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CYCLODEXTRIN-FUNCTIONAL NANOFIBERS AS HORMONE
DELIVERY SYSTEMS

SUMMARY

This thesis focuses on the development of cyclodextrin (CD)-functionalized polymer
nanofibers for use in hormone delivery systems. Particular emphasis is placed on the
rational selection of hydrophilic and hydrophobic polymers, the incorporation of
hormones at varying concentrations, and the role of CD inclusion in modulating drug
loading capacity, drug stability, and release kinetics. The study evaluates the release
behavior of hormone-loaded nanofibers, with the aim of achieving both rapid and
sustained release profiles. Hydrophilic polymers such as pullulan and gelatin are
utilized to achieve rapid drug release via fast-disintegrating fibers, while hydrophobic
cellulose acetate (CA) is employed to promote sustained drug release. In each
formulation, the incorporation of CDs enhances the solubility and stability of the
hormones, while simultaneously modulating their release profiles from the
nanofibrous structures.

Hormone delivery, especially oral administration of hormones such as progesterone
(P4), estradiol (E2), and estriol (E3), presents significant therapeutic importance due
to their central roles in regulating a wide range of physiological processes. These
steroidal hormones, although endogenously produced, are frequently supplemented
from external sources in clinical settings due to fluctuations, deficiencies, or
dysfunctions in the body’s natural hormone production. Their inclusion in this study
is based on both their clinical relevance and their physicochemical challenges, such as
poor aqueous solubility and instability, which complicate conventional oral delivery.

P4 is a crucial hormone involved in regulating the menstrual cycle, maintaining
pregnancy, and supporting embryogenesis. It is primarily secreted by the corpus
luteum and later by the placenta during pregnancy. P4 prepares the endometrium for
embryo implantation and sustains early pregnancy. However, progesterone levels may
be insufficient due to luteal phase defects, anovulation, or during hormone replacement
therapy (HRT) for peri- and postmenopausal women. Supplementation of P4 is
essential in assisted reproductive technologies (ART), luteal phase support, and the
treatment of conditions such as endometrial hyperplasia.

E2, the most potent naturally occurring estrogen, is essential for reproductive health,
maintaining bone density, cardiovascular protection, and neuroprotection. E2 levels
significantly decline during menopause, leading to symptoms such as hot flashes,
mood swings, and an increased risk of osteoporosis. Clinically, E2 is used in HRT for
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menopausal women, treatment of hypogonadism, and managing estrogen deficiencies
following surgical removal of ovaries or other medical conditions.

E3, while considered a weaker estrogen than E2, plays a vital role during pregnancy
and is gaining recognition for its therapeutic potential due to its favorable safety
profile. E3 is commonly used in HRT, particularly in women who cannot tolerate
stronger estrogens. It exhibits tissue-selective activity with a lower risk of stimulating
endometrial or breast tissue, making it a safer alternative for long-term use.

Despite the body's inherent ability to synthesize these hormones, external
supplementation is often required to restore physiological levels, manage hormone-
related disorders, or compensate for age- or disease-related decline in endogenous
production. Additionally, when hormones are administered orally, they often undergo
significant first-pass metabolism in the liver, drastically reducing their bioavailability.
The result is not only lower systemic levels but also greater interindividual variability
in response and increased metabolic byproducts, which can lead to side effects.

This thesis addresses these challenges by exploiting CD-functionalized nanofibers,
which represent a novel approach to overcoming these obstacles. By combining the
unique inclusion-complex-forming ability of CDs with the versatility of
electrospinning, this work pioneers the development of advanced nanofiber systems
capable of tailoring release profiles for both rapid and sustained delivery. The
incorporation of hydrophilic and hydrophobic polymers in a single system further
enhances the potential for personalized and efficient oral hormone therapy.

The thesis begins by introducing the fundamentals of electrospinning and its
application in fabricating electrospun fibers for oral drug delivery. It then examines
the electrospinning process of hormone-loaded, CD-functionalized polymer fibers and
their potential in hormone delivery systems. This is followed by an experimental
section that provides a detailed overview of the materials used and the conducted
experiments.

The fourth chapter presents an investigation into the encapsulation and release
behavior of the selected hormones— P4, E2, and E3—from hydrophilic electrospun
pullulan-based fibers. These hormones, due to their hydrophobicity and poor aqueous
solubility, were first complexed with CDs to improve their compatibility with the
hydrophilic polymer matrix. The resulting inclusion complexes (ICs) were then
incorporated into pullulan solutions and processed via electrospinning. Optimization
of electrospinning parameters—such as polymer concentration, flow rate, voltage, and
tip-to-collector distance—was carefully performed to obtain uniform, bead-free fibers.
Fiber morphology was examined using optical microscopy and scanning electron
microscopy (SEM), both of which confirmed the successful formation of continuous,
smooth fibers with nanometer-scale diameters and no visible aggregates or crystalline
hormone residues. The incorporation of hormone—-CD complexes did not negatively
affect fiber formation, indicating good compatibility between the drug complexes and
the polymer matrix. FTIR analysis confirmed the successful encapsulation of P4, E2,
and E3 within the fibers by identifying characteristic hormone peaks.
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TGA results demonstrated enhanced thermal stability of the encapsulated hormones,
evidenced by higher decomposition temperatures compared to raw drugs and CD
complexes. In vitro release studies were carried out in aqueous media to evaluate the
drug release kinetics of the pullulan-based systems. The hydrophilic nature of pullulan
enabled rapid fiber disintegration upon contact with simulated saliva, resulting in an
immediate burst release of the encapsulated hormones. This fast-release profile is
particularly valuable for buccal or sublingual administration, where rapid absorption
through the mucosal membranes is desired. The data confirmed that hormone release
was achieved within minutes, making these systems ideal for applications requiring
quick onset of action, such as hormone deficiency crises or short-term therapeutic
interventions.

In the subsequent chapter, the thesis explores a more complex nanofiber design
involving multilayered fibers with a sandwich structure to achieve controlled hormone
release. This system consisted of hydrophobic CA as the outer layers and gelatin, a
hydrophilic, biocompatible polymer, as the inner core layer. The inner gelatin layer
contained the hormone-CD complexes, while the CA layers served as diffusion
barriers to modulate the release rate. The fabrication of this multilayered structure was
achieved through a sequential electrospinning process. Each layer was deposited with
controlled thickness and alignment to ensure homogeneity and reproducibilityOptical
microscopy was used to examine the fiber structure of each layer, while FTIR analysis
verified the encapsulation of hormones at varying concentrations. Release studies
demonstrated that the gelatin core facilitated an initial release phase upon hydration,
followed by a more gradual hormone diffusion through the surrounding CA layers.
The hydrophobicity of CA effectively slowed down water penetration, thereby
reducing the rate of hormone diffusion.

Comparative analysis between the pullulan fibers and the multilayered gelatin-CA
systems highlighted the capacity to precisely tailor release kinetics through material
selection and architectural design. The pullulan system was confirmed to be ideal for
fast-dissolving applications, while the multilayered structure offered a promising
strategy for sustained delivery.

In conclusion, these chapters highlight the strategic integration of polymer science,
drug delivery mechanisms, and nanotechnology in the development of advanced
hormone delivery systems. The effective encapsulation, validated through FTIR, TGA,
and SEM, along with the improved stability and controlled release profiles,
demonstrates the potential of CD-functionalized electrospun nanofibers for both rapid
and sustained hormone therapy. This work presents a flexible platform for oral or
transmucosal hormone delivery, laying the groundwork for future translational studies
and clinical applications.
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SIKLODEKSTRIN FONKSIYONLU NANOLIFLERIN HORMON SALIM
SISTEMLERI OLARAK KULLANIMLARI

OZET

Bu tez, hormon salim sistemlerinde kullanilmak {izere siklodekstrin (CD)-
fonksiyonellestirilmis polimer nanoliflerinin gelistirilmesine odaklanmaktadir.
Ozellikle, hidrofilik ve hidrofobik polimerlerin rasyonel se¢imi, hormonlarin farkli
konsantrasyonlarda entegrasyonu ve CD'lerin dahil edilmesinin ila¢ yikleme
kapasitesi, stabilite ve salim kinetikleri tizerindeki etkileri arastirtlmistir. Calisma,
hormon yiiklii nanoliflerin salim davranisini inceleyerek, hizli ve siirdiiriilebilir salim
profillerinin elde edilmesini amaglamaktadir. Pullulan ve jelatin gibi hidrofilik
polimerler, hizli ¢6ziinme 6zellikleri sayesinde hizli ila¢ salinimi saglarken, hidrofobik
seliiloz asetat (CA) polimeri, uzun siireli ilag salimini tesvik etmek i¢in kullanilmstir.
Her formilasyonda, CD'lerin entegrasyonu, hormonlarin ¢6ziiniirlikk ve stabilitesini
artirmak ve ayni zamanda nanolif yapilarin i¢indeki salim profillerini modiile etmek
i¢in kullanilmastir.

Progesteron (P4), estradiol (E2) ve estriol (E3) gibi hormonlarin oral yolla
uygulanmasi, bu hormonlarin ¢esitli fizyolojik siireclerde kritik diizenleyici islevler
iistlenmeleri nedeniyle klinik acgidan biiylik 6nem tasimaktadir. Bu steroidal
hormonlar, vicutta tiretilebilmelerine ragmen, genellikle klinik ortamlarda, viicutta
dogal hormon {iiretimindeki dalgalanmalara, eksikliklere veya islev bozukluklarina
bagli olarak disg kaynaklardan takviye edilmektedirler.

P4, adet dongiisiinii diizenlemede, gebeligi silirdiirmede ve embriyo gelisimini
desteklemede kritik bir hormondur. Baslangigta korpus luteum tarafindan ve gebelik
sirasinda daha sonra plasenta tarafindan salgilanir. P4, endometriyumu embriyo
implantasyonu i¢in hazirlar ve erken gebeligi siirdiiriir. Ancak, progesteron diizeyleri
luteal faz hatalari, anoviilasyon veya peri- ve postmenopozal kadinlarda hormon
replasman tedavisi (HRT) sirasinda yetersiz olabilir. P4 takviyesi, yardimci tireme
teknolojileri (ART), luteal faz destegi ve endometrial hiperplazi gibi durumlarin
tedavisinde onemlidir.

E2, en giiclii dogal dstrojen olup, iireme sagligi, kemik yogunlugunun korunmasi,
kardiyovaskiler koruma ve noéroproteksiyon icin gereklidir. E2 seviyeleri menopoz
sirasinda belirgin sekilde azalir, bu da sicak basmalari, ruh hali degisimleri ve
osteoporoz riski gibi semptomlara yol acar. Klinik olarak, E2 menopozdaki kadinlarda
HRT, hipogonadizm tedavisi ve ovariyumlarin cerrahi olarak cikarilmasi ya da diger
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tibbi durumlar sonrasinda 6strojen eksikliklerinin yonetilmesinde kullanilir.

E3, E2'den daha zayif bir Ostrojen olarak kabul edilse de, gebelik sirasinda 6nemli bir
rol oynar ve giivenli kullanim profili nedeniyle terapdtik potansiyeli giderek daha fazla
taninmaktadir. E3, genellikle giiclii Ostrojenlere tolerans gosteremeyen kadinlarda
HRT'de kullanilir. Dokuya secici etkinlik gosterir ve endometrial veya meme
dokusunu uyarma riski daha diisiiktiir, bu da onu uzun siireli kullanim i¢in daha
giivenli bir alternatif yapmaktadir.

