DEPARTAMENT OF CHEMISTRY

NOVA SCHOOL OF
SCIENCE & TECHNOLOGY




iii



o’

t NOy,
PO 4
Y e

<
S
o
>

N o VA DEPARTAMENT OF CHEMISTRY

NOVA SCHOOL OF
SCIENCE & TECHNOLOGY

ALTERNATIVE FORMS OF LEVOTHYROXINE RE-

PLACEMENT BASED ON FORMULATIONS WITH IM-
PROVED DRUG

ANTONIO FRANCISCO DE OLIVEIRA GOMES BARREIRA
BSc in Biotechnology

Adviser: Doctor Mércia Ventura
Researcher, Chemistry Department, NOVA School of Science and Technology

Co-adviser: Professor Luis Branco
Assistant Professor, Chemistry Department, NOVA School of Science and Technology

Examination Committee:
Chair: Professor Sofia Rocha Pauleta
Rapporteurs: Professor Teresa Maria Alves Casimiro
Adviser: Doctor Mércia Ventura

MASTER IN BIOCHEMISTRY

NOVA University Lisbon
March 2023 iv






Alternative forms of levothyroxine replacement based on formulations with improved drug
solubility

Copyright © Anténio Francisco de Oliveira Gomes Barreira, NOVA School of Science and Tech-
nology, NOVA University Lisbon.

The NOVA School of Science and Technology and the NOVA University Lisbon have the right,
perpetual and without geographical boundaries, to file and publish this dissertation through
printed copies reproduced on paper or on digital form, or by any other means known or that
may be invented, and to disseminate through scientific repositories and admit its copying and
distribution for non-commercial, educational or research purposes, as long as credit is given

to the author and editor.

Vi



vii






ACKNOWLEDGMENTS

Agradeco em primeiro aos meus orientadores, Doutora Marcia Ventura e Professor Luis
Branco por me terem aceite neste projeto, por me ajudarem também a enfrentar os desafios
que fui encontrando ao longo do mestrado e principalmente por serem bastante flexiveis a
nivel de tempo e disponibilidade.

Quero desejar um agradecimento especial a Andreia Santos e a Doutora Clarinda Costa
por me ter ajudado bastante neste projeto e ter tido imensa paciéncia.

Desejar também um agradecimento ao Zeljko Petrovski pela paciéncia e ajuda ao longo
do mestrado

Quero deixar também um agradecimento as Professoras Ana Aguiar Ricardo, Madalena
Dionisio e Ana Rita Duarte, por terem permitido a colaboracao na execugao de partes essenci-
ais deste trabalho, a Doutora Rita Gameiro , pela realizacdo dos ensaios de citotoxicidade e a
Doutora Inés Paninho pela secagem dos aerogeis. Deixo também aqui um agradecimento a
todo o pessoal do laboratério 517, 406 e 305, principalmente ao Afonso Bernardes. Gostava de
agradecer também ao Dr. Nuno Costa (Laboratério de Andlises do Departamento de Quimica)
por todo o suporte (e paciéncia!) na determinagdo da levotiroxina por HPLC.

Aos meus amigos por me ajudarem, apoiarem e aliviarem dos nervos, foram muito im-
portantes

Por dltimo, mas ndo menos importantes agradecer as pessoas da minha vida que sdo a
minha familia por todo a ajuda e apoio durante este processo e também a minha namorada
que foi muito importante nesta etapa.

