3.5). 

With the eigenvalues (3ns, the general solution to the differential equation for 
u(r, t) is the sum of u(r, t) and C/QO-

u(r,t) = J2Cme-(^)2mJ0 f^r) + (3.9) 
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The constant Cm can be found by the integration of initial condition that 
u(r,0) = (UQ-Uoo). 

u{r, 0) = U0 - UQQ = C m J 0 ^ ^ r r ^ > w e multiply and integrate : J r j Q ( d r ­
il 

(U0 - t/oo) ̂ r Jo ( ^ r ) dr = YJCm £ Jo ( /5m \ j (An i , 

From the orthogonality condition for the Bessel functions, we know that for 
n 7̂  m, the integral is equal to zero thus we can express the integral as follows: 

(U0 - t/oo) I rJ0 

Jo Rr)dr = Cm j r 
R 

J 0 [ l i r 
dr 

Following the integration of both sides from r = 0 to r = R we attain the result 
for the constant Cm: 

= 2(U0 - U^) Jj (Prn) 

Pm [Jo (An)]' + [̂ 1 (Pm)}2 

Now we substitute this result into the general solution (3.9) of the problem for 
u(r,t) to obtain the final solution of the problem for concentration of the diffusing 
(released) substance on fiber surface expressed in terms of series: 

u(r,t) = 
2{U0 - Ua JliPr, 

Am [J 0 (Am)]' + [Jl (Am)]' 

Am 
~R 

Dt 

Jn 
Am r . (3.10) 

3.3.4 Amount of diffusing (released) substance 
We have obtained the final solution in the form of a concentration profile. How­

ever, it is considered more appropriate to use the amount of the diffusing substance, 
Mt, from the fibers instead to simplify the comparison with the experimental data. 
To obtain the desired parameter, we will use Fick's first law, which postulates that 
the diffusive flux, j, goes from regions of high concentration to regions of low concen­
tration, with a magnitude that is proportional to the concentration gradient (Fick, 
1855; Crank, 1979). 

3R(t) -D 
R 

du 
dr R,t 

The amount of a diffusing substance M ( r ) from the fibers after time r is related 
to a flux of the substance through the boundaries (surface) of the fibers: 
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M ( r ) = 2nRNl / jR(t)dt = —2nRNlD 
Jo Jo 

du(t) 
dr-

dt. 
R 

(3.11) 

where Nl is a total length of fibers and 2nRNl is its total surface area. By 
substituting from equation (3.10), and using the following relation between Bessel 
functions: 

d_ 
dr R V R - T J I [ T R 

with further integration we obtain the following equation for the amount of the 
diffusing substance from the fibers: 

M(t) = 4irR2Nl (U0 - U^) J] [Jl {Pm)f 
( 

P2

m{[Jo(pm)y + [Ji(pm)n 
R 

Dt 

- 1 

\ J 

As it is always easier to work with dimensionless numbers, we can now express 
the fractional release of the substance at time t with respect to total amount of 
substance release at time t —> oo. The total amount of released substance at time 
t —> oo equals to M (oo) = {UQ — C/QO) nR2Nl and for t — 0 the amount of released 
substance is |M(0)| = 0. By using the expression J\ (f3m) (3m/R = h/DJ0 (f3m) and 
simple algebra we obtain the final form of the solution for r — R. 

(3.12) 

3.3.5 Mass transfer coefficient in the boundary layer 
Now let us focus our attention on the final solution (Equation (3.12)). In the 

boundary condition we introduced a parameter of proportionality h, called mass 
transfer coefficient in the boundary layer. Together with the diffusivity, D, and 
characteristic size of the system, R, it comprises a dimensionless parameter L, 
known as Sherwood number or also the mass transfer Nusselt number, which is a 
ratio between mass transfer resistance at the surface and the diffusional resistance 
throughout the polymer matrix (Vergnaud, 1993; Arifin et al., 2006): 

h 
R. (3.13) 
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It is evident from the already presented equations that the parameter L has a strong 
effect on the final solution as it appears in the very beginning for the calculation of 
individual eigenvalues, (3ns, (Equation (3.8)). Thus, for the estimation of diffusion 
coefficients, D, we need to investigate the behavior of the Sherwood number in more 
detail. 

If we plot Equation (3.8) as a function of (3, we can see how the distribution of 
the roots (3ns, changes with varying values of L. However, we can see from the plots 
that the amplitude of changes between individual (3ns eventually descends with the 
increasing L. It is even more evident from Table 3.1, where the first ten eigenvalues 
(3ns are summed up. 

Table 3.1: Roots of equation 3.8 for different values of dimensionless parameter L 

Roots of -LJO(0) + /3Ji(/3) = 0 with L = hR/D 

L 0I 02 0S 04 05 06 07 0S 09 010 

0.01 0.141 3.834 7.017 10.174 13.324 16.471 19.616 22.761 25.904 29.047 
0.1 0.442 3.858 7.030 10.183 13.331 16.477 19.621 22.764 25.908 29.050 
1 1.256 4.079 7.156 10.271 13.398 16.531 19.667 22.804 25.942 29.081 
10 2.179 5.033 7.957 10.936 13.958 17.010 20.083 23.171 26.270 29.377 
100 2.381 5.465 8.568 11.675 14.783 17.893 21.004 24.115 27.226 30.339 
1000 2.402 5.515 8.645 11.780 14.916 18.053 21.190 24.328 27.466 30.604 
oo 2.405 5.520 8.654 11.792 14.931 18.071 21.213 24.354 27.496 30.638 
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L=0.01 L=0.1 

a 5 10 15 20 25 30 0 5 10 15 20 25 30 

Figure 3.3: Profiles of function f{j3) = —LJ0(f3) + (3Ji((3) for different values of 
dimensionless parameter L. Dots are depicting first ten positive roots, (3ns, of Equa­
tion^.8) (summed up in Table 3.1). 

Indeed, if we now plot dependency of fractional release M(t) /M(oo) (Equation 
(3.12)) as a function of square root of dimensionless time \/Dt/R for various values 
of L (Figure 3.4) we can see that the fractional release profiles differ from each other 
significantly for L values below 100. However, there is no remarkable difference 
between M(t)/M(oo) profiles for L=100 and L=1000. Thus, the result is equivalent 
to the case of a constant concentration on the surface with negligible resistance of 
the boundary layer. In other words, large L effectively means perfect sink conditions. 
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Figure 3.4: Fractional amount of substance released through the surface of a 
nanofiber as a function of the square root of dimensionless time, for various val­
ues of Sherwood number, L 

Thus, at this point, it is necessary to consider the orders of magnitude for h, R, 
and D. The order of magnitude of the nanofiber radius is typically in the range of 
1 0 - 4 — 1 0 - 5 cm. The diffusion coefficient of substances may vary significantly but 
is mainly reported to be 1 0 - 1 0 — 1 0 - 1 5 cm 2 /h. Finally, the mass transfer coefficient 
h, can be determined from the tangent at the origin of the curve M(t) expressed 
as a function of time (3.12)(Vergnaud, 1993). At the beginning of the process, 
the concentration on the surface remains the same as the initial concentration uo(r): 

d M M ^ h { u Q - U o o ) pro t ^ 0 . 
at 

This estimation of h, however, is difficult to approach experimentally. Another 
approach of determining h is related to the fact that the rate of mass transfer, h, in 
the boundary layer is proportional to the thickness of this boundary layer (Etters, 
1995) as schematically depicted in Figure 3.5. Chien (1975) reported an experi­
ment on estimating the mass transfer resistance by varying the rotational speed of 
release medium agitation and determining the thickness of a boundary layer. The 
experiment demonstrated a strong correlation between the agitation speed and the 
release rate of ethynodiol acetate from a silicone matrix. More frequently, however, 
the mass transfer coefficient is determined utilizing non-linear regression (Levenberg 
Marquardt method) of experimentally obtained data and the solution of the diffu­
sion equation. Studies conducted by J. Siepmann (1999) and later by S. Muschert 
(2009) demonstrated that for polymer systems of various geometries the mass trans­
fer coefficient was very high, in a range of 1 0 - 9 — 1 0 - 1 2 cm/h (leading to L pa 100), 
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so that the mass transfer resistance within the boundary layer was considered negli­
gible compared to the resistance within the polymer bulk. Despite this, in extreme 
cases, especially when dealing with an active agent of low solubility or high affinity 
to the polymer matrix, an unstirred boundary layer can become saturated with the 
diffusing substance and hinder (or even stop) the release from fibers. 

Boundary layer thickness 

^ © A Q 
Increasing agitation speed 

Figure 3.5: Schematic representation of dependency of boundary layer thickness on 
the speed of agitation of release medium (adapted from Etters, 1995). The Blue 
circles represent cross section of a fiber, yellow dots represent drug particles and the 
yellowish around the fiber is the boundary layer. 

To summarize, although the findings on total mass transfer resistance at the 
matrix surface can be contradictory, one must be aware of its potential ability to 
alter the release profile even of a well-designed drug delivery device. Moreover, 
the in vitro experiments conducted in a well-agitated medium do not necessarily 
reflect the situation at in vivo conditions (Roseman et al., 1976). Finally, one 
should consider that the behavior of systems can often change significantly when 
their components operate together(Anderson, 1972; Bar-Yam, 2019). Therefore, the 
specific complexity of the nanofibrous structure, which comprises a mesh of densely 
entangled fibers, may potentially escalate the thickness of the unstirred boundary 
layer at the surface of individual fibers. 

Thus, implementation of the boundary layer resistance to the developed mathe­
matical model might help reveal the physical nature of the release from the nanofi­
brous structures and avoid obstacles within the design process of a drug delivery 
system. Otherwise, if there is a firm belief that the effect of mass transfer resis­
tance at the surface of a particular delivery system can be omitted (for large L) the 
boundary condition of a constant concentration can be applied: u(R,t) — = 0. 

3.3.6 Importance of fiber diameter distribution 
We are approaching perhaps the most exciting part concerning the unique features 
of nanofibrous structures. It can be demonstrated that the results of the solution 
of the diffusion equation (3.12) are highly dependent on the input value of the fiber 
radii R. The particular impact of this value on the equation solution is evident from 
the following graph (Figure 3.6), which illustrates the dependencies of fractional 
release profiles, M(t)/M(po), over time t for various values of fiber radius R [nm]. 
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Fiber radius Drug release profile 

Figure 3.6: Dependency of fractional drug release profile, M(t)/M(po), on fiber 
radius value as a function of time. The circles on the left represent different values 
of R from 100 to 3000 nm. The aspect ratio is preserved. The plot on the right 
depicts the drug release profile for the corresponding values of R over time. The 
diffusion coefficient is set to be 1 0 - 1 1 cm 2 /h, and Sherwood number L equals 100. 

For real nanofibrous systems, it is evident that even for exceptionally homoge­
neous fibrous structures there is always a certain distribution of fiber diameters. 
Subsequently, fibers with smaller diameters will exert a more pronounced effect 
on the mass transfer of a substance at the initial stage of release. In contrast, 
the thicker fibers will contribute to the release of the substance at later times. 
Hence, it is important to take into account the variability of the diameters of the 
fibers. The total drug release profile can then be considered a sum of individual 
"sub-profiles" (i.e., solutions of equation (3.12)) for various fiber fractions with 
a particular diameter. Depending on how broad the diameter distribution of a 
particular fibrous system is, it is necessary to determine the appropriate width of 
the group (bin width) from the histogram of the distribution of the fiber diameters 
and the probability or weight of their occurrence is then determined depending on 
the relative frequency of the particular fraction (bin): 

p ^ ) - ^ ! (3.14) 
^total 

where p(Ri) is the probability of the occurrence of the i-th class of averages, n(Rj) 
is the frequency of the averages of the mean radius Ri of the given class, and ntota\ 
is the total number of measurements. 

Nevertheless, it should be considered that each fraction (bin) of the distribution 
of the fiber diameters in the classical histogram is weighted equally. On the other 
hand, even though the thick fibers may represent an extremely low percentage of 
the total number of fibers, this is not the case when one considers their volume. As 
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famous South Asian philosopher Sir Muhammad Iqbal once said, "Democracy is a 
system where people are counted, not weighed." (Ahmad et al., 2021). Indeed, is it 
appropriate to consider the individual fibers equally, taking the average value based 
just on their number? 

Figure 3.7: Representative S E M image of a typical submicrofibrous layer. The fibers 
with significantly larger diameters are highlighted in blue. The scale bar is 5 um. 