Viicudun bu hormonlar1 sentezleme yetene§i olmasina ragmen, disaridan takviye
genellikle fizyolojik seviyeleri restore etmek, hormonla iliskili hastaliklar1 yonetmek
veya yasa bagli ya da hastalikla ilgili endojen iiretim diisiisiinii telafi etmek icin
gereklidir. Bu kapsamda, hormonlar oral tablet veya kapsiil olarak alindiginda,
genellikle karacigerde Onemli bir ilk ge¢is metabolizmasindan gecerler, bu da
biyoyararlanimlarini1 nemli 6l¢ilide azaltir. Dolayistyla miktar olarak viicutta istenilen
miktarin iistiinde alinirlar ve dolayisyla alinan fazla ilaglar viicutta yan etkilere neden
olabilmektedirler. Bu dogrultuda tez, CD-fonksiyonellestirilmis nanoliflerin
kullanimiyla s6z konusu zorluklara ¢6zlim iiretmeyi hedeflemekte olup, bu yaklagim
hormon salimiyla ilgili engellerin asilmasina yonelik yenilik¢i bir yontem
sunmaktadir. CD'lerin suda ¢ozunmeyen ila¢ molekdlleriyle inklizyon kompleksleri
olusturma yetenegi ve elektroegirme yontemiyle nanometre kalinliginda ilag tasiyici
yapilarin iretilebilmesi sayesinde, kontrollii ve ayarlanabilir dozlarda ilag salimi
saglayan sistemler gelistirilmistir. Hidrofilik ve hidrofobik polimerlerin tek bir
sistemde entegrasyonu, Kkisisellestirilmis ve verimli oral hormon terapisi igin
potansiyeli artirmaktadir. Tez, elektroegirme yonteminin temelleri ve hormon tagima
sistemlerinde elektrospun liflerin kullanimi iizerine bir giris ile baslamaktadir.
Ardindan, hormon yiiklii, CD-fonksiyonellestirilmis polimer liflerinin elektroegirme
stireci ve hormon tagima sistemlerindeki potansiyelleri incelenmektedir. Bunu takiben,
kullanilan malzemeler ve gerceklestirilen deneyler hakkinda detayli bilgi veren
deneysel bir boliim yer almaktadir.

Dordiincii boliimde, secilen hormonlarin—P4, E2 ve E3—hidrofilik pullulan bazli
liflerden kapsiilasyonu ve salim davranigi arastiritlmaktadir. Bu hidrofobik yapidaki
hormonlar, suda diisiik ¢6ziiniirliikleri nedeniyle 6nce CD'lerle komplekslestirilmis ve
ardindan hidrofilik polimer matrisiyle uyumlarini artirmak igin pullulan ¢ozeltileriyle
karigtirllmigtir. Elektroegirme parametrelerinin—polimer konsantrasyonu, akis hizi,
voltaj ve igne-collector mesafesi—optimizasyonu, diizgiin, topaksiz liflerin elde
edilmesi igin dikkatlice yapilmistir. Lif morfolojisi, optik mikroskop ve taramali
elektron mikroskobu (SEM) kullanilarak incelenmis ve siirekli, diizgiin liflerin
basartyla olusturuldugu ve gozle goriiliir agregalar veya kristalin hormon kalintilarinin
olmadig1 dogrulanmistir. Hormon—CD komplekslerinin lif olusumunu olumsuz yonde
etkilemedigi ve polimer matrisiyle iyi uyum gosterdigi gozlemlenmistir. FTIR analizi,
P4, E2 ve E3'lin liflerdeki basarili kapsiilasyonunu, karakteristik hormon piklerini
tespit ederek dogrulamistir.
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TGA sonuglari, kapsiile edilmis hormonlarin termal stabilitesinin arttigini, ham ilaglar
ve CD kompleksleriyle karsilastirildiginda daha yiliksek bozulma sicakliklar
gosterdigini kamtlamistir. In vitro salim ¢alismalari, pullulan bazli sistemlerin ilag
salim kinetiklerini degerlendirmek amaciyla sivi ortamda gergeklestirilmistir.
Pullulanin hidrofilik dogasi, liflerin simiile tiikiirtik ile temas ettiginde hizli bir sekilde
dagilmasini saglamis ve kapsiile edilmis hormonlarin aninda salimini tetiklemistir. Bu
hizli salim profili, mukozal membranlar {izerinden hizli emilim istenen sublingual
veya bukkal uygulamalar i¢in 6zellikle degerlidir. Veriler, hormon saliminin dakikalar
icinde saglandigini ve bu sistemlerin hizli etki baslangici gerektiren uygulamalar i¢in
ideal oldugunu dogrulamistir.

Sonraki boliimde, kontrollii hormon salimi saglamak amaciyla sandvi¢ yapidaki ¢ok
katmanl lifler tiretilmistir. Bu sistem, dis katmanlar olarak hidrofobik CA ve i¢
cekirdek katman olarak biyouyumlu, hidrofilik jelatin kullamlmustir. I¢ jelatin
katmani, hormon—CD komplekslerini igerirken, CA katmanlari, salim hizin1 modiile
etmek i¢in diflizyon engelleri olarak islev gérmiistiir. Bu ¢ok katmanli yapinin iiretimi,
siralt bir elektrospinning islemi ile gergeklestirilmistir. Her katman, homojenlik ve
tekrarlanabilirlik saglamak i¢in kontrollii kalinlik dikkate alinarak yapilmistir. Optik
mikroskopi, her katmanin lif yapisini incelemek i¢in kullanilmis ve FTIR analizi,
hormonlarin  farkli konsantrasyonlarda kapsiillenmesini dogrulamistir. Salim
caligmalari, jelatin katmanin hidrasyon sonrasi ilk salim fazini kolaylagtirdigini ve
ardindan ¢evredeki CA katmanlarindan daha yavag bir hormon difiizyonu sagladigini
gostermistir.  CA'min  hidrofobikligi, suyun penetrasyonunu etkili bir sekilde
yavaglatmis ve boylece hormon diflizyon hizini azaltmastir.

Pullulan lifleri ve ¢ok katmanli jelatin-CA sistemleri arasindaki karsilastirmali analiz,
materyal secimi ve mimari tasarim yoluyla salim kinetiklerini hassas bir sekilde
Ozellestirme kapasitesini ortaya koymustur. Pullulan sistemi, hizli ¢6ziinen
uygulamalar i¢in ideal olarak onaylanmis, ¢ok katmanli yapi ise siirdiiriilebilir salim
i¢in umut verici bir strateji sunmustur.

Sonu¢ olarak, bu boélimler, polimer bilimi, ila¢ tasima mekanizmalar1 ve
nanoteknolojinin stratejik entegrasyonunu, ileri diizey hormon tagima sistemlerinin
gelistirilmesinde vurgulamaktadir. FTIR, TGA ve SEM ile dogrulanan etkili
kapsiilasyon ve 1iyilestirilmis stabilite ve kontrollii salim profilleri, CD-
fonksiyonellestirilmis nanoliflerin hem hizli hem de strdurGlebilir hormon terapisi igin
potansiyelini gostermektedir. Bu ¢alisma, oral veya transmukozal hormon tagima igin
esnek bir platform sunarak, gelecekteki translasyonel ¢calismalar ve klinik uygulamalar
icin temel olusturmaktadr.
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1. INTRODUCTION

Hormone therapy plays a pivotal role in modern medicine, offering effective treatment
for numerous conditions such as endocrine dysfunctions, reproductive system
irregularities, menopausal symptoms, and other hormone-related health issues.
Hormones such as progesterone (P4), estradiol (E2), and estriol (E3) play vital roles
in maintaining physiological homeostasis, regulating reproductive cycles, and
supporting various metabolic and developmental processes. As such, their therapeutic
administration is often indispensable for restoring hormonal balance and improving
patient outcomes. However, the clinical effectiveness of hormone therapy is critically
influenced by the delivery method employed, which directly affects the
pharmacokinetics, therapeutic efficacy, patient compliance, and overall treatment

SUCCESS.

Traditional routes of hormone administration—such as oral tablets, transdermal
patches, and intramuscular injections—have demonstrated several limitations. These
include poor aqueous solubility of many steroid hormones, first-pass hepatic
metabolism, variable absorption rates, and inconsistent plasma concentrations.
Additionally, the need for frequent dosing or invasive administration methods can
adversely impact patient adherence, especially in long-term therapies. These
challenges have accelerated the exploration and development of innovative drug
delivery systems that not only improve solubility and stability but also enable
controlled and sustained release of hormones, thereby optimizing therapeutic

efficiency while minimizing side effects.

In last decades, electrospun nanofibers have garnered significant attention as a next-
generation platform for drug delivery due to their unique physicochemical properties.
These nanofibers offer an exceptionally high surface-area-to-volume ratio,
interconnected porous structure, and tunable mechanical and morphological
characteristics, which collectively enable efficient drug encapsulation and
customizable release kinetics. The versatility of the electrospinning technique allows
for the incorporation of a wide range of bioactive agents, including hydrophobic and
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hydrophilic drugs, as well as functional excipients such as cyclodextrins (CDs),
thereby providing a multifunctional matrix tailored for advanced therapeutic

applications.

CDs are cyclic oligosaccharides composed of glucose subunits, distinguished by a
hydrophilic outer surface and a hydrophobic internal cavity. This amphiphilic structure
allows them to encapsulate hydrophobic drug molecules within their cavity, forming
non-covalent host-guest inclusion complexes (ICs). These complexes significantly
enhance the solubility, chemical stability, and bioavailability of hydrophobic drugs,
including steroidal hormones, while simultaneously offering protection against
hydrolysis, photodegradation, and oxidative processes. Incorporating CDs into
nanofiber matrices further augments drug delivery potential by improving drug
distribution within the fibers, increasing encapsulation efficiency, and enabling
modulation of release behavior through specific CD—drug interactions. Given their
excellent safety profile, biocompatibility, and regulatory approval for pharmaceutical
use, CDs are particularly advantageous for mucosal drug delivery via sublingual,
buccal, and vaginal routes, where rapid absorption and localized delivery are often

desired.

The choice of polymer in fabricating CD-functionalized nanofibers plays a pivotal role
in determining the mechanical integrity, degradation behavior, and drug release profile
of the final formulation. Pullulan, a non-toxic, water-soluble polysaccharide produced
by the fungus Aureobasidium pullulans, has gained widespread interest in
pharmaceutical formulations due to its biocompatibility and rapid solubility in aqueous
environments. These attributes make pullulan particularly attractive for oromucosal
delivery systems requiring fast disintegration and immediate drug release. However,
to achieve more sustained or prolonged hormone release, multilayered nanofiber
systems have been developed using complementary polymers with different solubility
and permeability characteristics. For instance, combining hydrophobic polymers such
as cellulose acetate (CA) with hydrophilic polymers like gelatin (Gel) can result in a
sandwich-like fiber structure, where the outer CA layers act as diffusion barriers and
the inner Gel layer serves as the primary drug reservoir. This architectural strategy
enables fine-tuning of the release profile by regulating drug diffusion and polymer

degradation, offering better control compared to single nanofiber systems.



This study aims to fabricate and systematically characterize CD-functionalized
nanofibers for the delivery of P4, E2, and E3 hormones, which are central to hormonal
regulation, fertility, and gynecological health. These hormones, although clinically
valuable, are characterized by poor water solubility and limited stability, which hinder
their effectiveness in conventional delivery formats. By usng the unique properties of
CDs and electrospun nanofibers, this research seeks to overcome these limitations and
create novel delivery vehicles that enhance hormone solubilization, stability, and
bioavailability. Furthermore, the effect of different CD types, molar ratios, and
polymer compositions on fiber morphology, drug encapsulation efficiency, and release

kinetics are evaluated.

Ultimately, this work aspires to contribute to the advancement of personalized
hormone therapy by providing flexible and efficient delivery platforms tailored to
individual therapeutic needs. The insights derived from this investigation may also
pave the way for broader applications of nanofibrous systems in the delivery of other
poorly soluble drugs, fostering innovation in non-invasive, controlled-release drug

delivery strategies across multiple therapeutic domains.






2. THEORETICAL PART

2.1 Electrospinning

Electrospinning is one of the most versatile techniques used in generating polymeric
nanofibers from a diverse range of polymeric materials, both synthetic and natural,
while preserving their chemical properties (Ahmed vd., 2015). It consists of applying
a high electric field to a polymer solution jet in order to obtain nano- and microfibers
with diameters ranging from a few nanometers to several micrometers (Bhardwaj &
Kundu, 2010).