Obrigado!

ix






xi



ABSTRACT

A substantial portion of the population is affected by thyroid diseases such as hypo-
thyroidism. Levothyroxine is therapeutically used to treat hypothyroidism and to suppress
thyroid stimulating hormone secretion in other thyroid diseases. In this work, three types of
formulations were performed, starting with the synthesis of API-ILs based levothyroxine [T4]
as a means to enhance [T4] solubility. For this matter [Na][T4] was combined choline [Ch] and
1-(2-hydroxyethyl)-3-methylimidazolium [C;OHMIM] cations. These two prepared com-
pounds and [Na][T4] drug were analyzed by proton and carbon NMR, ATR-FTIR, and ele-
mental analysis. The serum, water and PBS solubilities of the API-ILs were compared to the
[Na][T4] and for thermal analysis DSC studies were carried through. Permeability assays were
performed, and an enhanced adsorption capacity was observed. Additionally, it was revealed
by cytotoxicity assays that cellular viability in L929 cells was preserved. Having an higher
solubility and a partition coefficient (Kq) slightly inferior to the one of levothyroxine sodium
salt, the ionic levothyroxine formulation [T4][C:OHMIM] can be considered as a potential al-
ternative to levothyroxine commercial formulations with a good bioavailability. The second
approach consisted on synthesis of aerogel matrixes based in a mixture two biopolymers
kappa-carrageenan-locust bean gum (60%/40%) functionalized with ionic liquid [EO-
MIM]([Br]. These biopolymers were characterized by SEM, ATR-FTIR, Nitrogen Adsorption-
Desorption, DSC and TGA. A successful impregnation of the [Na][T4] drug and API-ILs syn-
thesized into the aerogels with different ratios of functionalization (nf, 1:1, 1:6) was achieved.
Finally, the third approach was the development of dry powder formulations, produced
through Supercritical CO»-assisted Spray Drying and subsequently assessed in Andersen-Cas-
cade Impactor to evaluate aerodynamic properties. Furthermore, release assays with the dry
powder’s formulations were accomplished with [Na][T4]_DP presenting a faster release pro-
file when compared to [Ch][T4]_DP.

Keywords: Sodium levothyroxine, API-ILS, bioavailability studies, biopolymers’aerogels, dry

powders
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RESUMO

Uma parte substancial da populacao é afetada por doencas da tiréide, tais como o hipo-
tiroidismo. A levotiroxina é utilizada de forma terapéutica para tratar o hipotiroidismo e para
suprimir a secrecdo hormonal estimulante da tiréide em outras doencas da tiréide. Neste tra-
balho, foram realizados trés tipos de formulagdes, comegando com a sintese de levotiroxina
[T4] a base de API-ILs como meio para aumentar a solubilidade [T4]. Para esta parte a [Na][T4]
foi combinada a colina [Ch] e os catides 1-(2-hidroxietil)-3-metilimidazolium [C;OHMIM]. Es-
tes dois compostos preparados e o farmaco [Na][T4] foram analisados por RMN de protao e
carbono, ATR-FTIR, e analise elementar. As solubilidades em soro, agua e PBS dos API-ILs
foram comparados com o [Na][T4] e para andlise térmica foram realizados estudos de DSC.
Foram realizados ensaios de permeabilidade e foi determinada uma capacidade de adsorcao
melhorada e adicionalmente, foi revelado por ensaios de citotoxicidade que a viabilidade ce-
lular em células L929 foi preservada. Tendo uma solubilidade superior e um coeficiente de
particdo (Kq) ligeiramente inferior ao do sal de levotiroxina sédio, a formulagao iénica de levo-
tiroxina [T4][C;OHMIM] pode ser considerada como uma potencial alternativa as formulagdes
comerciais de levotiroxina com uma boa biodisponibilidade. A segunda abordagem consistiu
na sintese de matrizes de aerogel com base numa mistura de dois biopolimeros kappa-carra-
genano-goma de alfarroba (60% /40 %) funcionalizados com liquido iénico [EOMIM][Br]. Estes
biopolimeros foram caracterizados por SEM, ATR-FTIR, Adsor¢do-Desorcao de Nitrogénio,
DSC e TGA. A impregnagao do farmaco [Na][T4] e dos API-ILs sintetizados nos aerogel com
diferentes racios de funcionalizagao (nf, 1:1, 1:6) foi bem sucedida. Finalmente, a terceira abor-
dagem foi o desenvolvimento de formulacoes de p6ds secos, produzidos através da Supercriti-
cal CO2-assisted Spray Drying e subsequentemente avaliados no Andersen-Cascade Impactor
para avaliar as propriedades aerodindmicas. Além disso, os ensaios de libertagdo com as for-
mulagdes de p6 seco foram realizados com [Na][T4]_DP apresentando um perfil de libertagao

mais rapido quando comparado com [Ch][T4]_DP.
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1