To answer this question, consider a typical S E M image of an arbitrary submi­
crofibrous layer (Figure 3.7). In this figure, we can observe a bimodal distribution 
of fiber diameters. The thick fibers highlighted in blue are often treated as outliers 
due to their small number. On the other hand, it is clear that on a single selected 
section of the nanofiber mat, thick fibers will occupy much more space than thin 
nanofibers, even if the number thereof is orders of magnitude higher. Taking this 
fact into account and considering the infinite length of the nanofibers, a probability 
P(Ri), firstly introduced by Petlin et al. (2017), has to be applied. It also considers 
the surfaces of individual fibers from the general distribution: 

Pi {Pi (3.15) 

As previously discussed, the length of fibers within non-woven fibrous structures, 
I, can be assumed to be infinite. Thus, we can reduce nl expression both in the 
nominator and denominator to obtain the following expression: 

P ' { R ^ T $ T ] ( 3 ' 1 6 ) 
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The next chapter will demonstrate how this weighing significantly transforms a 
classical histogram of fiber diameter distribution. Now, if we include the volume-
weighed probability of the nanofibrous radii into Equation 3.12, we finally obtain 
the desired solution for the diffusion equation: 

M{t) 
M(oo) E m 4 E exp Ri 

Dt] (3.17) 

This extended volume-weighted solution contains the separate groups of 
fiber radii and their significance coefficient (weight) based on their frequency of 
appearance within a given fibrous layer. 

3.4 Conclusion 

To conclude, we have seen that the complexity of nanofibrous drug delivery systems 
makes it inappropriate to use the mathematical models developed for the conven­
tional dosage forms. Therefore, it is necessary to look for new approaches that 
consider the specifics of such systems. 

The chapter demonstrated the process of the development of a mechanistic model 
for drug release kinetics from nanofibers. It is clear now that the complexity lies in 
how the drug interacts with the fibers and how the fiber interacts with the envi­
ronment. Thus, many questions regarding assumptions for developing a model that 
adequately reflects reality remain unanswered. 

Nevertheless, in the next chapter, the developed model will be applied to real 
experimentally-obtained data of drug release from nanofibers to determine the dif-
fusivities of the drugs and assess the adequacy of the model. 
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4 Chapter IV - Application of mathematical 
model of release kinetics 

4.1 Introduction 

In the previous two chapters, we explored the application of electrospun nanofibrous 
wound dressings as drug delivery systems. It was demonstrated that to understand 
and to be able to predict the drug release kinetics, an appropriate mathematical 
model is needed. Nevertheless, conventionally used mathematical models describing 
the release of drugs may fail due to the complex morphology of nanofibrous drug 
delivery systems. Thus, the development of the new mathematical model for fibrous 
drug delivery systems was demonstrated in the previous chapter. This chapter will 
cover the application and verification of the developed model on the experimentally 
obtained data of drug release kinetics. 

This chapter aims to demonstrate the developed mathematical model's efficiency 
in estimating diffusion coefficients of model substances in the nanofibers. The model 
was verified on experimentally obtained drug release kinetics data of Alaptide and 
L P P O (described in chapter 2.2). Unfortunately, a strong interaction between the 
P C L matrix and L P P O resulted in the non-diflusional behavior of its release from 
nanofibers. Thus, the diffusion coefficients for the LPPO-loaded materials were 
not obtained within the scope of this study, and the experimental solution to this 
problem will be suggested later in the chapter. 

The text that comprises this chapter was published in the Journal of Drug 
Delivery Science and Technology (2021), volume 63, p. 102492 

4.2 Results and discussion 

4.2.1 Alaptide-loaded nanofibers 

Fiber morphology before and after release 

To verify the developed mathematical model concerning fiber diameter distribution, 
a more precise investigation of Alaptide-loaded nanofibers was conducted. This 
time, 300 diameters were measured in order to obtain reliable (confident) descrip­
tive statistics. Analogically to the study by Petlin et al. (2017), the coefficient of 
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variation was used to express the homogeneity of the nanofibrous layers. The general 
descriptive statistics of the individual diameter distribution of the fibers are shown 
in Table 4.1). Additionally, to confirm the hypothesis of the diffusion-controlled 
release of Alaptide from nanofibers, the morphology of the nanofibrous layers at the 
end of the release experiment was evaluated (see Figure 4.1). 

A. Before After B. Betöre After C. Betöre After D. Betöre After 

Figure 4.1: Representative S E M images of the electrospun P C L nanofibers. A - D -
morphology of nanofibrous mats with 0, 0.1, 1 and 2.5 wt% of Alaptide before and 
after the drug release experiment. 

An investigation of the electrospun layers following incubation (after 21 days) 
revealed a statistically significant difference in fiber diameter distributions for pure 
P C L and 2.5 wt.% samples with p=0.0009 and p=0.0018, respectively. However, 
despite this fact, the difference in the distribution of fiber diameters was mainly due 
to the heterogeneity of the material. The vast majority of fibers were up to about 
500 nm, which is at least 75 to 90 % of all measured values (n=300). A deviation of 
the curves is visible in the quantile graphs (Figure 4.2 A , D). However, this deviation 
corresponds to approximately 10 % of 300x measured diameters. 

Moreover, the median difference between the samples before and after incubation 
is on two tens of nanometers with IQR 100-300 nm. Together with simple observa­
tion of S E M images, these results might indicate that no fiber collapse or significant 
thinning proceeded during the release of the drug. Indeed, several samples with 1 
and 2.5 % of Alaptide had fibers that were "stuck" together (see Figure 4.1). 

Table 4.1: Selected descriptive statistical values of the fiber distributions of the 
Alaptide-loaded nanofibrous mats (n=300). 

Alaptide loading Fiber diameter Fiber diameter Coefficient of variation, 
[wt%] (mean ± SD) [nm] (median, IQR) [nm] C V [-] 

Before After Before After Before After 

0 404.3 ± 453.8 338.3 ± 433.1 256.0 (137.6) 227.2 (133.1) 1.12 1.28 
0.1 513.4 ± 919.8 499.2 ± 614.2 244.6 (188.7) 244.6 (290.5) 1.79 1.23 
1 290.6 ± 315.2 296.6 ± 227.4 217.1 (123.6) 217.1 (141.7) 1.09 0.77 

2.5 261.9 ± 180.1 303.1 ± 230.2 214.0 (102.5) 214.1 (138.6) 0.69 0.76 
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Figure 4.2: Quantile plots (cumulative relative frequencies) of fiber diameter distri­
butions before and after 21 days of incubation of the fiber samples in PBS. The plots 
show the proportion of fiber diameters that are less or equal to particular values. A 
- pure P C L (without Alaptide), B - sample with 0.1 wt% of Alaptide, C- sample 
with 1 wt% of Alaptide, D - sample with 2.5 wt% of Alaptide. 

Transformation of the fiber distributions 

Following what was discussed in the previous chapter, the diameters of individ­
ual nanofibers significantly affect the overall release from a nanofibrous membrane. 
Therefore, to appropriately determine the apparent diffusion coefficient, the dis­
tribution of fiber diameters must be considered. Accordingly, the fiber diameter 
distributions were transformed by assigning the corresponding weights based on the 
fiber volume using relation (3.16). The transformed distributions are depicted in 
Figure 4.3. It is evident from the transformed histograms how the thickest fibers 
have the lowest abundance in the analyzed layers before the transformation and, 
on the other hand, the highest quantity after. These newly obtained probabilities 
(abundances) were subsequently used for the fitting of experimental data to the 
model (Eq. 3.17). 
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Figure 4.3: Fiber diameter distribution of Alaptide-loaded fibers. The original his­
togram (A, B, C) and the volume-adjusted distributions corrected according to the 
volume of the individual fibers (D, E, F). 

Estimation of the apparent diffusion coefficient 

A l l the experimentally-obtained cumulative release profiles were substituted into the 
final solution (3.12) of Eq. (3.3) with the boundary and initial conditions (3.6) and 
(3.4). The results of the fitting process are shown in Figure 4.4. It is important to 
note that even though the histograms show the values of the fiber diameters, the 
equation involves the radii, R. Since the value of the substituted radius was taken 
as the bin center of the histogram, the number of groups was particularly important. 
In this case, a bin width of 100 nm was adopted, and the number of corresponding 
fiber bins (fractions) was automatically calculated from this assumption. 

It is worthy of note that the large error bars and the values above 100 % were 
due to a propagated error caused by the determined value of the initial drug loading 
of the samples (see Table 2.1). Otherwise, the deviation between the release data of 
the individual replicates was mostly within approx. 5 % (see Figure 2.11). 
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Table 4.2: Diffusion coefficients of Alaptide estimated using non-linear regression of 
experimental data. 

Alaptide loading in Estimated 
the solution diffusion coefficient, D R2 

(% w/w) (cm2/s) 

0.1 (3.10 ± 1.07) • 10" 1 3 0.988 
1 (1.18 ± 0.10) • 10" 1 3 0.999 

2.5 (1.11 ± 0.14) • 10" 1 4 0.997 

Figure 4.4: Results of the fitting of the experimental data to the solution of the 
diffusion equation for the three differing Alaptide loadings. The dashed curves 
represent fitting using the mean value of the fiber radii. The solid lines represent 
fitting applying the effect of the fiber radii distribution. 

The estimated diffusion coefficients were the same order of magnitude for both 
the 0.1 and lwt% loadings, i.e., (3.10 ± 1.07) • 10" 1 3 and (1.18 ± 0.10) • 10" 1 3 cm 2/s 
respectively. However, with respect to the 2.5 wt% loading, the value was one order 
of magnitude lower, i.e., (1.11 ± 0.14) • 1 0 - 1 4 cm 2/s. 

The graphs (Figure 4.2) illustrate that the curve plotted by fitting with the con­
stant (mean) value of the fiber radii (the red dashed curve) does not describe the 
release profile sufficiently well. It is also evident from the graph that the appli­
cation of fitting with the mean fiber diameter value always leads to higher release 
rates, which is explained by the underestimated effect of the thicker fibers, which is 
common concerning nanofibrous mats. Moreover, it is visible from Figure 4.4 that 
the curve corresponding to the volume-adjusted radii distribution (the black solid 
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curve) fits the experimental data significantly better, with coefficients of determi­
nation that are close to a value of 1 (see Table 4.2). It is due mainly to the effect 
of the rare but still voluminous thick fibers. A more severe deviation of the fitting 
function from the experimental data is observed concerning the 0.1wt% concentra­
tion. This deviation is due primarily to the displacement of the data points due 
to the normalization of the experimental data (to obtain the dimensionless fraction 
M(t)/M(oo). Since the loading was more extensive than expected (see Table 2.1), 
the values did not saturate at 100 %. However, this problem is difficult to avoid in 
cases where the drug distribution in the nanofibers is uneven; since the nanofibers 
do not allow for the calculation of their length, it is impossible to use the value of 
the total mass of the drug in mg in order to plot the function. Generally, for the 
same reason, applying the Higuchi equation for such kinds of drug delivery systems 
is impossible. It is also worth noting that it is essential to consider the influence 
of the coefficient of variation, the highest value of which is related to the 0.1 wt% 
loading. 

From the calculated values of the diffusion coefficient given in Table 4.2, we 
can see a decreasing trend of D with increasing concentration of Alaptide in the 
fibers. From this, it can be concluded that in the case of 0.1% concentration, the 
fastest release of Alaptide occurred due to its complete dissolution in the polymer 
solution. The drug was present in the fibers in the form of uniformly distributed 
individual molecules, which were released by simple diffusion. In the case of higher 
concentrations, the drug was already present in the form of solute and individual 
undissolved particles. The release, in this case, was more gradual. It is believed 
that the solute was released first, followed by a gradual dissolution of the solid 
particles by penetration of the solvent through the polymer pores and their subse­
quent release by simple diffusion (L. Fan et al., 1989). This fact is supported by 
subsequent analysis, which showed no change in fiber morphology after drug release. 
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4.2.2 LPPO-loaded nanofibers 

Fiber morphology before and after release 

In order to investigate the mechanism controlling the L P P O release from the fibers, 
the morphological changes of nanofibrous membranes after the drug release were 
studied. Analysis of the morphology of the LPPO-loaded layers on the 174th day 
revealed significant changes in terms of fiber diameters for all the fibrous layers. 
Generally, the mean and median values have shifted towards higher values for all 
the membranes except the PCL+2% L P P O . However, the statistical significance 
based on p-value may be arguable for such heterogeneous nanofibrous membranes. 
Thus, the cumulative relative frequency (quantiles) was analyzed. As can be seen 
in quantile plots Figure 4.5 (A-D), no remarkable difference was determined for the 
control sample of P C L and PCL+2%LPPO. However, a significant shift towards 
thicker fibers is observed for the membranes with higher loading of L P P O (i.e., 5 
and 10%). 