These electrospun nanofibers possess a high surface area-to-volume ratio, high
porosity, tunable wettability, and the capability to functionalize with different
molecules, making them quite an attractive choice for nanocatalysis, drug delivery,
food packaging, tissue engineering, filtration, and supercapacitors (Bottino, 2016; Hu
vd., 2014). The key parameters that affect the final properties of the resulting
nanofibers are the properties of the polymer solution (e.g., conductivity, surface
tension, and viscosity), the voltage applied, the flow rate, and the distance between the
spinneret and the collector (Al-Abduljabbar & Farooq, 2023). At the same time,
formulation parameters like solution concentration had the most significant impact on
electrospinnability, leading to a shift from electrosprayed beads to electrospun fibers
(Deitzel vd., 2001). The solvent chosen for preparing the polymer solution should
possess an appropriate vapor pressure to ensure the structural integrity of the
electrospun fibers: A low boiling-point solvent can evaporate quickly, hindering
polymer elongation and resulting in clogged needles or an unstable Taylor cone
(Sarkar vd., 2010) (Balgis vd., 2018).

In 1934, Formhals pioneered the electrospinning technique by inventing a device that
used electrostatic force to produce polymer fibers (Zhao vd., 2020). This marked the
beginning of electrospinning technology. However, the development of this technique

stagnated between 1964 and 1969 due to the lack of tools to accurately measure the
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sub-micrometer fibers produced (Xue vd., 2019). During this time, Geoffrey Taylor's
groundbreaking work provided a mathematical model to describe the shape change of
polymer solutions under strong electric fields. Over time, electrospinning has evolved,
and researchers have developed various modifications, such as needleless
electrospinning, coaxial or triaxial electrospinning, and multi-jet electrospinning, to

enhance its capabilities (Altan vd., 2018).

The key components for the electrospinning technique include a high voltage source,
a metal needle, and a conductive collector (Zhao vd., 2020). The polymer solution is
expelled from the capillary tube by the electric field, often resulting in the formation
of a Taylor cone at the capillary tip. Increasing the electric field strength causes
positive charges to build up on the surface of the Taylor cone, overcoming the surface

tension and enabling the polymer jet to accelerate towards the collector (Figure 2.1).
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Figure 2.1: The electrospinning setup and key parameters are illustrated, including
(a) a schematic representation of an electrospinning system alongside a scanning
electron micrograph of electrospun fibers, (b) typical spinneret configurations used in
electrospinning, (c) various collector designs, (d) examples of electrospun fiber
morphologies, and (e) diagrams depicting the effects of solution properties and
electrospinning process parameters on the fiber diameter of the resulting fibers. The
figure was reproduced from (Topuz & Uyar, 2019) with permission of MDPI.



Contemporary research in electrospinning focuses on innovative polymer blends,
functional additives, and the fine-tuning of process parameters to improve the
performance and quality of electrospun nanofibers for a wide range of emerging
applications (Li vd., 2021). Advances in specialized electrospinning equipment and
the application of sophisticated characterization techniques have empowered
researchers to gain deeper insights into the intricate relationship between processing
conditions and the resulting nanofibers' morphology, mechanical properties, and
functionality (Rutledge & Fridrikh, 2007)

2.2 Electrospun Fibers for Hormone Delivery

Electrospun fibers have emerged as a promising platform for oral hormone delivery,
offering high surface area, tunable porosity, and the ability to encapsulate a variety of
therapeutic agents (Ozen & Wang, 2023). These nanofibers enable controlled and
sustained drug release, improving patient compliance and minimizing side effects. By
incorporating CDs, researchers have developed fast-dissolving systems to enhance the
bioavailability of poorly water-soluble drugs (Topuz & Uyar, 2019). Several
hormones, such as progesterone (P4), estradiol (E2), and estriol (E3), have been
studied for delivery through electrospun nanofibers, with various polymers and release
mechanisms designed to enhance stability and efficacy. For instance, a study on P4-
loaded polycaprolactone nanofibers showed a dual-phase release (Almousained vd.,
2024). Likewise, another investigation into estradiol-loaded poly(e-caprolactone) and
silk fibroin fibers highlighted a biphasic release pattern, essential for treating
osteoporosis (Steffi vd., 2018). Additionally, CA nanofibers were developed for P4
delivery, demonstrating a burst release followed by sustained release, with the release

mechanism dependent on drug concentration (do Nascimento Soares vd., 2020).

When comparing oral hormone delivery to transdermal methods, significant
differences in hormonal bioavailability and metabolism exist. Oral estrogens undergo
first-pass metabolism in the liver, potentially causing variations in hormone levels and
increasing the risk of venous thromboembolism (Goodman, 2012). In contrast,
transdermal estrogen administration has little or no effect on venous thromboembolism

risk (“Committee Opinion No. 5567, 2013). While oral hormone delivery is



convenient, healthcare providers must consider individual patient factors, risks, and

benefits when selecting the most appropriate administration method.

Sublingual and buccal hormone delivery via electrospun nanofibers are gaining
attention for their potential in overcoming the limitations of traditional oral drug
administration. These routes enable rapid drug absorption directly into the circulation,
bypassing the first-pass metabolism in the liver, which is particularly beneficial for
drugs with low oral bioavailability. Both sublingual and buccal delivery can also
provide faster onset of action. Additionally, hormone-loaded fibers for vaginal
delivery offer an alternative for sustained drug release, providing localized and
prolonged therapeutic effects, which can be particularly useful for conditions like

hormone replacement therapy.

However, there are challenges associated with these delivery methods. For sublingual
and buccal routes, the formulation must remain stable and adhere well to the mucosal
membranes to ensure sufficient absorption time (Morales vd., 2017). Local irritation
or discomfort may also arise, particularly with certain drugs or polymers. Saliva
production and the swallowing reflex can also impact drug release. For vaginal
delivery, while it can provide sustained release, ensuring the fibers' proper adhesion
and retention in the vaginal environment is critical (Blakney vd., 2013). Despite these
challenges, electrospun fiber-based delivery systems for sublingual, buccal, and even
vaginal routes hold promise for providing fast-acting, efficient, and sustained hormone

delivery options.

2.3 Cyclodextrin-based Drug Delivery Systems

CD-based drug delivery systems utilize cyclic oligosaccharides known as CDs,
composed of glucopyranose units linked by a-1,4 glycosidic bonds. a-, -, and y-CDs
are common types, consisting of 6, 7, and 8 glucose units respectively (Topuz & Uyar,
2024). Their unique molecular structure features a hydrophilic exterior and a
hydrophobic interior cavity, ideal for encapsulating hydrophobic drug molecules
(Figure 2.2).

The ability of CDs to form host-guest ICs enables improved solubility of poorly water-
soluble drugs. Furthermore, CDs can protect encapsulated drugs from environmental
degradation, such as hydrolysis, oxidation, or photolysis, thereby extending the drug's



shelf life (Loftsson vd., 2005). Natural CDs form strong hydrogen bonds, resulting in
moderate or low water solubility. To enhance their solubility, functional groups have
been introduced through chemical modifications. As a result, CDs have been
functionalized with various groups, including hydroxypropyl (HP), methyl (M),
sulfobutylether (SBE), and carboxymethyl (CM) (Topuz & Uyar, 2024), allowing for
enhanced targeting, controlled drug release, and improved interaction with biological
systems. These versatile features position CD-based materials as a promising platform

for advanced drug delivery systems (Vyas et al., 2008).
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Figure 2.2: Diagrammatic representation of (a) the general chemical structure of
cyclodextrins (CDs) and (b) their distinctive toroidal shape, emphasizing the
hydrophobic inner cavity and hydrophilic exterior. (c) chemical 3-dimensional
structure and dimensions for a-, B-, and y-CDs (n = 6, 7, and 8, respectively) (d) CD
“capsule” showing the hydrophobic and hydrophilic regions. () The IC formation
between CD and guest molecules at various stoichiometries. Figure was reproduced
from (Agnes vd., 2022), (Topuz & Uyar, 2019) and (Morin-Crini vd., 2020) with
permission from Wiley, MDPI and Springer.

In the context of electrospun nanofibers, CDs offer significant advantages for hormone
delivery. By incorporating CDs into electrospun fibers, the solubility and stability of
hydrophobic hormones can be greatly enhanced, allowing for more efficient loading
and sustained release. The inclusion of CDs in electrospun fibers helps optimize the

release profiles of hormones, ensuring that they remain stable and bioavailable during
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the delivery process. Additionally, CDs' ability to form ICs with hormones can
improve the controlled release of drugs (Albers & Miller, 1992; Araj & Szeleszczuk,
2023; K. vd., 1982), offering a more targeted and effective hormone delivery system.

This combination of electrospun fibers and CD-based technology enhances the

potential for developing advanced, efficient, and stable hormone delivery platforms

for various therapeutic applications.

2.4 Rapid Hormone Delivery from Electrospun Pullulan Fibers

Polysaccharides like starch, chitosan, alginate, and pullulan are widely used in the
development of biomaterials due to their stability, non-toxicity, biocompatibility, and
biodegradability (Celebioglu & Uyar, 2021; Ertan vd., 2023). Notably, pullulan stands

out for biomaterial design due to its hydrophilic nature and unique properties.

Pullulan is a biopolymer produced through the industrial fermentation of starch syrup
by the yeast-like fungus Aureobasidium pullulans (Singh vd., 2008), It is a microbial
exopolysaccharide comprising maltotriose units linked by a-(1,4) and o-(1,6)
glycosidic bonds (Grenha & Rodrigues, 2013). Pullulan is odorless, tasteless, non-
toxic, highly water soluble due to the low degree of hydrogen bonding, and stable
under temperature and pH changes (Tatiana Romén vd., 2019). It can improve the
solubility and bioavailability of hydrophobic pharmaceuticals (Mauri et al., 2018).
These distinctive characteristics that render it well-suited for oral drug delivery
applications (Raghav vd., 2020). Electrospun pullulan nanofibers have shown promise
for drug delivery (Asgari vd., 2021; Hsiung vd., 2022; Mehdi vd., 2021), cosmetics
(Coltelli vd., 2020; Tatiana Roman vd., 2019), food packaging (Celebioglu & Uyar,
2021) and many other fields. While recent research has explored vaginal
administration of P4-loaded pullulan nanofibers (Lavanya vd., 2024), their potential

application as oral delivery systems for steroid hormones remains a novel and largely

unexplored area.

P4, a steroid hormone predominantly produced by the corpus luteum and the placenta
(Taraborrelli, 2015), is a crucial regulator of the female reproductive system,
particularly the menstrual cycle, embryogenesis and pregnancy (Lavanya vd., 2024).
As the only FDA-approved drug for preventing preterm birth, its therapeutic

importance is well-established. Synthetic versions of P4, known as progestins, are also
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widely used in hormone replacement therapy for conditions such as menopause,
primary ovarian insufficiency, endometriosis, and luteal deficiency (Franklin, 2020).
It can also be administered alongside estrogen in contraceptive formulations to help

lower the risk of developing uterine or cervical cancer (Matencio vd., 2024).

E2, the most potent and physiologically active form of estrogen, is predominantly
synthesized by the ovaries and exerts a multifaceted influence on the female organism.
It serves as a key regulator in the development and maturation of the female
reproductive system, stimulating the growth and proliferation of uterine and vaginal
tissues (Wetendorf & DeMayo, 2012). Additionally, E3 has been observed to
significantly impact the skeletal system, reducing adipose tissue and modulating body
weight, as well as the nervous system, where it has been implicated in the treatment of
neurodegenerative conditions such as Parkinson's and Alzheimer's disease (Aubead,
2021; Young, 2013).

E3, a less potent estrogen than E2, is primarily secreted by the placenta during
pregnancy. Its concentrations increase substantially throughout gestation, peaking
immediately before birth (Klausner & Ryan, 1964). This estrogenic hormone plays a
vital role in preparing the uterus for the birthing process, facilitating the softening and
dilation of the cervix, as well as stimulating uterine contractions (Levitz & Young,
1978).

Incorporating CDs or their derivatives as ICs with hormones, can further enhance the
solubility and stabilization of the hydrophobic hormones as previous reports
demonstrated (Aytac et al., 2015). The formation of the host-guest complex between
the CD and the hormones can improve the bioavailability of the hormones and
facilitate their disintegration. In this context, this thesis investigates the utilization of
pullulan-based electrospun nanofibers as a delivery platform for the rapid release of
steroid hormones (i.e., P4, E2, and E3) (Table 2.1).