INTRODUCTION

1.1 Levothyroxine

Hormones from the thyroid are indispensable for normal growth and energy metabo-
lism of most tissues in the body at all stages. Thyroid gland that is found in the neck is respon-
sible for the production of thyroid hormones, when this gland does not process enough hor-
mones for the requirement of the body, a clinical disorder take place named hypothyroidism.
This condition is present in 5% of the population and an additional 5% is undiagnosed, mean-
ing that this endocrine disorder is the second ordinary disorder following diabetes [1]. Hypo-
thyroidism can be either congenital or being developed later in life. However, it is known that
the majority of this disease rises with age and is higher in females than in males [2]. People
with this condition may have different changes in their bodies, which can evolve into hyper-
tension, cognitive impairment, dyslipidaemia, neuromuscular dysfunction and infertility [3].
This thyroid dysfunction is diagnosed bio-chemically, being the hypothyroidism described as
serum thyroid-stimulating hormone (TSH) concentrations above and thyroxine concentrations

below the normal reference range [4].

Figure 1 - Levothyroxine sodium salt pentahydrate

This condition can be treated, but not cured, the patients need to receive appropriate

thyroid hormone replacement therapy and monitor their response. Most of the patients will



need a lifelong therapy taking synthetic [Na][T4] in form of oral administration as a means to
alleviate the symptoms [5]. Considering a full replacement of thyroxine using levothyroxine,
the addition of triiodothyronine in a low dosage can also provoke in some patients a mood or
memory problems [6]. On top of that, for the patients who are unable to take the medication
orally for an extended period, an alternative for that issue is an intravenous replacement.
However, safe and functional alternatives to the oral administration of [Na][T4] should be

pursued to avoid the parenteral alternative [7].
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Figure 2 - Thyroid hormones principal targets. Subject of research (fatigue on the brain and skeletal

muscle) marked with question marks [4]

Levothyroxine (T4) can be administered orally as sodium salt and its oral bioavailability
is quite variable, ranging from 50 to 80% [8]. Formulations are available as oral solutions,
capsules and tablets. The dosage in solid forms are formulated with the pentahydrate and the
precision for drug administered to the patient is required and challenging due to its low dos-
age (25-300 pg/dose) [9]. It has been reported that 70% of novel medications exhibit low aque-
ous solubility, increasing the number of poorly soluble pharmaceutical drugs. The amount
and speed of absorption and bioavailability of the drug are controlled by gastrointestinal per-

meability and the solubility of the drug [10].



1.2 Active Pharmaceutical Ingredients

Polymorphism is related to the capacity of solid matter to remain in 2 or more crystal-
line forms with different conformations or arrangements in the crystal lattice. This leads to
different physicochemical properties like solubility, stability, dissolution, among others [11],
[12]. Active pharmaceutical ingredients (APIs) are commercialized in crystalline arrangement,
40-70% of the drugs under development manifest a poor water solubility, which might jeop-
ardize the therapeutic effectiveness and bioavailability and then originate a possible toxicity
increase with side-effects [12], [13]. Bioavailability is an essential attribute of a pharmaceutical
product, it quantifies the proportion of a drug which is absorbed and available to produce
systemic effects [14]. The Biopharmaceutics Classification System (BCS) is a system that clas-
sifies bioavailability and so it characterizes drugs into four classes according to their US FDA

permeability and solubility as illustrate in the figure 3 [15].
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1.2.1 Polymorphism and drug delivery

The production and the evolution of salts of specific active compounds is a worthy and
conventional approach to solve polymorphism [16]. Nevertheless, co-crystals, polymer drugs
and amorphous forms have been evaluated to subdue spontaneous polymorphic transfor-
mation of crystalline forms of drugs. These procedures can open on to consequential issues for
pharmaceutical industries since it can turn an effective dose into a deadly dose by changing

the solubility of the active ingredient [17].