Additionally, certain changes in terms of morphology were observed on the S E M 
micrographs of the fibers (Figure 4.5 (E-H). Certain type of anomalies were spotted 
throughout the layers loaded with L P P O - Figure 4.5 F and H (indicated with red 
triangles). These anomalies were present as core-shell-like structures, where the 
thick fibers revealed a much thinner fiber from within. Notably, no such anomalies 
were spotted on the control P C L layer without L P P O . It may be speculated that 
this "shell-" or "envelope-like" structure is L P P O covering the P C L fiber. However, 
no evidence to prove it is provided within the scope of the current study. 
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Figure 4.5: Comparison of fiber morphology before and after the L P P O release 
experiment (after 174 days). Panels A - D depict quantile plots (cumulative frequen­
cies) of fiber diameter distribution for all the fibrous layers. The panels E -H depict 
comparison of S E M micrographs of the fibrous structures before and after the ex­
periment. The scale bar is 10 nm. 

Taken together, these morphology changes indicate a certain degree of swelling 
of the produced fibers after incubation in PBS. Even though the P C L is considered 
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Table 4.3: Selected descriptive statistical values of the fiber distributions of the 
LPPO-loaded nanofibrous mats. 

L P P O loading Fiber diameter Fiber diameter Coefficient of variation, 
[wt%] (mean ± SD) [nm] (median, IQR) [nm] C V [-] 

Before After Before After Before After 

0 504.0 ± 730.8 652.3 ± 745.8 300.5 (181.1) 342.5 (441.4) 1.45 1.14 
2 542.4 ± 641.6 444.4 ± 481.2 354.4 (240.1) 278.5 (244.7) 1.18 1.08 
5 547.3 ± 606.1 681.1 ± 607.1 312.9 (292.9) 410.0 (588.4) 1.11 0.89 
10 361.9 ± 332.2 871.2 ± 1011.7 249.8 (171.5) 417.8 (598.6) 0.92 1.16 

to be an almost non-swelling polymer, several publications report the increasing 
mass of P C L nanofibers by swelling (Zahedi et al., 2013; Renkler et al., 2021). It 
is important to say that swelling is an essential parameter for wound healing as it 
characterizes the ability of the nanofibrous mat to absorb the exudate in the wound 
(Sethuram et al., 2023). 

Transformation of the fiber distributions 

To determine the diffusion coefficient of L P P O within P C L nanofibers, the his­
tograms of fiber diameter were adjusted based on fiber volumes (see Eq. (3.16)). 
Figure 4.6 shows the transformation of the relative frequency distribution once the 
correction is applied. We again see how significantly transforms the shape of the 
histogram, and the change is, obviously, more pronounced with a more significant 
number of thick fibers. The newly obtained weight for individual fiber diameter 
fractions was substituted to the mathematical model, and the non-linear regression 
analysis was applied. 
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Figure 4.6: Fiber diameter distribution of LPPO-loaded fibers. The original his­
togram (A, B, C) and the volume-adjusted distributions corrected according to the 
volume of the individual fibers (D, E, F). 

Estimation of the apparent diffusion coefficient 

Unfortunately, the mathematical model could not describe the release of L P P O from 
the nanofibers. The coefficient of determination was low for all the tested materials. 

Thus, random normalized fiber diameter distributions were generated in the 
same diameter range and with the same number of groups (bins) for the histograms 
to investigate the effect of adjusted diameter distribution on the goodness of fit. 
The release data of PCL+10% L P P O were used for evaluation. Figure 4.7 shows 
nine randomly generated distributions, with the 10th distribution being the actual 
distribution for PCL+10% L P P O membrane (see Figure 4.6-F, highlighted in blue 
frame). The bottom panel of Figure 4.7 demonstrates the results of the experimental 
data's fit (R2 values) to the model considering the corresponding distribution. 
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Figure 4.7: Various volume-adjusted ditributions and the corresponding non-linear 
fit of experimental data. Panel A demonstrates nine fiber diameter distributions 
(1-9) and the actual one (10). Panel B depicts the result of non-linear fit of the 
experimental data to the mathematical model considering the given distribution of 
diameters. R2 indicates the coefficient of determination. 
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It can be seen from the graphs that the best fit (R2 = 0.7344, highlighted in green 
frame) was obtained for Distribution 5. Nevertheless, tests with various random 
distributions did not demonstrate fit with R2 values higher than 0.75. Indeed, the 
values of R2 for fit with weighted (volume adjusted) distribution were consistently 
higher than those with a mean fiber diameter value (R2 = 0.6309). The total overall 
fit differences for the different distributions and the mean value of fiber diameters 
can also be seen in Figure 4.8. 

0 100 200 300 400 500 

Time (h) 

Figure 4.8: Comparison of overall fit differences for various generated fiber diameter 
distributions and the average fiber diameter value. 

Taken together, the analysis of release kinetics suggests that diffusion was not the 
only rate-controlling mechanism for releasing L P P O from nanofibers. Accordingly, 
it is well known that P C L significantly changes its wetting properties over time once 
electrospun due to gradual depolymerization. The tested L P P O materials described 
above were immersed in PBS freshly after electrospinning; thus, the hydrophobicity 
of P C L + L P P O membranes could still be high, making it difficult for water to fill 
the pores of the nanofibrous membrane. On the other hand, when the release exper­
iments were repeated with PCL+10% L P P O materials, the significantly increased 
release in a burst manner was observed. 

4.3 Conclusion 

The idea behind the study was to attempt to form an understanding of the mecha­
nism that governs the release of substances from nanofibrous mats designed in the 
form of wound dressings. Moreover, the intention was not only to provide a char­
acterization of the drug release data obtained but also to predict the subsequent 
kinetics by determining the diffusion coefficient of the drug in the nanofibers. 
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It was hypothesized that the higher loadings would be evenly dispersed inside the 
fibers. At the same time, the lowest concentration was expected to be fully dissolved 
in the polymer, thus resulting in molecular dispersion. To determine the diffusion co­
efficient, the experimentally obtained drug release kinetics data was evaluated using 
a mechanistic model on the basis of the solution of the diffusion equation in cylin­
drical coordinates. Notably, the model considered the weighting of the distribution 
of the fiber diameters inside the nanofiber membrane. 

This chapter demonstrated the successful estimation of diffusion coefficients of 
Alaptide released from nanofibrous layers by applying an analytical diffusion equa­
tion solution to experimental data. Alaptide's release strongly depended on the fiber 
diameter distribution of the obtained materials. Also, the values of the estimated 
diffusion coefficients correlated with the concentration (and physical state) in which 
Alaptide was present in the fibers; the higher the concentration of the drug in the 
fibers, the lower was the release rate, which can be explained by the gradual disso­
lution of Alaptide in the nanofibers and its subsequent release via simple diffusion. 
The decrease of the estimated values of the diffusion coefficients with the increase 
of the drug loading supports this hypothesis. Moreover, no residual Alaptide in the 
fibers nor noticeable changes in the morphology of the fibers were found at the end 
of the experiment. 

On the other hand, the mathematical model could not describe the release of 
L P P O from the nanofibers. The obtained results suggest there might be a strong 
interaction of L P P O molecules to the P C L matrix, leading to significantly slowed 
release. Even after approximately half a year of release, not more than 20% of 
the substance was released. Unfortunately, due to the absence of new samples and 
the limited time scope of the current study, we could not estimate the necessary 
parameters (e.g., U^) to adapt the mathematical model. This model evaluation, 
however, can be suggested as the direction of a new extended study. 

Despite the limited ability to thoroughly verify the model on both molecules, it 
is anticipated that this model will help to enhance the versatility of the approach 
to quantifying the amount of released drug since it can be applied to highly hetero­
geneous nanofibrous layers with high C V values. Moreover, introducing the mass 
transfer coefficient, h, into the model may help attain even more accurate results 
concerning the prediction of kinetics in the future. These results also bring up a 
discussion of whether it is appropriate to consider the mean as a good representative 
of a "typical value" within the diameters distributions and how to treat outliers. 
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5 Chapter V 
parameters 

Effect of polymer 
on electrospun matrix 

5.1 Introduction 

In the previous chapters, we discussed the aspects and effects of the polymer solu­
tions (or suspensions) for fabricating electrospun wound dressings. In this chapter, 
however, we will try to depict the importance of the raw polymer material and 
its effect on the reproducibility of the electrospinning process. The case study will 
be described where the nominally same or very close cellulose derivatives behaved 
differently depending on the manufacturer. 

This chapter summarizes the testing of several HPMCs, for which a high-
productivity polymer system was specially designed based on non-toxic solvents. 
We show that sourcing polymers with the same parameters from different manufac­
turers can significantly influence the mechanical properties of the fabricated layers. 
The following abbreviations were used throughout this chapter: E5 = Methocel 
E5, PH606 = Pharmacoat 606, T605 and T606 = Tylopur 605 and 606, respec­
tively. For more detailed information on the particular H P M C s used, the reader is 
referred to the section 7.2.1. We hypothesize that even slight differences between 
arrangements of substituted methoxy- and hydroxypropyl groups of H P M C can dra­
matically alter the critical properties of electrospun ODFs. In the previous study by 
Svara et al. (2022), APIs, specifically tadalafil, were added to the nanofibrous layer, 
and several properties were studied with an emphasis on mechanical properties. In 
this chapter, only the matrix has been studied to exclude inter-molecular interaction 
between the polymers and the API . 

The text that comprises this chapter was published in Cellulose (2023), volume 
30, pp. 4527-4541, (Asatiani; Filipova, et al., 2023). 
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5.2 Results and discussion 

5.2.1 Characterization of the morphology 

Electrospun nanofibrous layers 

The electrospinning processing parameters and the ambient conditions were kept 
constant during the study to ensure that the type of H P M C was the only variable 
parameter that affected the fiber morphology. The nanofibrous layers produced ap­
peared to be regular and without any remarkable defects or significant differences in 
the macroscopic structures of the layers. Figure 5.1 shows representative S E M im­
ages of the obtained fibrous layers (A-D) and the distributions of the fiber diameters 
within the structures. 

E5/PEO PH606/PEO T605/PEO T606/PEO 

Figure 5.1: Morphology of the electrospun H P M C layers. S E M images (A-D) and 
histograms (with K D E ) of the fiber diameter distributions of the electrospun fibers 
produced from the various H P M C s with P E O . 

The analysis of the S E M images revealed that all the resulting electrospun fibers 
were free of beads and evinced fiber diameters of around 250 nm (median value. 
n=100) with relatively limited fiber diameter distributions (generally up to 650 
nm). 

The observations were similar to those suggested by the earlier data for vari­
ous electrospun H P M C s with differing P E O ratios (Aydogdu et al., 2018). On the 
other hand, the diameter values obtained in this study were approximately four 
times smaller than the H P M C / P E O fiber values obtained by Balogh et al. (2016) 
using DC electrospinning. Balogh et al. (2016), however, considered significantly 
lower P E O 100k ratios (up to 5 % w/w). Since none of the material fiber distri­
butions displayed a normal distribution, the Kruskal-Wallis test was applied, which 
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confirmed the absence of statistically significant differences (p=0.7492) between the 
fiber diameter distributions. A marked difference was observed in the productivity 
(mg/cm2) of the fibrous layers produced. The highest productivity, (3.27 ± 0.16) 
mg/cm 2 , was determined for the T605/PEO layer, which corresponds to a high fiber 
density (see Figure 5.1 - C). The productivity of the PH606/PEO and T606/PEO 
layers was comparable at (2.93 ± 0.20) and (2.96 ± 0.21) mg/cm 2 , respectively, and 
the E 5 / P E O layer evinced the lowest productivity, i.e. (2.44 ± 0.24) mg/cm 2 . The 
productivity was determined by weighing 2.2 x 2.2 cm samples stamped at three 
randomly selected locations for each polymer on the fabricated layer. The nanofiber 
layer production parameters were the same for all the nanofibrous layers. 

Solvent-cast ODFs 

Thin films (solid dispersions) of the same polymer formulations were solvent-cast 
on glass slides and analyzed by means of crossed-polarized microscopy aimed at 
obtaining visualizations of the phase and state transitions of the polymers used 
in the studied H P M C / P E O matrices. A l l the H P M C / P E O formulation sam­
ples revealed two distinct phases following complete drying. Three HPMCs, i.e. 
PH606/PEO, T605/PEO, and T606/PEO (Figure 5.2 B / F , C / G , D/H) evinced 
similar macroscopic structure patterns with highly-defined dispersion phases and 
dispersed bubble-like structures within. However, the E 5 / P E O sample (Figure 5.2 
- A / E ) was more homogeneous and lacked a well-defined separated phase size and 
shape. 