In chapter 4, the encapsulation efficiency of the steroid hormones within the pullulan
nanofibers was determined, and their in vitro release profiles were investigated. To
further characterize the properties of this delivery system, TGA was utilized to
evaluate the thermal properties of the nanofibers. Additionally, SEM and FTIR were
employed to assess the morphology and structural characteristics of the nanofibers.

The release amount of the hormones was quantified using UV-Vis spectrophotometry.
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Table 2.1: Chemical properties and structures of P4, E2 and E3 hormones.

Molar

Hormone Abb Source Molecular Mass IUPAC Chemical
Formula name Structure
(g9/mol)
Corpus —
luteum, Pregn-4- L.
Progesterone P4 placenta C,1H300, 314.469 ene'-3,20- ]
dione ) /\\f "
Ovaries Estra-
Estradiol E2 CgH, 0,  272.38 1’t3;’i§$]1£)' | \-;
3,17B-diol wo
Placenta Estra-
(during 1,3,5(10)-
Estriol E3 preghancy)  C;gH,,0;  288.387 triene-
3,16a,17B-
triol

2.5 Sustained Hormone Delivery from Sandwich Electrospun Fibers

Gel is a protein-based polymer obtained through the partial hydrolysis of collagen,
which is found in the skin and connective tissues of animals. Its biocompatibility,
biodegradability, and cell-binding capabilities have been extensively researched (Liao
vd., 2006). Gel is known for its gelling and thickening properties, making it a popular
ingredient in food and pharmaceutical industries (Tofanica vd., 2022). Gel-based
nanofibers have demonstrated the ability to encapsulate and release a range of
therapeutic agents, such as drugs, proteins, and growth factors, in a controlled manner
(Morais vd., 2023). On the other hand, CA is a synthetic polymer derived from
cellulose, a natural polysaccharide that is the primary component of plant cell walls. It
is primarily used in the production of textiles, plastics, and photographic films
(Tofanica vd., 2022). Due to its mechanical strength, chemical stability, and drug
permeability properties, CA-based nanofibers have been investigated as a drug
delivery system (Khoshnevisan vd., 2018; Wsoo vd., 2020).

The multi-layer structure could be engineered to provide controlled and sustained
hormone release, with the hydrophobic outer layers acting as a barrier to slow down
the hormone release, and the hydrophilic middle layer allowing for the gradual

diffusion of the encapsulated hormones. The incorporation of CDs in the formulation
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represents a strategic decision, as they have the potential to enhance the solubility,
stability, and bioavailability of the encapsulated hormones. Furthermore, the multi-
layered nanofiber design, with its tailored hydrophobic-hydrophilic properties, is
anticipated to provide improved control over the release kinetics of the hormones

compared to single-layer systems (Zamani vd., 2013).

Chapter 4 also reports on a multi-layered nanofiber drug delivery system designed for
the sustained release of the hormones P4, E2, and E3. The system consists of three
distinct layers: the outer layers are made of the hydrophobic polymer CA, while the
middle layer is composed of the hydrophilic polymer Gel. The Gel middle layer is
loaded with HP-B-CD and HP-y-CD ICs, with the three hormones at two different
molar ratios (0.5:1 and 1:1 (hormone: CD)). The morphology of the resulting fibers
was examined through optical microscopy, while the presence of drugs within the fiber
was studied through FTIR. The thermal stability of the fibers was explored through
TGA. The disintegration of the fibers in simulated saliva was followed over time,
while the release of the encapsulated hormones from these sandwich fiber films was

monitored through UV-vis spectroscopy.
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3. EXPERIMENTAL PART

3.1 Materials

HP-B-CD (Cavasol W7 HP Pharma, Ashland Industries, Switzerland), HP-y-CD
(Cavasol W8 HP Pharma, Ashland Industries, Switzerland), pullulan (Tokio Chemical
Industry Co Ltd., Japan), cellulose acetate, progesterone (P4, Sigma Aldrich), estradiol
(E2, Sigma Aldrich) and estriol (E3, Sigma Aldrich) were purchased and used as
received. Electrospinning solutions were formulated using ultrapure water obtained

from a Millipore Milli-Q purification system.

Table 3.1: Compositions and properties of electrospinning solutions containing
P4/CD ICs and Pul.

Polymer CD  Conc. (% P4/CD P4 Conc. (% Conductivity

type w/v) 2 molar ratio wiw) P (us/cm)
HP-B- .
Pul cD 20/20 0.5:1 5.6 235
HP-B- .
Pul cD 20/20 1:1 11.2 85
HP-y- :
Pul cD 20/20 0.5:1 5.1 224
HP-y- :
Pul cD 20/20 1:1 10.21 43
Pul CD- 20 0.5:1 10.21 253
free
pul S 20 11 20.42 239
free

awith respect to solvent (water); Pwith respect to total sample amount.
3.2 Preparation of Electrospinning Solutions for Fast-disintegrating Fibers

P4/HP-B-CD ICs were prepared at 0.5:1 and 1:1 molar ratios (drug: HP-B-CD),
yielding solutions with ~5.6% and 11.2% (w/w) drug content, respectively. 200 mg
HP-B-CD (20% w/v) and 200 mg Pul (20% w/v) were dissolved in 1 mL distilled
water. P4 was added according to the desired molar ratio and stirred overnight at room
temperature. The same procedure was followed using HP-y-CD instead of HP-B-CD,
with the identical molar ratios (0.5:1 and 1:1) which resulted with ~5.1% and 10.21%

(w/w) drug content. Pul/P4 control samples were prepared without CDs, maintaining
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the same drug ratios as the HP-y-CD/P4 IC’s (0.5:1 and 1:1) that correspond to (10.21
% and 20.42 % wi/w) (Table 3.1). The same approach was used to prepare CD/E2 and
CD/E3 ICs solutions with Pul (Tables 3.2 and 3.3).

Table 3.2: Compositions and properties of electrospinning solutions containing
E2/CD ICs and Pul.

Polymer CD type C‘\’I;‘/‘;)g% %t%? (E/i \?V?VTI;: b Confslljg:ri]Vity
Pul HP-B-CD 20/13 0.5:1 3.9 -
Pul HP-B-CD 20/13 1:1 7.8 -
Pul HP-y-CD 20/13 0.5:1 3.54 -
Pul HP-y-CD 20/13 1:1 7.07 -
Pul CD-free 20 0.5:1 5.9 146
Pul CD-free 20 1:1 11.79 163

awith respect to solvent (water); ® with respect to total sample amount.

Table 3.3 Compositions and properties of electrospinning solutions containing
E3/CD and Pul.

E3/CD .
0,
Polymer CD type Conc. (% molar E3 Conci) Conductivity
wiv)@ . (% wiw) ps/cm
ratio
Pul HP-B-CD 20/13 0.5:1 3.9 -
Pul HP-B-CD 20/13 1:1 7.8 -
Pul HP-y-CD 20/13 0.5:1 3.54 -
Pul HP-y-CD 20/13 1:1 7.07 -
Pul CD-free 20 0.5:1 59 80
Pul CD-free 20 1:1 11.79 83

awith respect to solvent (water); ® with respect to total sample amount.

3.3 Electrospinning for Pullulan Fibers

Each solution was loaded into a 1 mL syringe fitted with a 20-gauge blunt-tip needle
and positioned horizontally on the electrospinning setup. The environmental
conditions were maintained at 22 + 2 °C and 40 = 5% relative humidity. A high

voltage of 17.5 kV was applied to the stainless-steel needle, while the solution was
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pumped at a constant rate of 0.5 mL/h. The electrospun mats were collected on a
metal plate positioned 10 cm from the needle tip. The remaining solution from the
electrospinning is used to measure the solutions conductivity using a Conductivity-

meter.

3.4 Electrospinning for Sandwich Fibers

To create multilayer sandwich-like structures, we used a multi-step process
involving CA for the outer layers and hormone/CD ICs loaded Gel for the inner
layers. For the outer layers, 200 mg of CA was dissolved in a solution of acetic acid
and water (8:2 ratio) for both P4 and E2 sandwiches while 250 mg of CA was used
for E3 sandwiches. For the inner layers, nine different solutions were prepared
(Table 3.4). First, 300 mg of Gel was dissolved in a 3:7 acetic acid/water mixture.
Then, for each type of CD, three separate solutions were created, one for each
hormone (P4, E2, and E3). For the CD-containing solutions, 200 mg of either HP-
B-CD or HP-y-CD was added to the Gel mixture. Then, the hormones were added in
a 1:1 molar ratio with the CD, which resulted in 44.9 mg P4, 38.9 mg E2, and 41.2
mg E3 for HP-B-CD solutions and 40.8 mg P4, 35.4 mg E2, and 37.45 mg E3 for
HP-y-CD solutions. For the control solutions, the same hormone amounts used in
the HP-y-CD solutions were added to the Gel mixture without CD. Finally, all
solutions were stirred at room temperature for 24 hours in order to produce the tri-
layered sandwich structure with electrospinning, a specific process was followed.
For the base layer, 500 uL of CA solution was electrospun onto the aluminum foil-
covered collection plate, forming the first hydrophobic outer layer. Next, 1 mL of
the hormone/CD-loaded Gel solution was electrospun directly onto the first layer,
creating the hydrophilic inner layer containing. Finally, another 500 puL of CA
solution was electrospun, forming the second hydrophobic outer layer and
sandwiching the active layer. This tri-layered electrospinning process, using CA for
the outer layers and hormone/CD-loaded Gel for the inner layer, was repeated for
each of the nine solutions: P4, E2, and E3, each with HP-B-CD, HP-y-CD, and
without any CD. The electrospinning process was conducted under controlled
environmental conditions: 22 + 2°C and 40 £ 5% relative humidity. A high voltage
of 17.5 kV was applied to the needle, and the solution was pumped at a constant rate
of 0.5 mL/h and TCD of 10 cm.
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Table 3.4: Composition and properties of sandwich electrospun films produced using CA and Gel and three different hormones.

Polymer Layer # V (ml) CD type Conc (% wiv) Solvent Volu(r\‘rl}(\el)ratio Hormone Hﬁ?g:;?rgtci:o[) Co?ﬁst;g;i\)/ity
CA 1,3 0.5,0.5 = 20 AcOH/H;0 8:2 - - 241
Gel 2 1 HP-B-CD 30/20 AcOH/H,0 37 P4 11 1287
Gel 2 1 HP-y-CD 30/20 AcOH/H,0 37 P4 11 1232
Gel 2 1 CD-free 30 AcOH/H,0 3:7 P4 11 1976
CA 1,3 0.5,05 - 20 AcOH/H,0 8:2 - - 241
Gel 2 1 HP-B-CD 30/20 AcOH/H,0 37 E2 1:1 1459
Gel 2 1 HP-y-CD 30/20 AcOH/H,0 37 E2 1:1 1419
Gel 2 1 CD-free 30 AcOH/H,0 3:7 E2 11 2420
CA 1,3 0.5,05 - 25 AcOH/H,0 8:2 - - 245
Gel 2 1 HP-B-CD 30/25 AcOH/H,0 37 E3 1:1 1468
Gel 2 1 HP-y-CD 30/25 AcOH/H,0 37 E3 1:1 1422
Gel 2 1 CD-free 30 AcOH/H,0 3:7 E3 11 2560

18



3.5 Characterization

The conductivity of the solutions was measured using a Horiba LAQUA portable
conductivity meter. Measurements were performed in triplicate, and the average values
were reported. The fibers' morphology was examined using an optical microscope and
scanning electron microscopy (Thermo Scientific Apreo S). Before SEM analysis, the
fiber samples were coated with a thin layer of Pd/Pt. FTIR spectra of the samples were
recorded using an FTIR spectrometer (Thermo Scientific Nicolet 380) equipped with
an ATR module. The spectra were collected in the range of 4000 to 400 cm™* with a
resolution of 4 cm™* and presented in absorption mode. Thermal properties of the fibers
and their components were evaluated using a simultaneous thermogravimetric
analyzer (TA Instruments SDT Q600). The samples were thermally ramped from

ambient temperature to 600 °C at a heating rate of 10 °C per minute.