Many reports of active drugs in cationic or anionic form combined with inert or bio-
compatible counter ions is increasing. A crucial step in preclinical stage of drug development
is the creation and formulation of a desirable salt as a drug candidate, nowadays almost all
pharmaceutical drugs used in medicine are administered as salts. The biopharmaceutical or
physicochemical properties of a drug can be enhanced by combining a basic or acidic drug
molecule with a counter ion to create a salt. The corresponding salts can provide diverse ben-
efits over the original neutral formulations in terms of physical properties, such as crystallin-
ity, melting point, hygroscopicity, dissolution rate and, in addition pharmaceutical properties,
such as drug delivery, permeability, bioavailability. The salt forms of pharmaceuticals possess
major effect on drug performance, safety and quality. Pharmacokinetics of a drug candidate
can be seriously influenced by chosen counter ion, in particular its membrane transfer process
or absorption. Salt formation is practically the only chemical method available to alter aqueous
solubility and dissolution rate without altering the APIL Other options for modifying these
properties include the choice of polymorphic form, including solvents and co-crystal for-
mation [17], [18].

1.3 Ionic liquids (ILs)

Ionic Liquids (ILs) are molten salts composed by an organic cation and an organic/in-
organic anion, displaying unique features (e.g., higher thermal and chemical stability), being
versatile regarding the chemical structure design [19]. An exponential growth in publications
associated with the applications of ILs in pharmaceutical field is taking place, in last 20 years
ILs have revealed a favourable ability to functionalize with biopolymers, opening avenues for

their use as drug delivery systems [20].



Typically, they can be used for multiples purposes in organic chemistry, such as reac-
tion mediators, extraction separation solvents and in electrochemistry as electrolytes. Moreo-
ver, the endless cation-anion combinations in ILs enable the use of pharmaceutical drugs as
ionic components. Therefore, chloride and sodium are the most utilized, respectively as anions

and cations for salt formation [20], [21] .

Active pharmaceutical Ingredient - Ionic Liquids (API-ILs) signifies that the API is in
formation with ILs, this method lures a lot of attention because of it upgrades the drug stabil-
ity, bioavailability and also the delivery in the biomedical field. In this area of study, ILs have
proven an encouraging capability to functionalize iongels, aerogels opening a new direction
for designing revolutionary materials for drug delivery systems. It has been reported to this
day that API-ILs is used as an alternative to drug delivery involving mesoporous silica parti-
cles [22], [23]. A suitable selection of cations and anions will provide ILs an abundance of
physicochemical properties, establishing an improvement by transforming or dissolving them
into the IL. Choline cation is the most used in API-ILs [24][25], [26].

1600+
Drug delivery

12004

systems
-Media
-Formulation
components
-Polymerizable

APIs synthesis
-Reaction media
-Catalyst
-Reagent

-Plasticizers

Drug

formulations

-API
- Solvent or cosolvent
- Hydrotrope
- Emulsifier
- Permeation

Number of publications
©
8

-~
=3
o

-Isolation and
purification
-Select crystal

habit and form
API-ILs and biological|§ -

-Single-active activity
-Dual-active _antimicroblal
-Oligomeric  _antioxidant
-Prodrug —Anti-tumoral

Figure 4 - 20 years of publications related to ILs and API [20]

Some interesting studies have been published using ionic liquids to improve water
solubility of drugs like diclofenac, ibuprofen, ketoprofen, naproxen, sulfadiazine, sulfameth-

oxazole, and tolbutamide [27].