E5/PEO PH606/PEO T605/PEO T606/PEO 

Figure 5.2: USB-microscopy (A-D) and polarized light microscopy (E-H) images of 
the solvent-cast H P M C / P E O films follodwing complete drying. The scale bar is 50 
um and 20 um for the USB microscope and lOOx magnifications, respectively. 

Solutions with differing ratios of H P M C / P E O were subsequently prepared aimed 
at the investigation of this aspect of microphase separation in more detail. The mi­
croscopic analysis revealed that the phase separation changed markedly for both 
the E 5 / P E O and PH606/PEO samples. Obvious microphase separation occurred 
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at a ratio of 9/1, with H P M C particles that were comparable to the P E O nu­
clei. Moreover, the particles from the separated H P M C microphase dispersed in the 
P E O increased intensively with the increasing ratio of PEO. With respect to both 
the E 5 / P E O and PH606/PEO samples, the separated amorphous H P M C domains 
were significantly larger and were densely dispersed within the easily distinguishable 
crystal P E O phase. Moreover, a comparison of the 7/3 ratios for both the E5 and 
PH606 samples (Figure 5.3 - D, H) revealed that the shape of the P E O crystals and 
their distribution throughout the film was not as regular for the E 5 / P E O as for the 
PH606/PEO sample. This observation may indicate the higher degree of compati­
bility (miscibility) of the polymers in the E 5 / P E O formulation. The morphology of 
the P E O crystals was consistent with the results determined by Lovinger and Gryte 
(1976). 

10/0 9/1 8/2 7/3 

10/0 9/1 8/2 7/3 

Figure 5.3: Polarized light microscopy images of the E 5 / P E O (A-D) and 
PH606/PEO (E-H) solvent-cast films with differing ratios of PEO. 

It is clear from the images shown in Figure 5.3 that the PH606/PEO, T605/PEO, 
and T606/PEO sample H P M C domains exhibit a specific orientation in terms of 
the interconnections within the grains, whereas no evidence of anisotropy was ob­
served from the E 5 / P E O images. This observation was partially confirmed via 
the plugin OrientationJ in ImageJ software (Figure 5.4) which was used for the 
analysis of the local orientations of typical H P M C domain fragments. As can be 
seen from the histograms of the distribution of the local orientations and the color-
coded maps, no defined peak was evident for the E 5 / P E O , whereas more or less 
narrow well-distinguishable peaks were observed for the PH606/PEO, T605/PEO, 
and T606/PEO samples. Despite the presence of isotropic or multimodal areas on 
the PH606/PEO, T605/PEO, and T606/PEO domains, the coherency was in most 
cases higher than that of the E 5 / P E O . This may indicate differences in terms of the 
miscibility of the polymers due to variations in the interactions that occur between 
the P E O and the H P M C , as well as differing degrees of the interruption of the P E O 
crystalline phase by the H P M C . 
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Figure 5.4: Representative results of the analysis of the orientation and coherency of 
the P E O crystalline phase in the H P M C domains. Each frame (1-4) presents a typi­
cal H P M C domain cut from the polarized light microscopy image, three color-coded 
measured areas, and the corresponding histograms of the orientation distributions. 
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5.2.2 DSC characterization 
Figure 5.5 presents the DSC thermograms of various H P M C / P E O nanofibrous layer 
samples recorded at a heating/cooling rate of 15° C/min. A l l the blended sam­
ples exhibited pronounced endothermic peaks during heating and sharp pronounced 
exothermic peaks during cooling. The exothermic peak corresponded to the cold 
crystallization temperature of the PEO, while the endothermic peak corresponded 
to the reported values of the P E O melting point (Nijenhuis et al., 1996; Money 
et al., 2013; Aydogdu et al., 2018; Meruva et al., 2020) The lowest exothermic peak 
and enthalpy of cold crystallization values were determined for the E 5 / P E O sample 
(35.82 °C and 27.33 J/g, respectively), whereas the highest temperature and en­
thalpy of cold crystallization values were observed for the PH606/PEO sample. A l l 
the thermograms featured a broad peak at approx. 95° C, which may indicate the 
dehydration of the humidity absorbed by the samples during storage. The compar­
ative DSC analysis of the physical mixtures stored under normal conditions and the 
physical mixtures dried before measurement revealed the high degree of hygroscop-
icity of the materials, as evident from the DSC thermograms, i.e. the enthalpy of the 
melting of P E O changes significantly with increased water content. On the other 
hand, the glass transition temperature of the H P M C was not detected for any of the 
HPMCs during the measurement process, which is consistent with the observations 
reported earlier for the electrospun H P M C / P E O nanofibrous formulations (Balogh 
et al., 2016); the glass transition temperature of pure H P M C is reported as 155° C 
in the literature (Nyamweya et al., 2000). Due to the absence of detectable temper­
atures and enthalpies for the cold crystallization/melting of H P M C , a summary of 
these values with respect to the P E O of selected samples is presented in Table 1. 

A noticeable trend is evident in the decrement of the temperature of the melt­
ing of P E O from the pure P E O powder toward the electrospun samples. Table 
1 indicates an approximately 7% decrement for the physical mixtures and an ap­
proximately 10% decrement for the nanofibers. Moreover, the enthalpy of melting 
decreased dramatically i by up to 90 % and the enthalpy of cold crystallization by 
up to 30%. The depression of the melting point may have been due to the inter-
reference of the P E O crystallization process by the H P M C domains. Taken together, 
this appears to serve as a good indicator of the higher degree of interaction between 
P E O and H P M C in nanofibers (Rathna et al., 2011; Bianco et al., 2013). Similar 
observations have been reported previously for H P M C / P E O (Aydogdu et al., 2018) 
and P C L / P E O nanofibrous blends (Lowery et al., 2010). The lower temperature 
of the cold crystallization of P E O in the nanofibrous samples than in the physical 
mixtures comprises an important aspect. The depression of the cold crystalliza­
tion temperature indicates the enhanced crystalline ability of P E O and appears to 
suggest that H P M C domains serve as nucleation sites for P E O (Y. L i et al., 2012). 
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Table 5.1: DSC characterization of the pure polymers, nanofibrous samples, and 
physical mixtures of H P M C / P E O . The temperature and enthalpy of the cold crys­
tallization/melting of P E O for selected samples. 

Temperature of Enthalpy of Melting Enthalpy of 
Sample Cold Crystallization Cold Crystallization Temperature Melting 

(°C) (J/g) (°C) (J/g) 

Nanofibrous samples 

E 5 / P E 0 NF 35.82 27.33 63.26 -17.69 
PH606/PEO NF 37.66 30.20 62.95 -18.15 
T605/PEO NF 37.40 29.75 62.42 -18.66 
T606/PEO NF 37.65 28.51 61.97 -17.20 

Physical mixtures 

E 5 / P E 0 41.22 37.97 64.46 -46.96 
PH606/PEO 42.00 37.79 65.18 -43.21 
T605/PEO 41.75 37.43 63.45 -41.94 
T606/PEO 43.53 36.94 67.37 -46.28 

Pure polymer 

P E G 100k powder 31.91 41.74 69.88 -174.11 
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Figure 5.5: DSC curves for the H P M C s / P E O (7/3) physical mixtures (A) and the 
nanofibrous layers (B) heated at 15 °C/min and subsequently cooled at 15 °C/min. 
The peaks that appear above the baseline represent the endothermic peaks. 
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5.2.3 Mechanical properties of the nanofibrous layers 
The properties of oral films are type-dependent (fast dissolving, gradual release, 
etc.). However, all the various types of films are required to fulfill certain property 
requirements, i.e. they should be thin, efficiently and rapidly dissolvable, have an 
acceptable taste, and, most importantly, must allow for the ease of handling during 
production and subsequent administration (Bala et al., 2013; Borges et al., 2015). 
Of the various properties, priority is accorded to the mechanical properties of the 
film, which should remain stable. Gupta and Kumar (2020), when describing the 
mechanical properties of oral films, suggested the ideal tensile and puncture prop­
erties of orodispersible films as follows: tensile strength of greater than 2 N / m m 2 , 
elongation at break of greater than 10 % and Young's modulus of less than 550 
N / m m 2 . 

Table 5.2: Tensile profiles of the electrospun H P M C / P E O nanofibrous layers 

Sample 
Young modulus 

(MPa) 

Tensile stress at 
maximum load 

(MPa) 

Elongation at 
break 

(%) 

E 5 / P E O N F 
PH606/PEO NF 
T605/PEO NF 
T606/PEO NF 

75.85 ± 13.91 
57.10 ± 2 . 3 1 
75.42 ± 2.67 
63.41 ± 2 . 5 1 

1.60 ± 0 . 6 3 
1.76 ±0 .04 
2.12 ± 0 . 1 3 
1.89 ±0 .05 

2.88 ±0 .96 
6.43 ±0 .94 
5.48 ±0 .86 
7.05 ± 0 . 6 8 

Figure 5.6A shows the typical tensile stress-strain curves of electrospun 
H P M C / P E O nanofibrous layers. Figure 5.6B compares Young's modulus of the 
various H P M C / P E O fibrous layers. The Young's modulus values of the E 5 / P E O 
and T605/PEO were comparable, i.e. (75.85 ± 13.91) and (75.42 ± 2.67) MPa, 
respectively. These values were significantly higher than that of the PH606/PEO 
and similar to that of the T606/PEO layers. Figure 5.6C compares the tensile 
stress of the materials at maximum load. The highest value, (2.12 ± 0.13) MPa, 
was determined for the T605/PEO layer; this was significantly higher than for the 
PH606/PEO and comparable to the E 5 / P E O and T606/PEO layers. Figure 5.6D 
shows the differences in the ultimate elongation of the tested materials before frac­
ture. The lowest elongation value, i.e. (2.88 ± 0.96) %, was attained by the E 5 / P E O 
layer; this was lower than that of the T605/PEO (5.48 ± 0.86) % and significantly 
lower than those of the PH606/PEO (6.43 ± 0.94) % and T606/PEO (7.05 ± 0.68) 
% layers. 

The relatively low Young's moduli of HPMC-containing formulations have been 
reported previously (Alopaeus et al., 2020; Shi et al., 2020). The comparison of the 
tensile properties of the materials tested in this study revealed a specific pattern of 
similarity between the materials spun from H P M C s with the same nominal viscosity. 
Generally, in terms of elastic deformation, the tensile behavior of E 5 / P E O and 
T605/PEO (5 mPa • s) was similar, as was that of the PH606/PEO and T606/PEO 
(6 mPa • s) layers. However, a significant difference was evident concerning the 
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E 5 / P E 0 layer in terms of the plastic deformation - the elongation at break of the 
E 5 / P E O was almost 2-times lower than that of the other tested layers. As suggested 
previously (Puppi et al., 2010), this may indicate the presence of a significant amount 
of the P E O crystalline phase, which hinders the mobility of the various polymer 
chains during stretching. Shi et al. (2020) reported the significant suppression of 
elongation with increases in the content of additives in the H P M C matrix, which 
was attributed to the possible agglomeration of the additives. As demonstrated 
by Shi et al. (2020), an increase in the H P M C chain length may act to enhance 
the mechanical properties due to the presence of a higher number of intermolecular 
bonds between the polymer chains. The results of the comparison of the elongations 
at a break in this study, however, suggest that higher viscosity (a higher molecular 
weight) plays a role primarily during the plastic deformation phase (see Figure 5.6 
- A , D ) . 

Figure 5.6: Tensile properties of the electrospun H P M C / P E O layers. Representative 
stress-strain curves (A), Young's modulus (B), tensile stress at maximum load (C) 
and elongation at break (D) of the various electrospun H P M C / P E O layers. The 
asterisks (*) indicate a statistically significant difference {p < 0.05) between the two 
materials; none of the other comparisons were statistically significant. 

5.2.4 Fourier-transform infrared spectroscopy (FTIR) and Ra­
man Spectroscopy 

The FTIR and Raman spectroscopy analyses served to provide important informa­
tion on the macromolecular structures and functional groups of the HPMCs, which 
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helped in terms of revealing the nature of the interactions between the various 
HPMCs and P E O . Four H P M C powder samples were analyzed and compared using 
FTIR and two samples were analyzed by means of Raman spectroscopy. 