3.6 Hormone Release Tests

The release tests of the nanofibers of Pul/hormone-HPBCD-IC, Pul/hormone-HPyCD-
IC and Pul/hormone for P4, E2 and E3, as well sandwich fibers were measured using
a double-beam UV/vis spectroscopy (P9, VWR). For this, ~5 mg of each sample was
dissolved in 3 mL of distilled water. The UV/vis spectra were recorded over a defined
time period. (Amax =247.5 nm, 280 nm and 280 nm for P4, E2 and E3 respectively).
This allowed for the precise measurement of hormone release kinetics from the fibers.
Calibration curves of hormone-CD ICs in water were taken with linearity and
acceptability of R? > 0.99 and the experiments were repeated two times and an average

value was obtained.

3.7 Fiber Disintegration Tests

The disintegration profiles of Pul/hormone-HP-3-CD-IC, Pul/hormone-HP-y-CD-IC
and Pul/hormone for P4, E2 and E3 nanofibers, as well sandwich fibers were followed
in simulated saliva (2.38 g Na2HPO4, 0.190 g KH2PO4, 8 g NaCl in 1L distilled water
and adjusting of pH to 6.8 with phosphoric acid) and on saliva-wetted tissues to
simulate disintegration in the oral cavity. For this, petri dishes (10 cm) and nanofiber
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samples of dimensions ~ 1 x 1.5 cm were used. The dissolution of mats was captured

on video and converted into photographs.
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4. RESULTS AND DISCUSSION

4.1 Pullulan-based Nanofibers for Rapid Delivery of Hormones

4.1.1. Progesterone delivery

The solutions, regardless of their stoichiometric composition, exhibited opaqueness
(Figure 4. 1). Solutions devoid of CDs were also opaque. These solutions were
electrospun into fibrous films, which exhibited favorable physical properties,
including both flexibility and mechanical strength (Figure 4.1). The mats were foldable
without any noticeable deformation. Microscopic analysis revealed slightly beaded
fibers, with thinner fibers observed in the absence of CDs (HP-B-CD and HP-y-CD).

Figure 4.1: (i) Photos of electrospinning solutions, electrospun mats and (ii)
microscopic images of (a) Pul/P4/HP-B-CD IC, (b) Pul/P4/HP-y-CD IC, (c) Pul/P4 at
different drug: CD (x) 0.5:1 and (y) 1:1 stoichiometries.
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SEM analysis revealed slightly beaded fibers, as shown in the microscopic images in
Figure 4.2. Notably, fibers without CD exhibited smaller diameters compared to those
containing either type of CD. A 1:1 P4:CD molar ratio resulted in fibers that were
thicker and exhibited a more pronounced beaded appearance compared to fibers
produced at a 0.5:1 P4:CD molar ratio. In the absence of CDs, P4-loaded Pul fibers
had average diameters of 282+49 nm and 254+42 nm for the 0.5:1 and 1:1 molar ratios,
respectively. P4/HP-B-CD-loaded Pul fibers at 0.5:1 and 1:1 molar ratios exhibited
diameters of 517£79 nm and 724+83 nm, while P4/HP-y-CD-loaded Pul fibers had
diameters of 531+64 nm and 842+188 nm, respectively.

<D>= 531 + 64 nm A ) <D> =842 % 188 nm

<D>=517 £79 nm <D>=724 +83 nm

<D>=282%*49 nm <D>=254+42 nm

200 400 600 800 1000
Diameter (nm)

Figure 4.2: Scanning electron micrographs and diameter distribution histograms of
(@) Pul/P4/HP-B-CD IC, (b) Pul/P4/HP-y-CD IC, (c) Pul/P4 at different P4: HP-CD
(x) 0.5:1 and (y) 1:1 stoichiometries.

The FTIR spectra compare various samples containing P4, Pul, and CD at two different
molar ratios (0.5:1 and 1:1) (Figure 4.3). FTIR spectrum of P4 shows the
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characteristics peaks to the ketone stretch around 1690 and 1660 cm. The C-H
stretching bands between 2950 and 2850 cm™ and CH2/CHs bending vibrations in the
range of 1450-1400 cm™* were also detected. On the other hand, both CDs (HP-B-CD
and HP-y-CD) show broad peaks around 3400 cm™ due to O-H stretching and
distinctive peaks in the 1000-1200 cm™ region attributed to C—O stretching. The Pul
spectrum features a broad peak around 3300 cm™ and shows a relatively smooth
profile with characteristic polysaccharide peaks in the fingerprint region (< 1450
cm™'). For the fibers of Pul/P4/CD, the spectra demonstrate features from both CD and
P4, with some P4 peaks being reduced, suggesting incorporation of P4 within fibers.

4000 3000 2000 1000

- Pul/P4] ' ' '

r

[ Pul/P4/HP-y-CD

W
Pul/P4/HP-B-CD

Absorbance (a. u.)

"
¥ C=0
Stretching

_—» CH
Stretching

4000 3000 2000 1000

Wavenumber (cm™)

Figure 4.3: FTIR spectra presented from bottom to top: P4, HP-B-CD, HP-y-CD,
Pul, P4/HP-B-CD-loaded Pul NFs, P4/HP-y-CD-loaded Pul NFs, and P4-loaded Pul
NFs at a (0.5:1 - P4:CD molar ratio).
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TGA results describe the thermal stability and decomposition behavior of P4, HP-B-
CD, HP-y-CD, Pul, and their nanofiber formulations. P4 exhibited a one-stage
decomposition between 150°C and 250°C, reflecting lower thermal stability (Figure
4.4). HP-B-CD and HP-y-CD decomposed in the temperature range of 300°C to 350°C
due to the decomposition of glucopyranose rings. HP-y-CD exhibited slightly higher
thermal stability compared with HP-B-CD. Pul showed two major mass losses: (i)
water loss between 100-150°C and (ii) degradation of the backbone between 280 and
350°C. P4/HP-B-CD-loaded Pul nanofibers and P4/HP-y-CD-loaded Pul nanofibers
exhibited enhanced thermal stability compared to pure P4, showing decomposition
temperatures matching the Pul and CD degradation at ~300-350°C. P4/CD-free Pul
nanofibers degraded at an earlier temperature (~250-300°C) compared to the CD-

loaded systems, indicating weaker stabilization in the absence of CDs.
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Figure 4.4: The thermogravimetric analysis (TGA) of (a) pure P4, (b) HP-B-CD, (c)
HP-y-CD, (d) Pul, and (e—g) their nanofiber formulations, including (e) P4/HP-B-CD-
loaded Pul fibers, (f) P4/HP-y-CD-loaded Pul fibers, and (g) P4-loaded Pul fibers at
(i) (0.5:1 - P4:CD).

Similar results were observed on the respective DTG curves of the samples (Figure
4.5). Thermal stability of P4 increased within the fibers. Likewise, the use of CDs
boosted the thermal stability of the P4.
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Figure 4.5: DTG curves of (a) pure P4, (b) HP-B-CD, (c) HP-y-CD, (d) Pul, and (e—
g) their nanofiber formulations, including (e) P4/HP-B-CD-loaded Pul fibers, (f)
P4/HP-y-CD-loaded Pul fibers, and (g) P4-loaded Pul fibers at (i) (0.5:1 - P4:CD)
and (ii) (1:1 - P4:CD) molar ratios.

We performed dissolution tests to confirm that P4 formed ICs with both HP-B-CD and
HP-y-CD. P4 doesn't normally dissolve in water because it's hydrophobic. So, when
the P4 dissolved from the fibers, it showed us that it had successfully formed
complexes with the HP-B-CD and HP-y-CD. From (Figure 4.6), we can see that these
fibers with a 0.5:1 ratio of P4 to CD dissolved in water in about 60 seconds. But fibers
with a 1:1 ratio didn't dissolve completely even after 90 seconds. This tells us that in
the 1:1 ratio, there might be some P4/CD that didn't form complexes, which is why
those particles didn't dissolve. As for the fibers without any CD, they barely dissolved
even after 3 minutes of shaking the solution. This clearly highlights the critical role of
cyclodextrins in enhancing the aqueous solubility of P4 by facilitating inclusion
complex formation. It also suggests that using a lower P4-to-CD ratio ensures more
efficient complexation, preventing the presence of unbound, hydrophobic P4 in the
matrix. These results are consistent with the hypothesis that excess drug loading may

lead to saturation of the CD cavity sites, limiting the formation of inclusion complexes.
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Figure 4.6: The progressive dissolution behavior of electrospun mats comprising of
(a, b) Pul/P4/HP-B-CD IC, (c, d) Pul/P4/HP-y-CD IC, (e, ) Pul/P4 at different drug:
CD0.5:1 (a, ¢, e) and 1:1 (b, d, ) stoichiometries in simulated saliva over time.

To see how the electrospun fibers would dissolve in a mouth-like setting, we placed
them on tissues wetted with simulated saliva. Figure 4.7 shows that, similar to the
previous dissolution tests, fibers containing either HP-3-CD or HP-y-CD with a 0.5:1
P4: CD molar ratio dissolved quickly. However, those with a 1:1 ratio didn't fully
dissolve even after a minute and the fibers without any CD dissolved much slower
compared to the fibers that contained CD. The release of P4 from the fibers was
followed through UV/vis spectroscopy (Figure 4.8). The results of UVl/vis
spectroscopy show that the sample containing HP-y-CD exhibited the highest release
of P4 (~50-55%). The HP-B-CD sample showed a moderate release (~35%). The CD-
free sample demonstrated the lowest release (~25%). All release profiles reached a
plateau within 20-30 minutes. For the fibers loaded with P4:CD (1:1), the sample
containing HP-y-CD exhibited the highest release (~25%). The HP-B-CD sample
showed a comparable but slightly lower release (~20-25%). The CD-free sample
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demonstrated the lowest release (~15%). The release profiles of all samples reached a
plateau in 20-30 minutes.

Figure 4.7: The progressive dissolution behavior of electrospun mats on tissues
wetted with simulated saliva: (a, b) Pul/P4/HP-B-CD IC, (c, d) Pul/P4/HP-y-CD IC,
(e, T) Pul/P4 at different drug: CD 0.5:1 (a, c, e) and 1:1 (b, d, f) stoichiometries.
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Figure 4.8: Time-dependent in-vitro release profiles of Pul/P4/HP-B3-CD IC,
Pul/P4/HP-y-CD IC, and Pul/P4 fibers at different P4:CD (0.5:1 and 1:1) molar
ratios.
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4.1.2. Estradiol delivery

Similar to the observations with P4, all of the solutions exhibited a white, opaque
appearance and the resulting fiber mats displayed desirable flexibility and mechanical
strength. When working with E2, we found that reducing the concentration of HP-p-
CD and HP-y-CD from 20% w/v (used with P4) to 13% w/v resulted in thinner fibers.
Similar to previous observations, a 1:1 E2: CD molar ratio produced thicker fibers with
a more beaded appearance. In contrast, a 0.5:1 E2: CD molar ratio yielded smooth
fibers without any beads. Fibers without any CD had the smallest diameters compared

to those with either type of CD as Figure 4.9 demonstrates.

Figure 4.9: (i) Photos of electrospinning solutions, and electrospun nanofibers
and (ii) microscopic images of (a) Pul/E2/HP-B-CD IC, (b) Pul/E2/HP-y-CD IC,
(c) Pul/E2 at different drug:CD (x) 0.5:1 and (y) 1:1 molar ratio.

Figure 4.10 presents SEM images of fibers produced using Pul/E2/HP-B-CD IC,
Pul/E2/HP-y-CD IC, and Pul/E2 at different drug-to-CD molar ratios: (i) 0.5:1 and (ii)
1:1. Regardless of the type of CD or the E2/CD molar ratio, all fibers exhibited a
uniform bead-free structure. Increasing the drug content resulted in thicker fibers for
both HP-B-CD and HP-y-CD. In contrast, thinner fibers were observed in the absence
of CD molecules (Figure 4.10c), likely due to the higher viscosity of solutions

containing CD molecules.
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Figure 4.10: Scanning electron micrographs and diameter distribution histograms of
(a) Pul/E2/HP-B-CD IC, (b) Pul/E2/HP-y-CD IC, (c) Pul/E2 at different E2: HP-CD
(x) 0.5:1 and (y) 1:1 stoichiometries.