It has been proven that incorporating imidazolium, ammonium or pyridinium cations

with ibuprofen as an anion promotes an higher solubility in biological fluids and water, as



well as a lower degree of polymorphism and systemic toxicity [28]. Another study using cho-
linfjum-based ionic liquids showed the improvement of naproxen water solubility up to 600-
fold [29]. Moreover, the solubility of the drugs can also be enhanced by using the tetrabu-
tylphosphonium cation combining to acidic APIs (diclofenac, ketoprofen, ibuprofen, sulfadi-
azine, naproxen, tolbutamide and sulfamethoxazole) into API-ILs [27], [30]. Ampicilin is also
known as a drug associated to low water solubility, and consequently low bioavailability
[31],[32].

Similar methodology (Ampicillin-based ILs) was performed using organic cations to
improve bioavailability and it has been proven that ampicillin was enhanced regarding solu-
bility in water [33]. Thus said, combining T4 with ILs may be an appealing solution to avoid

polymorphism and improving their bioavailability, as well as dissolution rates and stability.



Evolution of lonic Liquids
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Figure 5 - Three generations of Ionic Liquids [34]



Ionic liquids have been known for over a century and a few years back being studied
and analyzed worldwide to be used as solvents due to their unique physical properties (Gen-
eration 1) (Figure 5)

There is also a growing interest in enhancing physical and chemical properties of ILs
for material applications (Generation 2) (Figure 5). Nowadays, the main objective is to obtain
compounds with improved biological properties integrating APIs with ILs (API-ILS), in order
to get the better of pharmaceutical issues (Generation 3) (Figure 5) [34].

1.3.1 Ionic liquids to avoid polymorphism

Surely the pharmaceutical industry faces many challenges, it has been difficult to emerge
productive and sustainable new chemical entities and it is reported that scarcely any drugs
that are evaluated make it to the market (<10%). Around 50% of the drugs are administrated
as salts [35]. Properties of a drug can be modulated with many counterions, making it possible
to adjust its properties with ionizable functional groups to get the better of unwanted charac-
teristics present in the parent drug, parameters like melting temperature and solubility are

fundamental because it influences the drug bioavailability and processing [36].
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Figure 6 - Choline chloride structure

Pharmacokinetics of a selected drug can be influenced by the chosen ion pair as men-
tioned above, thus said, limitations encountered by pharmaceutical industry can be surpassed
by the development of salts. Solid crystalline forms are used by drug companies due to the
thermal stability, purity, facility of handling and manufacturability, although there are prob-
lems correlated with these forms, such as, low bioavailability, crystallization of amorphous
forms and polymorphic conversion. For that reason, the use of liquid salts its appropriate, in
preference to those with melting points below room temperature. The safety, quality, and per-

formance of a pharmaceutical drug is linked to the salt structure [37].



~
;;N/\\]\/\OH

[C,OHMiM][Br]

Figure 7 - 1-(2-hydroxyethyl) -3-methylimidazolium bromide

structure

1.4 Improving API’s bioavailability

1.4.1 Porous matrixes - Aerogels

Special class of nanoporous materials (aerogels) are gaining recognition and interest in
biomedical and pharmaceutical applications [38]. The substitution of the liquid inside a gel
with gas allows the transformation of an aerogel with the largest empty volume filled with air
and other gases which contributes to the magnificent covering ability of aerogel materials. It
also shows exceptional physical properties like ultralow thermal conductivities, extremely low
densities and high specific surface areas and extraordinary capabilities for sorption of solvents,
oil spills and metals as well as gases. Biopolymers aerogels are growing in the fields biomedi-
cal applications due to their mechanical properties sustainability, biodegradability and bio-
compatibility [39].

Supercritical process (Figure 8) to manufacture aerogels take into account the various changes
of the liquid phase with organic solvents and after the extraction and drying under supercriti-
cal conditions. Liquid-solid adhesive forces and liquid-gas surface tension are avoided by this

process, preventing the disintegration of the original pores. This method is compatible



withnmany solvents and enables the use of low water soluble materials. First aerogels pro-

duced were biopolymers’aerogels [40] .