Wavenumbers (cm"1) Wavenumbers (cm"1} 

Figure 5.7: FTIR spectra of the pure H P M C powders (A). Magnified FTIR spectra 
of H P M C with a wave number range of 2800-3800 c m - 1 (B) and with a wave number 
range of 600-1600 cm" 1 (C). 

Figure 5.7 shows the FTIR spectra obtained for the four differing HPMCs. The 
wave number of the OH (-hydroxy) strain was 3450 c m - 1 and that of the C-H 
aliphatic strain was mainly 2906 c m - 1 . The C-O-C stretching vibration of the 
PH606 was observed to comprise the strongest peaks (at 1052 c m - 1 and 947 c m - 1 ) . 
The broad peak from 1.200 c m - 1 to 800 c m - 1 was identified as a pyranose ring 
vibration. The smaller peaks at 1375 c m - 1 and 1461 c m - 1 corresponded to the 
symmetric and asymmetric bending vibrations of the - O C H 3 group (-methoxy), 
respectively. No noticeable differences were observed in the fingerprint region for 
the analyzed H P M C spectra (Figure 5.7 C). The FTIR spectra obtained for the 
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HPMCs under study were consistent with the spectra presented in the literature 
(Akinosho et al., 2013; Aydogdu et al., 2018). 

Raman spectroscopy, which is generally more sensitive to C-H stretching, was 
used to define the potential differences that were not determined via the FTIR 
analysis. The spectra of two H P M C s with enlarged C H stretching regions are shown 
in Figure 5.8. 

.u-t—- 1 I 1 —i- — i r-
3500 3000 2500 2000 1500 1000 500 

Raman shift (cm"1) 

Figure 5.8: Superimposed Raman spectra of pure H P M C Methocel E5 and Phar-
macoat 606 powder samples with a chemical structure of H P M C in the upper right 
corner of the figure. The spectra have been enlarged in the CH-OH region to high­
light the differences. 

The comparison of the Raman spectra in Figure 5.8 revealed a slight difference 
in the signal intensity primarily in the C H stretching region. The most intensive 
peaks at 2840, 2936, and 2895 were assigned to symmetric and asymmetric C H 2 

stretching and the acyclic C H groups, respectively. The shoulder at around 2980 
was assigned to asymmetric CH3 stretching (Socrates, 2004). The Raman spectra 
revealed differences in the structures of the analyzed samples, mainly in terms of the 
linearity and length of the aliphatic chains. The signal intensity differences suggest 
that the E5 macromolecules evince a more branched structure and are generally 
shorter. On the other hand, PH606 is assumed to have longer and more linear 
macromolecules. These proposed properties are consistent with the fact that E5 has 
a lower viscosity, i.e., molecular weight, than PH606. 
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5.3 Conclusion 

Using nanofibers as ODFs has several advantages, including relatively simple and 
inexpensive production, fast solubility, the absence of residual solvents, simple mod-
ifiability, etc. On the other hand, their large-scale use is limited primarily due to 
their poor mechanical properties and long-term stability issues. 

This chapter aimed to show how even a relatively small variation in the pa­
rameters of the input polymers can significantly affect the mechanical properties 
of nanofibrous layers. We selected a polymer used widely in the pharmaceutical 
industry, H P M C , to prepare the ODF films. Two groups of polymers with the same 
inherent viscosity produced by different manufacturers were tested concerning vari­
ous parameters. The study revealed that while the higher viscosity group displayed 
similar characteristics for both polymers, this was not the case for the lower viscosity 
group. Even though no significant difference was observed between the two poly­
mers, the mechanical properties of Methocel E5 were approximately half as good as 
the rest of the tested polymers. The calorimetric measurements did not reveal any 
areas of significant crystallinity, nor did the morphology and infrared spectroscopy 
suggest any significant differences. The examination of the optical microscope im­
ages of the layers produced by the solvent casting method confirmed the orderliness 
of specific regions in the Methocel E5 combined with P E O compared to the other 
HPMCs. 

The Raman spectroscopy analysis suggested that the main differences between 
the samples consisted of the linearity and length of the aliphatic chains of the macro-
molecules. The E5 macromolecules were assumed to have more branched and gener­
ally shorter aliphatic chains, while the PH606 was assumed to have more extended 
and linear macromolecules. Thus, it is reasonable to speculate that these slight 
differences can affect interactions between the macromolecules and thus lead to a 
significant deterioration in the mechanical properties of the fabricated layer. 

The characterization of the input polymers is of significant importance. Even a 
slight change in the isomerism can significantly affect the parameters of the fabri­
cated layer. This study demonstrated a series of analytical methods that enhance 
understanding of the behavior of mixed polymer solutions intended for electrostatic 
spinning. 
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6 Chapter VI - New approach on 
incorporation of sensitive bioactive 
substances to nanofibrous structures 

6.1 Introduction 

By this time, we have dicsussed the problems related to incorporation of bioac­
tive molecules to nanofibers by relatively simple techniques as blend electrospin-
ning, which results in production of monolith (or matrix-type) drug delivery system. 
However, plenty of bioactive molecules are too sensitive for incorporation by these 
techniques as they may be damaged (or destroyed) by the harsh organic solvents 
used for dissolving a polymer for electrospinning. On another hand, most of the 
water soluble polymer matrices are unstable without cross-linking. Thus, new ap­
proaches toward incorporation of bioactive substances to polymeric nanofibers such 
as polycaprolactone is demanded. 

Figure 6.1: Schematic representation of the desired structure of the modified fibers 
with the encapsulated active ingredient. 

82 



The main subject of this study concerns the use of alternate current electro-
spraying to create a suspension consisting of polyvinyl alcohol capsules that contain 
a bioactive substance dispersed in a solvent system suitable for non-water-soluble 
biocompatible polymers. A suitable polymer is dissolved in such a suspension and 
subsequently spun using electrostatic spinning. This results in the production of a 
fibrous structure into which P V A capsules containing the bioactive agent are inte­
grated. The P V A capsules protect this bioactive substance from the organic solvents 
required to dissolve the selected polymer. 

6.2 Results and discussion 

In order to confirm the accuracy of our hypothesis, it was necessary to verify the 
efficiency of the encapsulation of the active substance, which is also sensitive to 
the solvent. In addition, the substance should be of a sufficiently high molecu­
lar weight so that it does not diffuse out of the formed polymer capsules into the 
solvent. Organic solvents can alter the native structure of proteins by disrupting 
the hydrophobic interactions between the non-polar functional groups of individ­
ual amino acids (Herskovits et al., 1977). Chloroform, for example, is frequently 
used in molecular biology for the controlled denaturation of proteins during D N A or 
R N A isolation (Chomczynski et al., 2006; Xiong et al., 2014). The absorption and 
fluorescence spectra of green fluorescent protein (GFP) change dramatically in the 
presence of organic solvents (even at relatively low concentrations), and G F P com­
pletely loses its ability to fluoresce during denaturation. The isolated chromophore 
G F P (4-(p-hydroxybenzylidene) imidazolidin-5-one, or HBDI) is not fluorescent per 
se (Park et al., 2016), thus suggesting that the protein environment of the so-called 
/3-Barrel of G F P appears to play a key role in the photophysics of HBDI. Therefore, 
the loss of G F P fluorescence is often used to indicate the degree of G F P denatu­
ration (Penna et al., 2005; Shin et al., 2009). Tsuboyama et al. (2020) reported 
the successful use of "Hero"-proteins as protective agents to shield proteins from 
harsh conditions, including exposure to organic solvents. Their work reported that 
unprotected G F P exposed to chloroform lost up to 90 % of its original fluorescence 
intensity after 30 minutes. Hence, G F P was chosen as a suitable candidate for en­
capsulation in nanofibers since it has been well characterized and can be used to 
establish or refute our hypothesis. 

P V A with various degrees of hydrolysis was selected to encapsulate the bioactive 
compounds. This polymer is characterized, in particular, by its low solubility in 
non-aqueous solvent systems and, therefore, has the potential to provide sufficient 
protection for the encapsulated substance from the solvents used for dissolving the 
polymer employed for the formation of the nanofibers (Yaqoob et al., 2021). P C L 
dissolved in a mixture of chloroform and ethanol was chosen for the preparation 
of the nanofibers due to its high cytocompatibility and the long-term experience 
of its use in the field of tissue engineering (Mondal et al., 2016). The main idea 
of this study was to combine the two polymers mentioned above to create a com­
posite nanofibrous structure, concerning which the main carrier polymer is P C L 
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with P V A capsules containing the bioactive substance. To create the structure, a 
novel method was developed to prepare the polymer suspension/solution by com­
bining several technologies. A C electrospraying technology was used to prepare the 
nano/microcapsules. As described in the introductory chapter, this method does 
not require a counter electrode and is, therefore, suitable for spinning/spraying into 
the solvent. It was first necessary to determine a P V A with appropriate molecular 
weight and degree of hydrolysis to optimize the droplet generation via A C electro-
spraying to the maximum extent. Two PVAs with differing degrees of hydrolysis 
were selected to generate the droplets. These polymer solutions were subsequently 
tested for the morphological analysis of the produced samples. 

The P V A polymer solution containing the bioactive agent was first 'sprayed' 
into the P C L solvent. The particles in the polymer solution displayed a tendency to 
aggregate; the equation gives the rate of the aggregation of the particles (Gardner 
et al., 1996): 

where a is the collision efficiency factor, i.e., a dimensionless quantity that ex­
presses the ratio of the number of collisions involved in the aggregation process to 
the total number of collisions of the individual particles. The quantities n and 
denote the density of the individual particles and the collision frequency function, 
respectively. In our case, collisions due to Brownian motion dominated, where the 
frequency function is based on Fick's first law with the particle diffusion coefficient 
given by the Stokes-Einstein equation. The collision rate parameter is described by 

where 77 denotes the viscosity and Ti and Tj are the radii of the particles. The 
aggregation rate can be significantly retarded by reducing the collision factor, for 
example, by adding a surfactant or by increasing the viscosity of the solution. Since 
the addition of a surfactant could disturb the encapsulation of the active agent and 
affect the wetting process, it is advisable to increase the viscosity of the solution to 
reduce the frequency function value. 

The chloroform container was placed in the ultrasonic bath. It is known that 
ultrasound is suitable for breaking the attractive forces between particles by in­
creasing their Brownian motion, which acts to break down the aggregated particles 
(Kachanoski et al., 1988). Moreover, ultrasound can be used for the dissolution 
of polymers. However, due to the application of high-energy ultrasonic waves, care 
must be taken not to reduce the molecular weight by breaking the bonds between the 
monomers (K. L i et al., 2015). It is also known from the literature that even repeated 
sonication should not act to damage the G F P (Peternel et al., 2010). Therefore, 
P C L 80k was added to the container of chloroform and ethanol and gradually dis­
solved during the spraying period. This approach served to increase the solution's 

i=l 

(Dhont, 1996) 

(6.2) 
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viscosity and significantly reduce the degree of particle aggregation. The entire so­
lution/suspension was thus rendered stable, and no aggregation nor sedimentation 
of the particles was observed over the two weeks in which the solution/suspension 
was followed. A diagram of the whole experiment and an image of the suspension 
are shown in Figure 6.2. 
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Figure 6.2: Schematic of the A C electrospraying apparatus for suspension prepara­
tion. The figure illustrates the following components: 1. Laboratory lifting platform, 
2. Linear pump with a syringe (3.) holding a stock solution of P V A and GFP, 4. 
Ultrasonic bath filled with iced water, 5. Vial containing solvent and P C L polymer, 
6. Needle with applied A C voltage, 7. High voltage amplifier, 8. Oscilloscope, and 
9. Signal generator. The resulting suspension is depicted on the right side of the 
figure. 

The electrostatic spraying process was conducted throughout the dissolution of 
the P C L . A nanofibrous layer was subsequently prepared from the solution contain­
ing the encapsulated bioactive agent via needleless electrostatic spinning using an NS 
lS500u Nanospider. The machine parameters were selected so that the layer could 
be sufficiently manipulated. The resulting nanofibrous layer was then subjected to 
a morphological analysis. 