The presence of E2 within fibers was confirmed by FTIR analyses. The fibers
produced with two different molar ratios (0.5:1 and 1:1) and two different CDs were
compared (Figure 4.11). The pure E2 spectrum shows distinctive sharp peaks in the
3000 cm™ region and multiple peaks in the fingerprint region (1450-500 cm™). CDs
(HP-B-CD and HP-y-CD) maintain their characteristic broad peaks around 3400 cm™
(O—H stretching) and distinctive peaks in the 10001200 cm ™ region (C—O stretching).
The Pul spectrum remains consistent with the previous analysis, showing a broad peak
around 3300 cm™ and characteristic O-H stretching. In the ICs (Pul/E2/CD), the
spectra exhibit features from both CD and E2, with notable changes in E2's

characteristic peaks, suggesting successful IC formation. When comparing the 0.5:1
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and 1:1 molar ratios, both demonstrate successful complex formation but with varying
peak intensities.
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Figure 4.11: FTIR spectra presented from bottom to top: E2, HP-B-CD, HP-y-CD,
Pul, E2/HP-B-CD-loaded Pul fibers, E2/HP-y-CD-loaded Pul fibers, and E2-loaded
Pul fibers at a (0.5:1 - E2:CD molar ratio).

The thermal stability of E2-loaded fibers was analyzed (Figures 4.12 & 4.13). E2
exhibited two decomposition patterns: the first mass loss resulted from the loss of
water molecules, while the second, occurring below 200 °C, corresponded to the
decomposition of E2. In contrast, both CDs (HP--CD and HP-y-CD) decomposed
above 290 °C but displayed a mass loss below 150 °C due to the loss of adsorbed

water. Pul, like the CDs, demonstrated thermal stability, decomposing above 280 °C.
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Notably, in E2-loaded fibers, the thermal stability of E2 was enhanced. However, in

the absence of CDs, the thermal stability of E2 decreased.
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Figure 4.12: The thermogravimetric analysis of pure (a) E2, (b) HP-B-CD, (c) HP-y-
CD, (d) Pul, and (e—g) their nanofiber formulations, including (e) E2/HP-B-CD-
loaded Pul fibers, (f) E2/HP-y-CD-loaded Pul fibers, and (g) E2-loaded Pul fibers at
I. (0.5:1 - P4:CD) and ii. (1:1 - P4: CD) molar ratios.
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Figure 4.13: DTG curves of pure E2, HP-B-CD, HP-y-CD, Pul, and their nanofiber
formulations, including E2/HP-B-CD-loaded Pul NFs, E2/HP-y-CD-loaded Pul NFs,
and E2-loaded Pul NFs at (a) 0.5:1 (E2:CD) and (b) 1:1 (E2:CD) molar ratios.
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Figure 4.14 shows the dissolution behavior of different fiber types. Clearly the fibers
with a 0.5:1 E2: CD ratio dissolved rapidly in water, within 60 seconds. Notably, fibers
containing HP-B-CD dissolved slightly faster than those with HP-y-CD, suggesting a
potential advantage in terms of dissolution rate. This quick dissolution suggests the
successful formation of E2/CD ICs. On the other hand, fibers with a 1:1 ratio exhibited
incomplete dissolution even after 75 seconds. This observation implies that not all
E2/CD formed ICs at this ratio, leaving some undissolved particles. Lastly, the CD-
free fibers showed minimal dissolution even after 3 minutes of shaking, highlighting

the significant role of CD in enhancing E2's solubility.
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Figure 4.14: The progressive dissolution behavior of electrospun mats comprising of
(@) Pul/E2/HP-B-CD IC, (b) Pul/E2/HP-y-CD IC, (c) Pul/E2 at different drug:CD (x)
0.5:1 and (y) 1:1 stoichiometries in simulated saliva over time.

To see how the electrospun fibers would dissolve in a mouth-like setting, we placed
them on tissues wetted with simulated saliva (Figure 4.15). Similar to the previous
dissolution tests, fibers containing either HP-B-CD or HP-y-CD with a 0.5:1 E2: CD

molar ratio dissolved quickly. However, those with a 1:1 ratio didn't fully dissolve
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even after a minute. The fibers without any CD dissolved much slower compared to
the fibers that contained CD.

The release of E2 from the fibers exhibited a burst release, with a significant portion
of E2 being released within the first 5 minutes, followed by a slower release. A similar
pattern was observed for fibers produced at a 1:1 molar ratio. Due to the higher drug

content in these fibers, a greater percentage of drug release was observed (Figure 4.16).
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Figure 4.15: The progressive dissolution behavior of electrospun mats on tissues
wetted with simulated saliva. (a) Pul/E2/HP-B-CD IC, (b) Pul/E2/HP-y-CD IC, (c)
Pul/E2 at different drug: CD (x) 0.5:1 and (y) 1:1 stoichiometries in simulated saliva

over time.
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Figure 4.16: Time-dependent in-vitro release profile of Pul/E2/HP-B-CD IC,
Pul/E2/HP-y-CD IC, and Pul/E2 at different drug:CD (0.5:1 and 1:1) stoichiometries.
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4.1.3. Estriol delivery

The E3-loaded fiber solutions consistently exhibited a white, opaque appearance, and
the resulting electrospun mats displayed favorable flexibility and mechanical strength
(Figure 4.17). Incorporating either HP-B-CD or HP-y-CD generally yielded thicker
fibers with minimal beading. However, a 1:1 E3: CD molar ratio resulted in fibers with
a higher incidence of beading and larger diameters compared to those produced using
a 0.5:1 E3: CD molar ratio.

Figure 4.17: (i) Photos of electrospinning solutions, and electrospun nanofibers and
(i) Digital microscopic images of (a) Pul/E3/HP-B-CD IC, (b) Pul/E3/HP-y-CD IC,
(c) Pul/E3 at different drug:CD (x) 0.5:1 and (y) 1:1 stoichiometries.

Similar to previous observations with P4 and E2 hormones, the CD-free nanofibers
exhibited smaller diameters and a more pronounced beaded morphology compared to
their CD-containing counterparts, as illustrated in Figure 4.18. This suggests that the
presence of cyclodextrins plays a significant role in modulating fiber morphology
during electrospinning. Specifically, the mean fiber diameters of pullulan nanofibers
loaded with E3/HP-B-CD complexes at 0.5:1 and 1:1 molar ratios were measured as
510 = 51 nm and 555 + 62 nm, respectively. In contrast, the corresponding values for
the fibers incorporating HP-y-CD were 312 + 58 nm and 278 £ 55 nm, respectively,
indicating finer fibers with this particular CD. Meanwhile, the pullulan nanofibers
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containing the same amounts of E3 but without any CD inclusion showed even smaller
average diameters of 274 £ 51 nm and 308 + 51 nm for the same molar ratios. These
findings clearly demonstrate the thickening effect of HP-B-CD on fiber formation,
likely due to its stronger interaction with the drug and the polymer matrix, which

influences the viscosity and electrospinnability of the solution.
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Figure 4.18: Scanning electron micrographs and diameter distribution histograms of
(@) Pul/E3/HP-B-CD IC, (b) Pul/E3/HP-y-CD IC, (c) Pul/E3 at different E3:HP-CD
(x) 0.5:1 and (y) 1:1 stoichiometries.

The FTIR spectra show a compositional analysis of E3 ICs with pullulan and CDs
(Figure 4.19). The pure E3 spectrum displays distinctive features with multiple sharp
peaks in the fingerprint region (1450-500 cm™"), C=C stretching at ~1650 cm™! and C-
H stretching in the region of ~2800-3000 cm™!, reflecting its unique steroidal structure.
The CD spectra (HP-p-CD and HP-y-CD) maintain their characteristic broad hydroxyl
stretching bands near 3400 cm™' and typical saccharide-related peaks in the lower
wavenumber region. The Pul/E3/CD fibers show a shoulder at ~1610 cm™ due to C=C
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stretching. The Pul matrix, characterized by its broad hydroxyl band and
polysaccharide peaks, appears to successfully incorporate the E3-CD complexes.
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Figure 4.19: FTIR spectra presented from bottom to top: E3, HP-B-CD, HP-y-CD,

Pul, E3/HP-B-CD-Loaded Pul NFs, E3/HP-y-CD-Loaded Pul NFs, and E3-loaded
Pul NFs at a (0.5:1 - E2:CD molar ratio).

The thermal stability of E3 was evaluated using TGA, which demonstrated a distinct
mass loss beginning at approximately 150°C (Figure 4.20). In contrast, both HP-3-CD
and HP-y-CD exhibited excellent thermal stability, with decomposition initiating only
at temperatures around 300°C. For the E3-loaded fibers, a slight mass loss was
observed starting from 200°C, indicating that the incorporation of E3 into the fiber

matrix contributes to its stabilization.
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Figure 4.20: The thermogravimetric analysis of pure E3, HP-B-CD, HP-y-CD, Pul,
and their nanofiber formulations, including E3/HP-B-CD-loaded Pul NFs, E3/HP-y-
CD-loaded Pul NFs, and E3-loaded Pul NFs at a. (0.5:1 — E3:CD) and b. (1:1 -

E3:CD) molar ratios.
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Figure 4.21: DTG curves of pure E3, HP-B-CD, HP-y-CD, Pul, and their nanofiber
formulations, including E3/HP-B-CD-loaded Pul NFs, E3/HP-y-CD-loaded Pul NFs,
and E3-loaded Pul NFs at a. (0.5:1 E3-CD) and b. (1:1 — E3:CD) molar ratios.
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A similar trend was evident in DTG curves (Figure 4.21), where the onset of mass loss
for E3-loaded fibers occurred at a lower temperature compared to pure CDs, further
supporting the stabilization effect. The differences in thermal degradation profiles
between pure E3, the CD complexes, and the fiber-loaded systems highlight the
influence of the fiber matrix on the thermal properties of the encapsulated compound.
Figure 4.22 illustrates the dissolution behavior of E3-loaded nanofibers. Electrospun
fibers containing a 0.5:1 E3: HP-B-CD molar ratio exhibited the fastest dissolution,
dissolving completely within approximately 60 seconds. Fibers with a 0.5:1 estriol:
HP-y-CD molar ratio dissolved slightly slower, requiring around 80 seconds for
complete dissolution. Notably, both HP-B-CD and HP-y-CD-containing fibers with a
0.5:1 E3: CD molar ratio dissolved significantly faster than their counterparts with a
1:1 E3: CD molar ratio. The latter exhibited incomplete dissolution even after 90
seconds, suggesting the presence of free E3 molecules that did not form ICs with the
CDs. As expected, CD-free nanofibers showed the lowest solubility, remaining
undissolved even after 3 minutes. This observation underscores the crucial role of CDs

in enhancing the solubility of hydrophobic hormones like E3.

In order to test the dissolution in an oral environment, the fiber mats were placed on
tissues wetted with simulated saliva (Figure 4.23). Similar to the aqueous dissolution
studies, fibers containing either HP-B-CD or HP-y-CD with an E3:CD molar ratio of
0.5:1 dissolved rapidly. However, with a ratio of 1:1, incomplete dissolution was
observed after more than one minute. At both molar ratios, the dissolution of HP-f-
CD containing fibers was slightly higher compared to those with HP-y-CD. As
expected, fibers without CDs dissolved to a far lesser extent compared with the ones
containing CDs, thus underlining the role of CDs in rendering E3 readily soluble
within a simulated oral environment. These observations reinforce the importance of
optimizing the CD content to avoid uncomplexed E3, which can hinder the dissolution
efficiency in physiological conditions. The faster dissolution seen with HP-B-CD may
be attributed to its better affinity for E3, possibly due to its cavity size or molecular
compatibility. Moreover, this behavior suggests that HP-B-CD may be the more
suitable carrier for oral formulations aiming for rapid onset of action. Ultimately, the
results support the potential of CD-loaded nanofibers as an effective platform for

delivering poorly soluble drugs like E3 via the oral mucosa.
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Figure 4.22: The progressive dissolution behavior of electrospun mats comprising of
(a) Pul/E3/HP-B-CD IC, (b) Pul/E3/HP-y-CD IC, (c) Pul/E3 at different drug:CD (x)
0.5:1 and (y) 1:1 stoichiometries in simulated saliva over time.
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Figure 4.23: The progressive dissolution behavior of electrospun mats comprising of
(a) Pul/E3/HP-B-CD IC, (b) Pul/E3/HP-y-CD IC, (c) Pul/E3 at different drug: CD (x)
0.5:1 and (y) 1:1 stoichiometries when placed on simulated saliva-moistened tissues.
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The in-vitro release study of E3 from Pul fibers revealed distinct release patterns based
on CD complexation and stoichiometry (Figure 4.24). When examining the 0.5:1
drug:CD ratio, the CD-free formulation demonstrated the highest release rate,
achieving approximately 90% release after 60 minutes, while formulations containing
CD complexes showed more controlled release patterns. Specifically, the HP-y-CD
complex exhibited an intermediate release of around 55%, and the HP-B-CD complex
showed the lowest release at about 35%. When the drug:CD ratio was increased to 1:1,
the release profiles of all formulations became more similar, with final release
percentages converging between 60-70%. All formulations at this ratio reached their
plateau within 20 minutes, with the HP-y-CD complex showing a slightly higher initial
release rate. The initial release kinetics were rapid in the first 10 minutes for all
formulations, followed by a plateau phase. These findings demonstrate that CD
complexation can effectively modulate estriol release from pullulan fibers, with both
the type of CD and the stoichiometry ratio playing crucial roles in controlling the

release behavior in aqueous conditions.
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Figure 4.24: Time-dependent in-vitro release profile of Pul/E3/HP-B-CD IC,
Pul/E3/HP-y-CD IC, and Pul/E3 at different E3: CD (0.5:1 and 1:1) stoichiometries.