O F——» CO2

Escape 4

Figure 8 - Scheme of the supercritical drying facility; 1- CO2 tank; 2- Cooler; 3- Compressor; 4- Drying
vessel; 5- Thermal bath; PI- Pressure Indicator; PC- Pressure Controller; TIC- Temperature Indicator
and Controller [41]

1.4.2 Processing pathway

Process for the formation of an aerogel starts with development of a gel from an aque-
ous solution (hydrogel). The gels are formed by an induction of a cross-linking promoter that
can be of chemical or physical nature into a solution. The succeeding procedure is to add a
solvent, usually ethanol to substitute the water in the gel surface, leading to alcogels and fi-
nally, the ethanol extraction from the gel takes place by supercritical drying or free-drying.
Biopolymers aerogels being biodegradable and biocompatible materials are beneficial and

make them favourable carriers for drug delivery systems [38].

1.4.3 Natural polymers and biopolymers

Extracted polymers from animals and plants are considered promising ingredients and
are playing an important role in the pharmaceutical industry, food industry and biomedical
applications with the objective of replacing the synthetic polymers with the bio-inspired ma-
terials and to be used as adsorbents or carriers. Some characteristics that make polymers in-
teresting are their ability to be biodegradable, economical, non-toxic, easy to acquire, and with
few exceptions biocompatible. A Polymer created from natural sources, (bio)-chemically syn-
thesized from a biological material and fully synthesized by microorganisms, and on top of

that, being low cost and renewable is called a biopolymer. Unique properties such as non-
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toxicity, biodegradability of biopolymers increase their applications such as in food, medical
devices, and others. Different sources of biopolymers were explored for many years for phar-
maceutical and biomedical applications. These investigations have given rise to a diversity of

healthcare products that use biopolymers as an active ingredient [42].

1.4.3.1 Biopolymers in drug formulations and drug delivery

As a means to improve the treatment and therapy and also advance in the formulation
of novel drugs delivery systems, the functionalization of the polymeric surface concede the
ability to make these biopolymers unique when applicated for drug delivery. Carrageenan’s
are extracted from edible red seaweed belonging to the family of linear sulfated polysaccha-
rides. These polysaccharides consist of chains of (1-3)-linked galactose and (1 — 4)-linked a-
d-galactose, which are variously switched and reshaped to 3,6-anhydro derivatives depending

on the extraction conditions and the source [43], 44]
1CH20H

J\I\,O

k-carrageenan; R, = SO, R2 = H
Figure 9 - Kappa-carrageenan structure
(D0i:10.1016/B978-0-12-801024-2.00005-4)

Three main types of carrageenans are recognized based on their patterns of sulfate-
bound d-galactose units that are differently substituted and sulfate incorporated (kappa (x),
iota (1) and lambda (A) carrageenans) (Figure 9). Carrageenans tend to coil in higher concen-
trations around each other to form double helical structures due to their higher flexibility. A
particular privilege is that they are thixotropic (time-dependent shear property). Because of
their strong ionic nature, these biopolymers exhibit a high degree of protein reactivity. Some
modified forms of carrageenans, which are used for drug delivery applications, are blended
with carob gum, gellan gum and chitosan [45]. Locust bean gum comes from carob fruit, more
specifically from the endosperm of the seeds, its white yellowish powder is obtain through
crushing the pod present in carob fruit [46]. The structure of LBG features p-D-mannose units
as the main chain, with 1—4 ether type bonds (Figure 10). The side groups consist of an a-D-
galactose unit, which are linked to the main chain by 1—6 positions [47]. LBG is used to replace
fat in many dairy products, is also being used to stabilize emulsions and dispersions and at

relatively low concentrations LBG has the capability to originate very viscous solutions.
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Moreover, this biopolymer usage in tissue engineering and drug delivery applications is in-
creasing, it is adaptable with other gums such as carrageenan and act like a thickening agent

to form a more elastic and stronger gel [48] [49].