6.2.1 Characterization of morphology 
Our experiments revealed that using low-molecular-weight polymers for electro-
spraying is advisable. It is known that the stability of P V A increases with the 
increasing degree of hydrolysis, where P V A with a high degree of hydrolysis is solu­
ble even in water only at an elevated temperature of 80 °C (Q. Fan, 2008). Hence, 
two P V A polymers with low molecular weights and two differing degrees of hydrol­
ysis (88 % and 98 %) were selected for the G F P encapsulation. The two polymers 
at suitable electrospraying concentrations were dissolved in water with ethanol at 
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a ratio of 8:2 and then sprayed onto the target for the S E M analysis. The micro­
graphs in Figure 6.3 (A and B) show that spherical particles with sizes in the range 
of nano- to micro-meters were obtained in both cases. The histograms illustrate 
the remarkably different distributions of the two polymers. The PVA98 evinces a 
narrower relative frequency peak with around 70 % of the diameters lying in the 
range of 50-200 nm (mean = (177 ± 229) nm). In contrast, the distribution of the 
PVA88 evinces a broader distribution, the mean value of which has shifted towards 
500 nm (mean = (413 ± 247) nm). Moreover, the density of the particle coverage of 
the substrate, which corresponded to the productivity of the solutions, also differed 
significantly. In the case of the PVA88, various areas of beads were observed to 
partially or entirely overflow into the fibers. However, no such fibrous structures 
were observed for the PVA98. 

Figure 6.3: Histograms of the diameter distributions of the particles produced via 
A C electrospraying from the two polymers - PVA88 (A) and PVA98 (B). 

The S E M micrographs of the obtained nanofibers were subsequently analyzed. 
The overall morphologies and histograms of the fiber diameter distributions of all 
the fabricated layers with and without the addition of G F P are shown in Figure 6.4 
(A-E). Generally, the fibers obtained had diameters in the range of around 1000 nm. 
Moreover, the layers without P V A were observed to have considerably finer fibers, 
while the layers with the added P V A contained a more significant number of thick 
fibers (above 1 /xm). It is also evident that the productivity of the electrospinning 
process was reduced with the addition of P V A particles to the solution. The addition 
of P V A also led to a decrease in the density of the obtained nanofibrous meshes. 
The reduction in productivity and increase in the fiber diameters was due mainly to 
the presence of water in the P C L solution that originated from the P V A solution. 
Water is a non-solvent for P C L ; thus, it prevents its dissolution in wetting solutions 
or causes coagulation. 
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B. PCL+GFP C. PCL+PVA98 

Fiber diameter (nm) Fiber diameter (nm) 

Figure 6.4: Histograms of the fiber diameter distributions (n=100) for the produced 
fibrous materials with representative S E M micrographs (scale bar = 10 /xm). 

The fibers made from PVA-free P C L solutions are homogeneous, have predom­
inantly smooth surfaces, and have no visible defects. However, the micrographs of 
the fiber surfaces (Figure 6.5 C and D) show fibers that are covered mostly with 
several hundred nanometers in size spherical particles. The coverage of the fibers 
by these particles can be described as relatively uniform. No difference is visually 
apparent between the P V A capsule materials containing and not containing GFP. 
Despite the large number of particles on the surface, unfortunately, we have not yet 
been able to determine with the techniques available how effective the incorporation 
of the P V A particles inside the P C L fibers is. It can also be seen from Figure 6.6 
that in terms of the resulting fiber diameter distribution, the materials produced 
using PVA88 and PVA98 differed significantly. On the other hand, the intensity of 
the coverage of the fiber surfaces by the P V A particles was considerably higher for 
PVA98. 

Adding G F P directly to the electrospinning solution did not affect the electro-
spinning process or the resulting fiber morphology, as seen in Figure 6.5 (B) and 
Figure 6.6. Moreover, no traces of G F P were observed on the P C L fibers. It may 
indicate that the G F P suspension immediately denatured in the P C L solvent system 
(i.e., mainly chloroform) and did not affect the polymer solution. Representative 
images of the fiber surfaces with and without P V A encapsulation are shown in Figure 
6.5 (A-E). 
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Figure 6.5: Representative images of the surfaces of the fabricated fibrous materials 
obtained via scanning electron microscopy. P C L (A), P C L + G F P (B), PCL+PVA98 
(C), PCL+PVA98+GFP (D), and PCL+PVA88+GFP (E). The scale bar is 1 urn. 

**** 

** 

Figure 6.6: Bar plot of the fiber diameters (Median and IQR) for the produced 
fibrous materials (the asterisk indicates statistically significant differences at p 
0.05). 
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6.2.2 Epifluorescence microscopy 
The degree of denaturation of the G F P was challenging to measure quantitively due 
mainly to the matrix effect of the polymer bilayer, which distorts spectrophotometric 
measurement methods. A further reason was the material's lack of a continuous 
G F P layer. In contrast to studies that considered the direct incorporation of G F P 
into the nanofiber structure (Putthanarat et al., 2006; Acikgoz et al., 2016; Koeda 
et al., 2016), the G F P was contained in the P V A particles in our experiment and 
constituted around 10 % w/w of the resulting fiber material. However, it was shown 
that the G F P added directly to the P C L solution in the system lost its fluorescence 
properties. In contrast, the G F P protected in the P V A capsules retained fluorescence 
after spinning, as depicted in Figure 6.7 (D and E). 

Figure 6.7: Representative epifluorescence microscopy images. A - negative control 
(PCL fibers), B - P C L fibers with G F P blended directly into the spinning solution, 
C - P C L fibers with electrosprayed PVA98 capsules, D - P C L fibers with G F P 
incorporated into the electrosprayed PVA98 capsules, and E - P C L fibers with G F P 
incorporated into the electrosprayed PVA88 capsules. The scale bar is 100 um (10 
um for the magnified micrographs). 

Figure 6.7 presents the epifluorescence microscope images. Images A , B, and C 
show no fluorescence. In contrast, fluorescent spherical particles of a size in the or­
der of micrometer units and less can be observed in images D and E. The fluorescent 
particles exhibit a similar size and spatial distribution to the P V A particles observed 
in the electron microscope images. Since these fluorescent particles are not evident 
on the control layers of the pure P C L or the P C L sample with sputtered P V A par­
ticles, it was assumed that they comprise native GFP. The fact that such particles 
are not observed on the sample for which the G F P was incorporated directly into 
the P C L (Figure 6.5 B) is indicative of the effectiveness of the procedure and that 
P V A capsules are capable of sufficiently protecting the G F P molecule exposed to 
the solvent system of the polymer solution. On the other hand, fluorescence in­
tensity differs between the PVA88 and PVA98 supplemented layers. Moreover, the 
epifluorescence microscopy analysis observed the gradual decay in the fluorescence 
of the PVA88-supplemented layers. Together, these observations indicate that the 
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stability of PVA88 is insufficient in protecting the G F P molecule. It is assumed that 
the reason concerns the gradual diffusion of chloroform into the PVA88 particles, 
leading to the denaturation of the G F P in the P C L nanofibers. 
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6.3 Conclusion 

Incorporating sensitive biomolecules in nanofibrous structures remains challenging 
due to the bio-incompatibility of most of the solvents used for electrospinning. 
Therefore, more complex approaches are being explored that ensure the retention 
of the nanofibers' properties while maintaining the molecules' bioactivity. 

For the first time, this study applied the low-frequency A C electrospraying tech­
nique to incorporate a sensitive biomolecule in nanofibers in situ. A model bioac-
tive molecule, green fluorescent protein (GFP), was successfully encapsulated within 
polyvinyl alcohol capsules, followed by their incorporation in the structure of poly-
caprolactone nanofibers using needless electrospinning. The morphological analysis 
of the scanning electron microscopy micrographs confirmed the presence of uni­
formly distributed P V A particles on the surface of the fibers. Further, fluorescence 
microscopy revealed the presence of fluorescent, nondenatured G F P on the P V A 
capsule-loaded samples. Moreover, the absence of fluorescence was observed for the 
samples with G F P incorporated directly in the P C L fibers without encapsulation, 
suggesting the denaturation of the unprotected G F P in the P C L solvent system. The 
comparison of P V A with two different degrees of hydrolysis confirmed the hypoth­
esis that, despite electrospraying's higher productivity, PVA88 is unstable enough 
to protect the G F P sufficiently On the other hand, smaller particles with narrower 
diameter distributions and higher stability were produced from the PVA98. 

The findings of this study demonstrate the effectiveness of a novel approach to 
creating a complex nanofibrous structure using low-frequency electrospraying. The 
experimental setup used in this study illustrates the significant advantages of A C 
electrospraying for this incorporation technique. One significant benefit is that it 
eliminates the need for an opposite electrode to act as a collector, thus allowing 
the particles to be incorporated directly into the dissolving polymer matrix. Such 
nanofibrous structures with incorporated capsule carriers can be used as controlled 
drug delivery systems for proteins and other sensitive biomolecules in biomedical 
applications, e.g., wound healing. 

Nevertheless, due to the complex composition of such multi-component matri­
ces, we could not quantify the encapsulated G F P within the confines of this study, 
and only qualitative results that confirm the presence of protected G F P following 
electrospinning are provided. Consequently, further advancements in the sample 
preparation methodology are required to ensure the accurate quantification of the 
incorporated G F P by means of fluorometric analysis. 

In conclusion, this study successfully demonstrated a novel approach to creating 
complex structures by combining low-frequency A C electrospraying and needless 
DC electrospinning. The study's findings provide insights into the control of ag­
gregation through the manipulation of the viscosity of the medium. In addition, 
our study establishes the basis for further investigation of the impact of the degree 
of hydrolysis and the molecular weight of P V A on the size of the produced nano-
and microparticles. Thus, this research serves as a framework for methodological 
advancements in the field and opens up new horizons concerning the potential use 
of A C electrospraying in a wide range of biomedical applications. 
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7 Materials and methods 

7.1 Preparation of drug-loaded nanofibrous 
materials 

This last chapter covers the key methods and materials, which were utilized for 
fabrication and further investigation of produced nanofibrous materials. 

7.1.1 Nanofibrous materials loaded with Alaptide and/or L-
Arginine 

Nanofibrous wound dressings were prepared by blending electrospinning technol­
ogy (Zhang et al., 2017). P C L (Merck, K G a A 704 105) with average molecular 
weight M n 45.000 was dissolved in a chloroform/ethanol (Penta s.r.o., Czech Re­
public) solvent mixture at a weight ratio of 8:2 (L-Arginine-loaded mats) or 9:1 
(Alaptide-loaded mats). Ethanol was used as a less volatile solvent (in comparison 
with chloroform) to control the evaporation rate of the solvent system. The polymer 
concentration used for obtaining continuous fibrous meshes was 16 wt.%. The L-
arginine-modified P C L meshes were prepared by adding 1, 5 or 10 wt.% of L-arginine 
monohydrochloride (Merck K G a A , Germany) in the form of a cryomilled powder. 
First, 0.075 wt.% of sodium lauryl sulphate (SLS) was dissolved as a stabilizer in the 
same solvent system mentioned above for P C L . A given amount of L-arginine was 
then dissolved/dispersed in this solvent system for 30 min; this was followed by 10 
min of sonication to ensure the homogeneity of the L-arginine suspension. Follow­
ing the addition of P C L pellets, the resulting solution was stirred constantly until 
the P C L had completely dissolved, whereupon it was immediately electrospun. The 
addition of 1 wt.% of L-arginine led to the formation of electrospinning solutions, 
whereas the addition of 5 and 10 wt.% gave rise to a suspension containing partly 
undissolved L-arginine particles. The same procedure was performed for Alaptide, 
and later for the Alaptide/L-arginine mixture. Nanonized Alaptide was synthesized 
by means of the standard procedure (Kasafirek et al., 1992) and then milled ac­
cording to Cernikova et al. (Cernikova et al., 2014). In this study, we used 0.1, 1 
and 2.5 wt.% of Alaptide added into the P C L solution, and for membranes with the 
Alaptide/L- arginine combination, the loading was 1.5 wt.% of Alaptide and 5 wt.% 
of L-arginine in the P C L solution. The concentrations of the additives mentioned 
throughout this study were calculated with respect to the polymer solution from 
which the nanofibrous membrane was spun. The concentrations of the additives in 
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the nanofibers therefore have to be recalculated with respect to the dry content only. 
For example, 1 wt.% in the P C L solution means that 1 g of the drug was added to 
16 g of P C L and was dissolved in 83 g of the solvent. This finally yields 6.25 wt.% 
of the drug in the dry P C L nanofibrous membrane. For electrospinning, a positive 
voltage was applied to the wire (i.e. the spinning electrode) and a negative volt­
age was applied to the collector; the potential difference was 40 kV. The distance 
between the spinning electrode and the collector was 160 mm. The temperature 
during the experiments was (22 ± 5) °C, with relative humidity of (40 ± 5) %. 