These results suggest that precise tuning of the drug-to-CD ratio is essential for
balancing sustained release with desired therapeutic levels. Furthermore, the ability of
HP-B-CD to produce a more prolonged release profile highlights its potential for
applications requiring extended drug availability, while HP-y-CD may be more
suitable for faster onset formulations. Overall, the study confirms that pullulan-based
electrospun fibers, when combined with cyclodextrins, represent a versatile and

tunable platform for the delivery of hydrophobic drugs like E3.
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4.2 Cellulose Acetate/Gelatin/Cellulose Acetate Sandwich Nanofibrous Films for

Hormone Delivery

4.2.1. Progesterone delivery

Figure 4.25 shows that the outer layer solutions, composed of CA, exhibited high
viscosity and transparency. In contrast, the middle layer solutions, consisting of Gel/P4
with either HP-B-CD, HP-y-CD, or no CD, were opaque. Notably, the Gel solutions
containing either type of CD (HP-B-CD or HP-y-CD) were more viscous than the CD-
free solution. The added CD molecules increased the solution's viscosity. Despite the
varying properties of these layers, the resulting sandwich mats demonstrated flexibility
and foldability. Even after being folded three times, no signs of brittleness were

observed. Microscopic examination revealed distinct differences in fiber morphology

between the layers. The hydrophobic CA outer layers displayed thick, highly beaded

Figure 4.25: Optical photos of electrospinning solutions and electrospun mats, and
microscopic images of sandwich fibers of CA+ Gel/P4+ CA with (a) HP-B-CD IC, (b)
HP-y-CD IC and (c) CD-free at 1:1 stoichiometry. (i) First layer, (ii) second layer and
(iii) third layer.
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nanofibers (Figure 4.25). The Gel middle layers also exhibited beaded fibers but were
thinner compared to the CA fibers.
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Figure 4.26: FTIR spectra presented from bottom to top: P4, HP-B-CD, HP-y-CD,
CA, Gel, P4/HP-B-CD-loaded CA-Gel-CA NFs, P4/HP-y-CD-loaded CA-Gel-CA
NFs, and P4-loaded CA-Gel-CA NFs at a (1:1 - P4:CD molar ratio).

The FTIR spectra provide comprehensive evidence of successful incorporation of P4
into a multilayered fiber system composed of CA and Gel layers, with and without CD
ICs (Figure 4.26). The characteristic peaks corresponding to the carbonyl stretching
vibrations of the ketone groups at Cz and Cyo for P4 are observed at 1661 cm™ and
1693 cm ™, respectively, distinguishing P4 from other steroids (Benoit vd., 1986). The
CDs (HP-B-CD and HP-y-CD) show their typical broad hydroxyl bands around 3400
cm!' and characteristic peaks in the lower frequency region. CA also displays
distinctive peaks in the respective range, while the Gel spectrum shows its
characteristic peaks between 1615 and 1620 cm™ which be assigned to intermolecular

B-sheet. In the final multilayered structures (P4/CA/Gel and P4/HP-CD/CA/Gel), the
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spectra demonstrate features from all components, with some modifications in peak
intensities and positions, particularly in the C=0 stretching region. The presence of
CDs in the P4/HP-B-CD/CA/Gel and P4/HP-y-CD/CA/Gel samples appears to
influence the overall spectral profile, suggesting successful IC formation within the
multilayered fiber structure. These spectral changes confirm the successful integration
of P4, either directly or as CD complexes, into the CA-Gel multilayered fiber system.
Figure 4.27 presents the TGA analysis of multilayered fiber films loaded with P4. The
P4 exhibited a single-stage decomposition between 150°C and 250°C, indicating lower
thermal stability. In contrast, HP-B-CD and HP-y-CD decomposed between 300°C and
350°C, corresponding to the breakdown of glucopyranose rings, with HP-y-CD
displaying slightly higher thermal stability. Water loss, observed between 50°C and
120°C, is attributed to moisture from Gel and CDs. Notably, the P4/CD-loaded
systems demonstrated greater thermal stability than the P4/CD-free system,
emphasizing the protective effect of molecular encapsulation on P4's thermal
degradation (Figure 4.27). The incorporation of P4 with HP-B-CD and HP-y-CD in the
three-layered nanofibers successfully inhibited P4's characteristic decomposition peak.
It is important to note that the P4 content in the sandwich fibers is minimal, making its

decomposition challenging to detect.
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Figure 4.27: The thermogravimetric analysis of (a) P4, (b) HP-B-CD, (c) HP-y-CD,
(c) CA, (d) Gel, (e) P4/HP-B-CD-loaded CA/Gel/CA tri-layered NFs, (f) P4/HP-y-
CD-loaded CA/Gel/CA 3 layered NFs, and (g) P4-loaded CA/Gel/CA 3 layered NFs
ata (1.1 - P4:CD molar ratio).
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The dissolution tests in Figure 4.28 reveal that these tri-layered sandwich-structured
nanofiber mats did not dissolve in simulated saliva. This was due to the hydrophobic
CA outer layers. Compared with the quickly dissolved Gel fibers, CA layers led to
insoluble mats in water-based simulated saliva and maintained the whole shape and
structure of these mats. While the mats containing either type of CD had already
partially dissolved within 3 seconds, the CD-free mats did not dissolve even after 900
seconds. This therefore indicated the important role of CDs in enhancing the solubility
of P4. When placed on tissue moistened with simulated saliva, the fibers containing
either type of HP-CD in their inner layers exhibited partial disintegration within 60
seconds (Figure 4.28). In contrast, the fibers without HP-CDs did not dissolve even

after 15 minutes.

;E (c-iv)

Figure 4.28: (Left panel) The progressive dissolution behavior of tri-layered
electrospun mats comprising of CA as outer layers and Gel/P4 incorporated with (a)
HP-B-CD, (b) HP-y-CD and (c) CD-free at 1:1 stoichiometry as the inner layer, in
simulated saliva over time. (Right panel) The progressive dissolution behavior of tri-
layered electrospun mats comprising of CA as outer layers and Gel/P4 incorporated
with (a) HP-B-CD, (b) HP-y-CD and (c) CD-free at 1:1 stoichiometry as the inner
layer, when placed on simulated saliva-moistened tissues.

The UV-Vis analysis presented in Figure 4.29 underscores the critical role of HP-p-
CD and HP-y-CD in modulating P4 release from the tri-layered sandwich nanofibers.
Fibers loaded with HP-B-CD exhibited a rapid initial release of P4, whereas those
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containing HP-y-CD demonstrated a slower and more sustained release profile,
indicative of stronger interactions between HP-y-CD and P4 within the IC. These

findings illustrate that the choice of CDs significantly influences the release kinetics
of P4, HP-y-CD providing a more controlled and therapeutically advantageous release

compared to HP-B-CD or the absence of CDs.
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Figure 4.29: Time-dependent in-vitro release profile of tri-layered electrospun mats
comprising of CA as outer layers and Gel/P4 incorporated with (a) HP-B-CD, (b) HP-
v-CD and (c) CD-free at 1:1 stoichiometry as the inner layer.

4.2.2. Estradiol delivery

The release of the E2 hormone was studied using a tri-layered nanofiber structure
similar to the P4 delivery system. All formulations containing Gel, E2, and either HP-
B-CD, HP-y-CD, or no CD were opaque, and the resulting electrospun nanofibers
exhibited favorable mechanical qualities, such as flexibility and foldability.
Microscopic examination showed that the outer layer fibers were irregularly shaped
and had noticeable beading. In contrast, the fibers in the inner layer, which included
either HP-B-CD or HP-y-CD, were more consistent, thinner, and had less beading.
Inner layer fibers without CDs were the thinnest but exhibited more beading, as shown
in Figure 4.30. These morphological differences suggest that the presence of CDs,
particularly HP-B-CD and HP-y-CD, contributes to enhanced fiber uniformity and
improved electrospinning stability. The reduced beading in CD-containing fibers may
be attributed to increased solution viscosity and improved electrostatic interactions

during fiber formation, which support more continuous jet flow.
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Figure 4.30: Optical photos of electrospinning solutions, electrospun nanofibers and
microscopic images of CA+ Gel/ E2+ CA with (a) HP-B-CD IC, (b) HP-y-CD IC and
(c) CD-free at 1:1 stoichiometry. (i) first layer, (ii) second layer and (iii) third layer.

The FTIR spectra demonstrate the successful incorporation of E2 into a multilayered
fiber system consisting of CA and Gel layers, both with and without CD ICs (Figure
4.31). The pure E2 spectrum shows its characteristic peaks, with distinctive C-H
stretching bands around 3000 cm™, aromatic C=C stretching at ~1630 cm™, and C-H
bending peak in the fingerprint region. CDs (HP-B-CD and HP-y-CD) maintain their
characteristic broad hydroxyl bands around 3400 cm™'. CA exhibits its characteristic
peaks that are preserved in the composite structures, while the Gel spectrum shows
typical amide bands. In the multilayered structures (E2/CA/Gel and E2/HP-
CD/CA/Gel), the spectra reveal features from all components, with noticeable
modifications in peak intensities and positions. The incorporation of CDs in the
E2/HP-B-CD/CA/Gel and E2/HP-y-CD/CA/Gel samples influences the overall
spectral profile, indicating effective IC formation within the multilayered fiber
structure. These spectral shifts, particularly in the fingerprint region and near the
hydroxyl and carbonyl bands, suggest strong intermolecular interactions between E2,
CDs, and the polymer matrix.
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Figure 4.31: FTIR spectra presented from bottom to top: E2, HP-B-CD, HP-y-CD,
CA, Gel, E2/HP-B-CD-loaded CA-Gel-CA NFs, E2/HP-y-CD-loaded CA-Gel-CA
NFs, and E2-loaded CA-Gel-CA NFs at a (1:1 - E2:CD molar ratio).

The thermal stability of the E2-loaded fibers was assessed using TGA (Figure 4.32).
Similar to P4, E2 began to degrade at approximately 200°C, with the initial mass loss
attributed to water evaporation. In contrast, both HP-B-CD and HP-y-CD molecules
showed thermal stability, starting to decompose around 300°C. Due to the lower drug
content in the sandwich fibers, no significant change in the thermal stability of E2 was
detected. This suggests that the encapsulation of E2 within the multilayered fiber
matrix does not compromise the thermal integrity of the overall system, making it

suitable for processing and storage under standard conditions.
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Figure 4.32: The thermogravimetric analysis of E2, HP- 3 -CD, HP- y -CD, CA,
gelatin, E2/HP-B-CD-loaded CA/Gel/CA tri-layered NFs, E2/HP-y-CD-loaded
CA/Gel/CA 3 layered NFs, and E2-loaded CA/Gel/CA 3 layered NFs at a (1:1 E2-
CD molar ratio).