LBG can also be used with other hydrocolloids such as carrageenans due to its synergetic
action. K-C/LBG combinations are commonly used in several industrial food applications.
When these two biopolymers are mixed depending on the preparation and production (tem-
perature and weight ratio) it forms a network caused by the K-C and its rigidity caused by the
LBG [50][51]. This synergetic interaction improves the properties of the films and edible films
are formed by these interactions. It has been reported that this combination increases its tensile
strength of the films compared to individually biopolymers films. The indicated improvement
in gum films is reported due to the hydrogen bond interactions between K-C and LBG detected
in FTIR analysis [52].

[ 4]
CHOH H Gy
0
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Figure 10 - Locust bean gum
structure (Doi:10.1007 /978-3-642-

36566-9_5)

As mentioned above aerogels have been widely used in drug delivery, this form of for-
mulation brings many advantages [53]. It has been investigated the drug loading and release
for paracetamol and ibuprofen with two aerogels, alginate and starch. During this investiga-
tion the drug was loaded by adsorption directly into the aerogel from supercritical CO, and
obtained good release profiles proving the physical properties like faster release from higher
porosity materials [54]

Another example is the influence of biopolymers aerogels in the dissolution of low sol-
uble drugs. The paper cited used pectin aerogels to study the release of nifedipine and it was
concluded that the aerogel carriers significantly improved the dissolution and release of the
drug [55]. These examples demonstrate the importance of the biopolymer aerogel approach to

the drug release avoiding fracture and burst release of drug [56].
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1.4.3.2 Functionalization of Biopolymers

Functionalized biopolymers are gaining popularity in industry, these macromolecules
have chemical functional groups that differ from those of the backbone chains, for example,
ionic functional groups on hydrophobic groups on polymer chains or hydrocarbon backbones.
Biopolymer backbones are chosen due to their flexibility, mechanical strength, processability
and chemical stability. This process of functionalization is based in chemical heterogeneity,
improving reactivity, enhanced compatibility, and phase separation allowing to have exten-
sive application in field of bioengineering [57].

Biopolymers combined with drugs by conjugation techniques have their own bioactivity
enhancing the release kinetics and avoiding carrier accumulation in such a way that facilitates
passive and active targeting, being then more beneficial than traditional small molecule ther-
apeutics. This combination concedes the possibility for a drug to be released in a controlled
deliver, offering a therapeutically effective dosage and also improves the drugs bioavailability

(55-65% of the drugs in creation have poor bioavailability) [58].

1.4.3.2.1 Biopolymers functionalization with reactive ionic liquids

The functionalization of biopolymers can be done by the immobilization of reactive ionic
liquids (ILs) through a transesterification reaction. The transesterification reaction begins by
the activation of nucleophilic attack due to the protonation of C=0 group by the acidic protons.
After that the C=O group go through the nucleophilic attack by an OH group of a molecule
from the biopolymer. Afterwards, proton relocation occurs. The charge shifts from the -OH
group to -O* provoking the removal of the ethanol molecule. Ultimately, deprotonation of the
resulting molecule take place and the final product of this reaction is obtained. An example of

this reaction between [EOMIM][Br] and cellulose derivate is given in (Figure 11) [59].
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Figure 11 - Transesterification reaction between cellulose and [EOMIM][Br]
[59]

1.5 Dry powder formulations

A non-invasive method of drug administration is a pulmonary drug delivery, it pro-
vides several advantages comparing to other administration routes, including an absence of
extreme pH values, high vascularization for a rapid absorption into blood circulation, thin
(0.1-0.2 mm) physical barriers for absorption and sizeable surface area (100 m2). Additionally,
this avoid of first pass metabolism leading to an higher bioavailability, less metabolic activity
when compared to other locations of the body and a rapid systemic delivery from the alveolar
region to the lung [60].

Above mentioned, oral administration have some side effects making this route im-
portant because it provides a quick action with lower doses causing reduced side-effects be-
cause of the rich blood vascularization and an increased surface area [61], [62].