7.1.2 Nanofibrous materials loaded with LPPO 
The second generation L P P O DR-6180 (Figure 2.4) was synthesized in multigram 
quantities according to the procedure reported previously (Seydlova et al., 2017). 
Nanofibrous wound dressings were prepared by blending electrospinning technology 
(Zhang et al., 2017). Four nanofibrous (polycaprolactone—PCL) materials with 
different concentrations of L P P O were prepared (0, 2, 5, and 10 wt%). A l l 
concentrations were calculated for dry matter (excluded solvent). Firstly, L P P O 
was dissolved in chloroform/ethanol (Penta s.r.o., Praha, Czech Republic) solvent 
mixture at a weight ratio of 8:2 (solution for preparation of P C L supplemented with 
L P P O 2% was prepared by dissolving 0.32 g of L P P O in 84 g of solvent mixture; 
solution for preparation of P C L supplemented with 5% L P P O was prepared by 
dissolving 0.8 g of L P P O in 84 g of solvent mixture; solution for preparation of 
P C L supplemented with 10% L P P O was prepared by dissolving 1.6 g of L P P O in 
84 g of solvent mixture). The ultrasound (40 kHz, 50 W) was then applied for 
30 min to enhance the solubilization of LPPOs and ensure homogeneity of the 
spinning solutions using an ultrasonic bath (Shesto, Watford, U K ) . Then 16 g 
of polycaprolactone (Merck, Praha, Czech Republic) with an average molecular 
weight M n 45,000 was dissolved in each solution. The polymer concentration 
used for obtaining continuous fibrous meshes was 16 wt% (LPPO is not included 
in this ratio). A l l materials were electrospun using Nanospider NS 1WS500U 
(Elmarco a.s., Liberec, Czech Republic) on polypropylene spunbond microfiber 
nonwoven (Pegatex S; 20 g/m 2 ; fiber diameter 20 m; PFNonwovens Czech, Czech 
Republic). For electrospinning, a positive voltage was applied to the wire (i.e., 
the spinning electrode) and a negative voltage was applied to the collector; the 
potential difference was 40 kV. The distance between the spinning electrode and 
the collector was 160 mm. The temperature during the experiments was (22 ± 5) 
°C, with a relative humidity of (40 ± 5) %. Produced samples were finally sterilized 
in the flow box using a U V light for 10 min for each side. 

7.1.3 Nanofibrous materials loaded with GFP-encapsulated PVA 
particles 

Electrospinning was performed using a laboratory-scale N A N O S P I D E R NS 1W500U 
(Elmarco, Czech Republic) device. The process parameters were set at a temper-
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ature of 20° C and a relative humidity of 40%. The potential difference between 
the electrode and the collector was 50 kV, with a positive charge applied to the 
electrode and a negative charge to the collector. The distance between the collector 
and the electrode was 160 mm. The same procedure was subsequently employed so 
as to produce modified materials with the presence of GFP. The solution of P C L 
with P V A and G F P was stored in aluminum foil at 8 °C. Subsequently, the solu­
tions were magnetically stirred for around 30 minutes prior to electrospinning. The 
electrospinning of the P C L + P V A + G F P required a higher potential difference (60 
kV) and a lower relative humidity (30 %). 

7.2 Preparation of ODFs 

7.2.1 Nanofibrous ODFs 
Polyethylene oxide with a molecular weight of 100 kDa was purchased from Sigma 
Aldrich. Hypromellose Methocel E5 was purchased from JRS Pharma (Rosenberg, 
Germany); the viscosity value of aqueous 2% (w/v) solution at 20 °C was 5 mPas. 
Pharmacoat 606 was purchased from Shin-Etsu Chemical (Tokyo, Japan); the vis­
cosity value of aqueous 2% (w/v) solution at 20 °C was 6 mPas. Tylopur 605 and 
606 were purchased from SE Tylose (Wiesbaden, Germany); the viscosity value of 
aqueous 2% (w/v) solution at 20 °C was 5 and 6 mPa s, respectively. Methoxyl 
content was 28-30 % and a hydroxypropoxyl content of 7-12 % for all the tested 
HPMCs. The purified water and Isopropyl alcohol were obtained from Penta chem­
icals (Czech Republic).The spinning solutions were prepared via the dispersion of 
7% (w/w) of H P M C and 3% (w/w) of P E O in isopropyl alcohol (IPA). The total 
volume of the solvent system was then adjusted using purified water to obtain a final 
IPA/water ratio of 1:1 (w/w). The polymer solutions were subsequently stirred us­
ing a magnetic stirrer (Heidolph, Schwebach, Germany) at 300 R P M for 24 hours to 
attain complete dissolution. The solutions were then electrospun using a Nanospi-
der® NS 1WS500U (Elmarco, Liberec, Czech Republic) needleless electrospinning 
machine. The parameters of the electrospinning process were set as follows: positive 
voltage on the spinning electrode, 40 kV; negative voltage on the collector, -10 kV; 
distance between the spinning electrode and collector, 140 mm. The temperature 
and relative humidity were maintained at (22 ± 3) °C and (18-22) %, respectively. 
A nonwoven (spunbond) polypropylene material was used as the substrate. 

7.2.2 Solvent-casted ODFs 
The procedure used for the preparation of the H P M C / P E O electrospinning solution 
was repeated for the preparation of the film-casting solutions. However, since the 
10% (w/w) polymer solutions were not sufficiently viscous to cast a smooth film, a 
higher concentration of 15% (w/w) was required. Around 2 ml of the stock 15%-
solution was then poured onto a glass plate (10 cm x 10 cm) and a stainless-steel 
micrometer adjustable film applicator (TQC Sheen, Leominster, UK) with a width 
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of 100 mm was used to obtain a smooth flat polymeric film. The casting gap 
was adjusted to 500 um. The films were stored in a fume hood for 24 h at room 
temperature to allow for the solvents to completely evaporate. 

7.3 Fabrication of PVA capsules (w/ and w/o GFP) 
by means of AC-electrospraying 

7.3.1 Preparation of the PVA solution (with and without GFP) 
The P V A solution was prepared by dissolving P V A powder (88% or 98% of hydrol­
ysis) in a distilled water:EtOH solvent system (8:2, w/w) so as to ensure a final 
concentration of 10 wt%. The solution was stirred (IKA R C T standard magnetic 
stirrer, IKA-Werke GmbH & Co. K G , Staufen, GER) at an elevated temperature 
(heating to 80°C, water bath) for around 48 hours. Before adding the G F P suspen­
sion to the P V A , the suspension was thawed at 8°C for around 1 h. Subsequently, 
20 fi g of G F P suspension was added to 3 g of 10% P V A solution (in a PS cuvette), 
shaken and then sonicated (GUC 02B, GETI , Opava, CZE) for 2 min so as to en­
hance the dispersion. The entire contents of the cuvette were transferred into a 5 
ml PP syringe. 

7.3.2 Experimental setup for the AC electrospraying 
The schematic of the experimental set up used for the production of mi-
cro/nanoparticles by means of A C electrospraying is depicted in Figure 6.2. The 
configuration essentially consisted of three components - the polymer dispenser, the 
ultrasonic bath with the solvent containing the gradually dissolving polymer, and a 
high-voltage A C power source. The polymer dispenser consisted of an NE-300 sy­
ringe pump (New Era Pump Systems, Inc., Farmingdale, N Y , USA) mounted on a 
laboratory lifting platform and a 5-mL polypropylene syringe connected via silicone 
tubing to a 21-gauge (40 x 0.8 mm) blunt needle. The needle was inserted into the 
cap of a Fisherbrand glass bottle (Fisher Scientific, Leicestershire, UK) perpendic­
ular to the P C L solution so that the distance from the needle tip to the solution 
was approximately 5 cm. The glass bottle with the polymer solution was placed 
in a G U C 02B ultrasonic bath (GETI, Opava, Czech Republic). The sonification 
frequency was 40 kHz (60 W). The needle was connected to a 10/40A high-voltage 
amplifier (Trek Inc., Lockport, N Y , USA) supplemented by a G W Instek M F G -
2160MF function generator (Good Wi l l Instrument Co., Ltd., New Taipei City, 
TWN) and a RIGOL DS1074Z-S plus digital oscilloscope (RIGOL Technologies E U 
GmbH, Gilching, GER) . The alternating peak-to-peak voltage was set at 18.4 kV, 
and the frequency was set at 3 Hz. Spraying was performed for around 8 h. The 
dosage was 0.6 ml/hr. The bath temperature was maintained at (20°C ± 10) °C. 
The needle diameter was 1.2 mm. 
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7.4 Morphological analysis 

7.4.1 Scanning electron microscopy 
Morphological analysis was performed by scanning electron microscopy (Vega Tes-
can 3, Tescan, Brno, Czech Republic). A l l the samples were coated with gold 
(sputtering) prior to viewing so as to minimize the charging effects (14 nm for 
PCL+Alaptide/L-Arginine; 7 nm for P C L + L P P O ) . The fiber diameters were subse­
quently determined employing an ImageJ (National Institutes of Health, M D , USA) 
image analyzer (PCL+Alaptide/L-Arginine) or NIS Elements (Laboratory imaging 
s.r.o., Prague, Czech Republic) software (PCL+LPPO) via the measurement of ran­
domly observed nanofibers (300 or 200) selected over different fields of view at an 
appropriate magnification (5000x). Concerning the particle analysis, the polymer 
solution was sprayed onto the surface of double-sided adhesive tape attached to a 
target and then sputtered with 2 nm of gold. Although the use of the fully au­
tomated analysis of the particle size applying different image analysis software is 
common, such automated approaches often fail in terms of the recognition of the 
individual particles, especially when the image features agglomerates of particles. 
Thus, this study measured the particle size distribution semi-automatically apply­
ing the classic stereological systematic uniform random sampling (SURS) approach. 
The S E M image of the particles (magnification of 5000x) was divided into 24 equiva­
lent cells applying a grid, with a grid cell size of 8x8 /xm. The fraction of the samples 
for measurement, / , was then / = 1/p. The periodicity, p, was chosen at 4, thus 
the total fraction for measurement was 1/4 and the total number of samples 6. In 
order to include randomness in the selection, a random number was generated from 
1 to 4 prior to measurement to serve as the starting point. Finally, a stereological 
dissector was applied to the individual cells of the grid and the diameters of all the 
clearly seen and distinguishable particles were measured. Histograms were used to 
summarize data from fiber diameter/distribution measurement. 

7.4.2 Polarized light microscopy 
Polarized light microscopy was performed using an Olympus BX-60 (Olympus, Cen­
ter Valley, Pennsylvania) microscope equipped with polarized filters and 10X, 20X, 
and 50X objectives. Macroscopic images of the ODF surfaces were captured using 
a Levenhuk D T X 90 (Levenhuk, Tampa, USA) USB microscope. The thicknesses 
of the nanofibrous layers were determined using a digital micrometer. The areal 
density (productivity), g/mm 2 , of the nanofibrous layers was determined from the 
average weight of 5 samples with areas of 4.84 cm 2 (2.2 x 2.2 cm). 

7.4.3 Epifluorescence microscopy 
The presence and biological activity of the incorporated G F P were confirmed by 
observing the treated and untreated samples under an Axio Imager M2 epifluores­
cence microscope (Zeiss, Germany) equipped with an AxioCam M R m camera and 
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Axio-Vision SE64 Rel 4.9.1 software (Zeiss, Germany). Fluorescence images were 
obtained at an excitation wavelength range of 445-495 nm, and the observation filter 
had a long-pass filter wavelength of above 515 nm. 

7.5 Mechanical properties of the electrospun 
nanofibrous layers 

The mechanical properties of the electrospun nanofibrous layers were tested for 
tensile strength, Young's modulus, and elongation at break. The measurements 
were conducted using a Labor Tech Lab Test 2.010 (Opava, Czech Republic) tensile 
tester applying the following parameters: gauge length, 50 mm, and strain rate, 100 
mm/min. The fibrous layers were cut with scissors into 10x50 mm rectangles (plus 
10 mm on either end for the clamping of the samples). The thickness of the layers 
was determined using a digital micrometer (n=10). The tensile stress was defined 
as the ratio between the applied force and the sectional area of the sample (width of 
the sample multiplied by the thickness). The strain was defined as the ratio between 
the gauge displacement and the initial gauge distance. Eight samples were tested 
for each material to determine the average values and standard deviations. 