As presented in Figure 4.33 (left panel), dissolution studies were performed and
reported, indicating that no formulations of the E2-loaded fibers, with or without the
presence of HP-B-CD or HP-y-CD, exhibited measurable dissolution in simulated
saliva, even for an extended duration of 15 minutes. This excellent stability is
attributed to the presence of the hydrophobic CA outer layer that protects the
encapsulated drug from the aqueous environment. To more accurately reflect
physiological conditions in the oral cavity, the fibers were then laid on tissues pre-
saturated with simulated saliva (Figure 4.33, right panel). Similar to the observation
before, all three types of fibers remained intact after 15 minutes. These results in total
strongly indicate that such a tri-layered fiber system, especially its mechanically robust
CA outer layer, could be a novel way to develop systems for controlled and sustained

release of E2 other than traditional oral administration.
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Figure 4.33: (Left panel) The progressive dissolution behavior of tri-layered
electrospun mats comprising of CA as outer layers and Gel/P4 incorporated with (a)
HP-B-CD, (b) HP-y-CD and (c) CD-free at 1:1 stoichiometry as the inner layer, in
simulated saliva over time. (Right panel) The progressive dissolution behavior of tri-
layered electrospun mats comprising of CA as outer layers and Gel/P4 incorporated
with (a) HP-B-CD, (b) HP-y-CD and (c) CD-free at 1:1 stoichiometry as the inner
layer, when placed on simulated saliva-moistened tissues.

UV analysis of the tri-layered nanofiber system (CA outer layers and inner layer of
Gel/E2 with different formulations of CD) presents various profiles of release for E2.
(Figure 4.34). Formulation with HP-B-CD shows controlled and sustained release of
E2 over time. The release profile indicates that the HP-B-CD acts on the moderation
of release rates, showing during the time of measurement a higher level of
concentration of E2. Similar to the results found for the HP-B-CD formulation, a
sustained release was obtained with HP-y-CD; however, the obtained concentrations
of E2 are slightly lower. This may suggest that HP-y-CD is also an extremely effective
complexing agent in prolonging the release, but less so compared to HP--CD. CD-
free formulation is characterized by a rapid initial release of E2, followed by its quicker
decline in concentration. Therefore, this indicates a less controlled release of the drug,
hence making the formulation not that suitable for prolonged delivery purposes.
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Figure 4.34: Time-dependent in-vitro release profile of tri-layered electrospun mats
comprising of CA as outer layers and Gel/E2 incorporated with (a) HP-B-CD, (b)
HP-y-CD and (c) CD-free at 1:1 stoichiometry as the inner layer.

4.2.3. Estriol delivery

A similar approach was applied to investigate E3 delivery, with the concentration of
CA in the outer layer solution increased to 25% w/v for its relevance. Fibers produced
using this higher CA concentration exhibited a smoother morphology with reduced
bead formation compared to fibers made with a 20% w/v CA solution. This
improvement is likely due to the increased viscosity of the spinning solution. The
electrospun fibers demonstrated excellent mechanical properties, including high
flexibility and strength. Microscopic analysis revealed that the addition of either HP-
B-CD or HP-y-CD to the inner layer resulted in fibers with smooth morphologies and
reduced beading compared to fibers without CD (Figure 4.35). These observations
suggest that optimizing the polymer concentration in the outer layer, along with CD
incorporation in the inner layer, plays a key role in achieving uniform fiber
morphology and enhancing electrospinning stability. The presence of CDs not only
improves fiber formation but also contributes to better drug dispersion within the

matrix, potentially leading to more predictable and sustained release profiles.
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Figure 4.35: Optical images of electrospinning solutions, electrospun nanofibers,
and microscopic views of CA+Gel/E3+CA systems with (a) HP-B-CD IC, (b) HP-y-
CD IC, and (c) CD-free formulations at a 1:1 stoichiometric ratio. (i) First layer, (ii)

second layer, and (iii) third layer.

The FTIR spectra illustrate the successful incorporation of E3 into a multilayered fiber
system composed of CA and Gel layers, both with and without CD ICs (Figure 4.36).
The pure E3 spectrum exhibits its characteristic peaks, with distinct C-H stretching
around 3000 cm™!, C-H bending, and C-O stretching peaks clearly marked in the
fingerprint region. The CDs (HP-B-CD and HP-y-CD) show their typical broad
hydroxyl bands around 3400 cm™ and characteristic peaks in the lower frequency
region. CA displays its distinctive peaks that are maintained in the composite
structures, while the Gel spectrum demonstrates its characteristic amide bands. In the
final multilayered structures (E3/CA/Gel and E3/HP-CD/CA/Gel), the spectra show
features from all components, with notable modifications in peak intensities. The
presence of CDs in the E3/HP-B-CD/CA/Gel and E3/HP-y-CD/CA/Gel samples
influences the overall spectral profile, indicating successful IC formation within the
multilayered fiber structure. These spectral changes provide strong evidence for the
successful integration of E3, either directly or as CD complexes, into the CA-Gel
multilayered fiber system while maintaining the structural integrity of each
component.
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Figure 4.36: FTIR spectra presented from bottom to top: E3, HP-B-CD, HP-y-CD,
CA, Gel, E3/HP-B-CD-Loaded CA-Gel-CA NFs, E3/HP-y-CD-loaded CA-Gel-CA
NFs, and E3-loaded CA-Gel-CA NFs at a (1:1 - E2:CD molar ratio).

TGA analysis of E3 showed that the hormone began to decompose around 200°C,
similar to P4 and E2 (Figure 4.37). However, detecting thermal changes for E3 was
challenging, as no significant mass loss was observed around 200°C due to its thermal
decomposition. This lack of observable change may be attributed to the lower E3
content in the sandwich fiber composition, where the majority of the mass was

comprised of CA and Gel.
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Figure 4.37: The thermogravimetric analysis of (a) E3, (b) HP-pB-CD, (c) HP-y-CD,
(d) CA, (e) Gel, (f) E3/HP-B-CD-loaded CA/Gel/CA tri-layered NFs, (f) E3/HP-y-
CD-loaded CA/Gel/CA 3 layered NFs, and (g) E3-loaded CA/Gel/CA 3 layered NFs
ata (1:1 - E3:CD molar ratio).

Dissolution testing of the fibers (Figure 4.38) demonstrated that fibers incorporating
either type of CD underwent partial dissolution over time, in contrast to the CD-free
fibers, which remained intact even after 15 minutes. A similar pattern was observed in
dissolution tests performed on tissues pre-wetted with simulated saliva, where
sandwich fibers containing HP-B-CD and HP-y-CD showed partial dissolution,

whereas the CD-free sandwich fibers remained undissolved (Figure 4.38).

The release of E3 from the sandwich fibers was monitored over time to assess the
influence of cyclodextrin inclusion on the drug's release profile. Higher drug release
was observed with the use of CD molecules, indicating that the inclusion complexes
formed with HP-B-CD and HP-y-CD facilitated enhanced drug solubility and diffusion
from the fiber matrix. Faster drug release was observed from the fibers containing HP-
v-CD compared to HP-B-CD fibers (Figure 4.39), which may be attributed to the
different binding affinities and cavity sizes of the two cyclodextrins. HP-y-CD, with
its larger cavity size, likely accommodates E3 more readily, leading to a quicker

dissociation and subsequent release.
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Figure 4.38: (Left panel) The progressive dissolution behavior of tri-layered
electrospun mats comprising of CA as outer layers and Gel/E3 incorporated with (a)
HP-B-CD, (b) HP-y-CD and (c) CD-free at 1:1 stoichiometry as the inner layer, in
simulated saliva over time. (Right panel) The progressive dissolution behavior of tri-
layered electrospun mats comprising of CA as outer layers and Gel/E3 incorporated
with (a) HP-B-CD, (b) HP-y-CD and (c) CD-free at 1:1 stoichiometry as the inner
layer, when placed on simulated saliva-moistened tissues.
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Figure 4.39: Time-dependent in-vitro release profile of tri-layered electrospun mats
comprising of CA as outer layers and Gel/E3 incorporated with (a) HP-B-CD, (b)
HP-y-CD and (c) CD-free at 1:1 stoichiometry as the inner layer.
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5. CONCLUSIONS

CD-functionalized polymer fibers were fabricated as innovative systems for the rapid
and sustained delivery of hormones, with potential for oral administration, particularly
for sublingual and buccal delivery. Hormones including P4, E2, and E3 were
solubilized using HP-CD molecules through inclusion complexation. The resulting
hormone/CD ICs were blended with polymer solutions and electrospun to produce
hormone-loaded fibers. CDs played a critical role as solubilizers, enhancing the
aqueous solubility of the hormones without the need for toxic organic solvents. It is
also utilized to induce drug amorphization within the fiber matrix, enhancing both

stability and performance.

Blending the hormone/CD ICs with Pul, a water-soluble polymer, resulted in fast-
dissolving fibers. Hormones were loaded at different molar ratios (0.5:1 and 1:1
(hormone:CD)), and the resulting electrospun mats demonstrated flexibility, capable
of being folded repeatedly without any rupture, underscoring their potential for
commercial use. To assess the impact of CDs, fibers were also fabricated using only
drugs, excluding CDs. Comparative studies revealed that CD-containing fibers
exhibited both higher drug loading efficiency and faster drug delivery, attributed to the
hydrophilic properties of CDs. Structural analysis using optical microscopy and SEM
confirmed the formation of bead-free fibers across all hormone formulations. In
general, higher hormone content led to thicker fibers due to increased viscosity, while
the addition of CDs further contributed to fiber thickening by enhancing solution
viscosity. FTIR spectroscopy confirmed the presence of hormones within the fibers
through characteristic hormone peaks. Thermal analysis demonstrated improved
thermal stability of the hormones, facilitated by inclusion complexation and
embedding in the fibers. The fibers were designed to disintegrate rapidly in simulated
saliva, dissolving easily on tissues moistened with the same solution. Drug release
studies revealed an initial burst release, followed by a sustained release phase. For
pullulan fibers, equilibrium in drug delivery was achieved within 30 min, regardless

of the hormone type. These findings highlight the potential of CD-functionalized
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electrospun fibers as effective, flexible, and scalable systems for oral hormone
delivery.

To achieve enhanced control over the delivery of P4, E2 and E3, they were
encapsulated within Gel fibers and sandwiched between electrospun CA fibers. CA, a
hydrophobic polymer, was utilized to provide a more sustained release of hormones.
Like the hormone-loaded Pul fibers, the hormones were incorporated into the Gel
fibers using ICs with CD molecules (both HP-B-CD and HP-y-CD) at 0:5:1 and 1:1
molar ratios. Control fibers were also fabricated without CDs but with equivalent
hormone amounts. The resulting multilayered sandwich fibers were flexible and could
be folded repeatedly without cracking, demonstrating durability. Microscopic analyses
revealed a fibrous structure with occasional bead formations, and all fibers exhibited
nanoscale thickness. The successful encapsulation of hormones within the fibers was
confirmed by FTIR spectroscopy. Thermal analysis demonstrated improved thermal
stability of hormones when embedded in the fibers. Unlike Pul fibers, the CA-based
sandwich fibers did not dissolve in simulated saliva or on tissues wetted with saliva
due to the hydrophobic nature of CA, allowing for a more prolonged release profile.
Importantly, the use of CD molecules (HP-B-CD and HP-y-CD) not only enhanced the
release of the hormones but also increased the overall drug content available for
delivery. These findings highlight the potential of multilayered CA-Gel fibers as a
robust platform for controlled and sustained hormone delivery.

In the future, the cytocompatibility of the hormone-loaded fibers could be evaluated,
as these fibers are designed for oral hormone administration. Additionally, in vivo
studies could be conducted to measure hormone levels in the blood of mice, providing
insights into the bioavailability and systemic absorption of the hormones. Investigating
the pharmacokinetics and pharmacodynamics of the fibers in animal models would
provide valuable insights into their systemic absorption and therapeutic efficacy.
Long-term stability studies under varying storage conditions could establish the shelf
life of the fibers, while exploring customizable fiber compositions could allow for

tailored hormone doses and release profiles to meet individual patient needs.
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