7.6 Differential scanning calorimetry 

A differential scanning calorimeter (Mettler Toledo Star 3, USA) was used for the 
investigation of the crystallization and melting behavior of the studied materials. 
The heating/cooling rate was set at 15°C/min within a temperature range of 25°C 
to 200°C. This temperature ramping was chosen to minimize the time delay between 
layer production and subsequent measurement. Each sample (around 10 mg) was 
first heated from 25°C to 200°C and subsequently cooled to 25°C; an empty sample 
pan was used as the reference. The area of the peak (normalized per sample unit 
weight) was determined in DSC thermograms. The crystallization temperature (Tcc) 
and the cold crystallization enthalpy (AHCC) of the samples were determined from 
the cooling scan, while the melting temperature (Tm) and melting enthalpy (AHm) 
were ascertained from the heating scan. 

7.7 Spectroscopic methods 

7.7.1 Raman spectroscopy 
A DXR™ Raman microscope (Thermo Scientific, USA) with a 532 nm laser was used 
for the analysis of 2 H P M C powders. The instrument was calibrated automatically 
before each reading. The readings, which consisted of one scan, were taken at a 
power of 1.5-2.0 mW with a spectral region of 3500 c m - 1 to 100 c m - 1 . The Raman 
spectra were normalized using the standard normal variate (SNV) normalization 
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method by subtracting each spectrum by its own mean and dividing it by its own 
standard deviation. 

7.7.2 Infrared-spectroscopy - FTIR 
The materials were characterized using a Fourier transform spectrometer (Nicolet 
iZIO; Thermo Fisher, USA). A background reading was taken before each of the 
measurements. The samples were placed on the A T R diamond crystal for analysis, 
and the spectrum analysis was collected at 25°C using 16 scans in the infrared region 
in the range 400-4000 c m - 1 and with a spectral resolution of 4 c m - 1 . 

7.8 High-performance liquid chromatography 
(HPLC) and in vitro drug release studies 

7.8.1 Nanofibrous materials loaded with Alaptide and/or L-
Arginine 

First, small nanofibrous samples (n=3) with average weights of (50 ± 0.9) mg were 
cut from the nanofibrous layers of each material for the investigation of the release 
of the drug. The samples were then immersed in 20 mL of fresh PBS (pH 7.4) 
solution. The P C L + 0.1 wt% Alaptide sample was immersed in 5 mL of PBS so 
as to ensure that the concentration of the released drug was guaranteed to be in 
the high-performance liquid chromatography (HPLC) detection range, i.e., 5 mg/L. 
The samples were subsequently incubated in an incubator at (37 ± 1) °C (without 
stirring). Small aliquots of 1 ml were extracted from the tubes at predetermined 
time intervals and were replaced with the same volume of fresh PBS solution. The 
obtained aliquots were analyzed by means of H P L C . The H P L C system comprised a 
Dionex Ultimate 3000 with an LPG-3400SD quaternary gradient pump, an SR-3000 
solvent rack, a WPS- 3000TSC autosampler, a TCC-3000SD column compartment 
and a DAD-3000 detector, with the use of a Phenomenex Kinetex Hilic core- shell 
column with a length of 150 mm and internal diameter of 4.6 mm. The aqueous 
component (A) of the mobile phase consisted of 5 % of acetonitrile in water. The 
organic component (B) of the mobile phase consisted of pure acetonitrile. A set 
linear gradient was applied. The initial proportion of B in the mobile phase was 
90 %. At 1.5 min, a 1-min lasting gradient commenced from the initial conditions 
to 60 % of the B component. This mobile phase composition was maintained for 
1 min and then returned to the initial conditions in 0.5 min. The chromato- gram 
was recorded for 6.6 min for each sample. The flow rate was 1.5 ml/min and the 
column temperature was maintained at 20 °C. A n injection volume of 20 /xL was 
applied. Chromatograms were recorded at wavelengths of 200, 205, 210 and 250 
nm with a sampling rate of 2 Hz. The aliquot samples of released Alaptide were 
diluted with pure acetonitrile via the pipetting of 150 /xL of the sample and 1500 
fiL of acetonitrile into a 2-mL vial, followed by vortexing. The samples were filtered 
through a 13-mm diameter nylon syringe filter with a pore size of 0.22 / /L prior 

98 



to injection. The cumulative amount of the released drug was calculated using the 
following equation: 

n—1 

M{t) = Cn{t)-VR + Vs-YJCl (7.1) 
i=l 

where M(t) is the cumulative release weight of the substance at time t, Cj is the 
substance concentration within withdrawn aliquot at time t, VR is the total volume 
of release medium, Vs is the volume of the withdrawn aliquot, and n is the sampling 
time. 

In order to determine drug loading within the fibrous mats, the fiber samples 
with Alaptide were dissolved in 4 mL of chloroform/acetonitrile (1:1) solution and 
were then vortexed. The obtained solution with the dissolved fibers was mixed with 
pure methanol 1:1 and was vortexed. Finally, 850 /xL of the methanol-containing 
solution was mixed with 150 /xL of distilled water and 3 mL of pure acetonitrile 
and was vortexed. Similar procedure was followed in order to quantify an amount 
of Alaptide trapped in the fibrous mats at the end of the release experiment. The 
samples with L-arginine were dissolved in 2 ml of chloroform. The resulting solution 
was then mixed 1:1 with 2 ml of 0.25% heptafluorobutyric acid and 0.5% formic acid 
in water. This procedure resulted in the creation of a separate liquid phase with 
diluted L-arginine. One milliliter of this separated phase was used for the H P L C 
analysis. The L-arginine solution was filtered using a 0.22 /xm nylon filter before 
proceeding with the H P L C analysis. 

The solubility of Alaptide in the chloroform:ethanol (9:1, w/w) pure solvent 
system and the polymer solution at 22 °C, as well as the solubility in the release 
medium (PBS) at 37 °C, were determined using the shake-flask method. In order 
to determine the solubility in the P C L solution, an excess of Alaptide was added 
to the polymer solution and stirred overnight so as to attain equilibrium. The 
equilibrated samples were diluted with pure methanol and a mixture of ACN:CHCl3 
(1:1, v/v), following which water was added. The samples used for the determination 
of solubility in the PBS and in the pure solvents were simply diluted with A C N . 
Finally, the samples were filtered through a 13-mm- diameter nylon syringe filter 
with a pore size of 0.22 /xm. A l l the diluted samples were quantified using H P L C 
(according to the method used for in vitro drug release studies describe above). 

7.8.2 Nanofibrous materials loaded with LPPO 
Samples (n = 3) were cut from prepared electrospun planar materials to final weight 
of (50 ± 0.9) mg. Individual samples were placed in 5 mL tubes with 5 mL of 
phosphate buffered saline (PBS) buffer (pH = 7.4), 0.02% sodium azide. The drug 
release study of the samples was performed at 37 °C, without shaking. Aliqouts (1 
mL) of the solution were taken for subsequent H P L C analysis after predetermined 
intervals. The buffer solution was replaced with the same volume at the same time 
periods. Samples of solutions were analyzed for the L P P O content by H P L C . 
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The H P L C analyses were performed using Dionex Ultimate 3000 H P L C sys­
tem equipped with a D A D 3000 U V - V I S diode array detector (Dionex, Sunnyvale, 
California, USA) controlled by Chromeleon 6.80 SR12 soft- ware on Phenomenex 
Kinetex Hilic column (particle size 2.6 /xm, column dimensions 150 mm x 4.6 mm) 
at 40 °C, at a flow rate of 1.4 mL/min. Samples were diluted 1/4 with pure ace-
tonitrile, vortexed for approximately 30 s, and consecutively filtered (nylon syringe 
filters, 0.22 /xm, Chromservis, Prague, Czech Republic). The injection volume was 
20 L. Wavelengths of 200, 207, 262 and 280 nm were used for the detection of 
L P P O . The gradient elution program is shown in Table S4. L P P O was quantified 
by comparison with external standards of L P P O DR-6180. The calibration levels 
used were 50, 100, 200, 500 and 1000 mg/L. 

7.9 Determination of the apparent diffusion 
coefficient 

In order to determine the diffusion coefficient of substances within the fibers, the 
experimentally obtained release kinetics data was fitted to the corresponding diffu­
sion equation solution. Curve-fitting was conducted using Python language (version 
3.8.5) and the "NonLinearModelFit" function in Wolfram Mathematica software 
(version 11.1). A n equal weighting was used for the non-linear regression. 

7.10 Statistical analysis (nanofiber diameters) 

The normality of the fiber diameter data was verified primarily by means of the 
Shapiro-Wilk's test and the homoscedasticity was verified by means of the Lev-
ene's test (significance level of 0.05). The statistical significance of the differences 
between the nanofibrous layers were analyzed using non-parametric analysis since 
either the assumption of normality or homoscedasticity were violated. Subsequently, 
the Mann-Whitney test (or Kruskal-Wallis test) was performed for two (or the 
multiple-sample) sample comparisons considering a level of p < 0.05 as statisti­
cally significant. Numerical data were expressed as the mean ± standard deviation 
(SD). Fiber diameter data were as well expressed as median and inter-quartile range 
(IQR = Q3-Q1). Additionally, the coefficient of variation, C V , of the diameter dis­
tribution was used to characterize the homogeneity of the fiber distribution. The 
statistical data processing was conducted using Python language (version 3.8.5) and 
GraphPad Prism software (version 7.0). 
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Conclusion and outlook 

This Ph.D. research aimed to explore novel approaches for designing and fabricating 
nanofibrous structures as drug delivery platforms, focusing on developing predictive 
tools to forecast their release behavior. The thesis covers a broad spectrum of ex­
periments conducted to create an active wound dressing with incorporated bioactive 
substances. A l l fabricated materials underwent thorough characterization through­
out the Ph.D. study using various techniques. Additionally, a mathematical model 
was developed to investigate the diffusion of substances from nanofibrous structures, 
which was later verified on real experimental data of drug release kinetics. 

Based on qualitative and quantitative results obtained in this study, it can be 
concluded that the statistical and general mathematical treatment of electrospun 
nanofibrous-related data should be approached differently due to their unique, per­
haps unapparent, complexity. The developed mathematical model based on the 
diffusion equation in cylindrical coordinates confirmed that even the electrospun 
systems produced from suspensions might be generally characterized in terms of 
a classical diffusion. On the other hand, the analysis of other model drugs re­
vealed the complexity of the optimization process for non-stable or highly affinitive 
compounds. Despite this, it was demonstrated how the fiber diameter distribution 
affects the release of the substances from nanofibers. 

While using a limited number of polymers as a drug carrier matrix limits the gen-
eralizability of the obtained results, the analytical approach provides new insights 
into the behavioral characteristics of nanofibrous structures during a drug release 
process. This research illustrates some hidden features behind the generalized vari­
ables in conventional mathematical models. On the other hand, it raises questions 
about the limits of the available experimental techniques. 

To better understand the implications of these results, future studies could ad­
dress the further verification and extension of the mathematical model. One of the 
most recommended directions for expanding the mathematical model is to consider 
the spherical beads (defects) common for electrospun nanofibers, which also might 
contain a significant amount of incorporated substance. For this, the combination 
of the solution of the diffusion equation in cylindrical and spherical coordinates is 
required. Experiments may be directed towards exploring the possible correlations 
between specific properties of molecules of the bioactive substances (e.g., topological 
polar surface area), which affects the diffusion and mass transfer coefficients. Both 
theoretical (computing) research should be conducted to investigate the mutual re­
lationships and mathematical behavior of finite mass transfer coefficient at the fiber 
surface, particularly for small values of Sherwood number. The experimental ap-
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proach might be derived from the experiment (mentioned in chapter 3.3.5), with the 
variation of the agitation speed of the release medium to estimate the thickness of 
the diffusional boundary layer at the fiber surface and how it is related to specific 
properties of a particular substance. Finally, the new study may be initiated to­
ward investigation of the interaction between P C L and L P P O in order to describe 
and predict its release from nanofibers. To apply the developed model, the first 
experiments should be focused on estimation of the equilibrium concentration and 
solid-state solubility of L P P O and P C L . 

This Ph.D. research contributes to the field from several perspectives. The 
results demonstrated successful strategies for incorporating various bioactive sub­
stances into biodegradable polymers. The extensive morphological analysis of the 
produced materials brings up the important discussion of whether the convention­
ally used statistical and kinetics-related approaches are appropriate for analyzing the 
nanofibrous structure. Indeed, as was demonstrated throughout the thesis, plenty 
of questions within the topic remain unanswered. It is believed that this thesis 
may serve as a solid outset for further deeper analysis and experimental work to fill 
the gaps in the general understanding of electrospun nanofiber-based drug delivery 
systems. 
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