Enormous investment in recent years have been made in dry powders systems for the
controlled delivery of therapeutic molecules to the lungs. This system offers various ad-
vantages for pulmonary delivery such as, solid state stability of the formulation, ease of ad-
ministration and low cost. Spray drying a common technique to acquire dry powders by at-
omization of a liquid solution into droplets through a spray nozzle producing dry molecules
[63], [64].

Supercritical CO; is attained by increasing the pressure and temperature until it
reaches the critical point, it behaves as a lipophilic and as a nonpolar solvent narrowed by
polarity. The use of co-solvents has been suggested as an alternative to increase the solubility

of the compounds and the extraction selectivity allowing operation at a lower pressure. [65].
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In Supercritical CO;-assisted Spray Drying (SASD), supercritical CO; acts as a co-solute
for casting solution, leading to an atomization of the mixture through a nozzle and the droplets
are subdivided due to vaporization of the CO; caused by an abrupt change in pressure. This
process is more efficient. It is known that SASD provides a green and sustainable process to
manufacture exceptional dry powders [66]. In order to make dry powder formulations excip-
ients are requires. Trehalose is a sugar composed of two glucose molecules with an high glass
transition temperature of aprox. 106 °C. This sugar forms a glassy matrix acting as a stabilizer
for the inhalation powders. Nevertheless, trehalose is frequently combined with other excipi-
ents improving the stability of biopharmaceuticals. This disaccharide is hygroscopic and co-
hesive, creating a limitation for the dispersion of the powder formulation. Leucine is a nonpo-
lar aliphatic amino acid and it is generally used as an excipient with treahalose. The addition
of L-leucine to spray-dried formulations of APIs often result in a better in vitro aerosolization
performance. Up to this point, there are no reports using SASD as a process applied to levo-

thyroxine [67].

Figure 12 - Supercritical CO»-assisted spray drying (SASD) (Doi:8. 788.
10.3390/ pr8070788)
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2

EXPERIMENTAL SECTION

2.1 Reagents and Equipment

The reagents listed below were purchased from different chemical suppliers.

Reagents acquired from Sigma-Aldrich:
e L-Thyroxine sodium salt pentahydrate (> 98%)
e L-Leucine (>98%)
e N-Methylimidazole (= 99%)
e Phosphate buffer pH 7.4
e Locust Bean Gum
¢ Dimethyl sulfoxide deuterated (>99%)
Reagents acquired from Cargil
e Kappa-carrageenan
Reagents acquired from Riedel-de Haen:
e Dimethyl sulfoxide (> 99%)
Reagents acquired from TCI:
e D-(+)-Trehalose Dihydrate (=98%)
Reagents acquired from Alfa Aesar:
e Ethyl bromoacetate (= 98%)
Reagents acquired from Carlo Erba
e Chloroform (= 99%)
Reagents acquired from Fluka:
e Choline chloride Fluka (> 97%)
Reagents acquired from Air Liquide
o CO
Franz cells: PermeGear.de (ref: 4G-01-00-11.28-08)
Permeability membranes: Sartorius Stedium (ref: 15406-25-N)
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For all synthesis, glass and plastic materials available from the laboratory were used.
Equipments such as, analytical balance (Sartorious R200 D, Germany), rotary evaporator (Ro-
tavapor R-100 BUCHI, Switzerland) and Schlenk line (Edwards RV5 vacuum pump, USA)
were also used. NMR, FTIR-ATR, DSC, TGA and Porosimetry were performed in NOVA
School of Science and Technology

Nuclear magnetic resonance (NMR) spectra were obtained via Bruker ARX400 400MHz
at 298K, analyzed with MestreNova. The 'H and 13C spectra of all produced API-ILs with levo-
thyroxine were acquired in deuterated dimethylsulfoxide (DMSO-ds). Both deuterated sol-
vents were acquired from Eurisotop.

Infrared spectra were executed on a PerkinElmer-two FTIR spectrometer equipped with
a universal ATR sample accessory. The samples were studied in the 400 — 3700 cm range.

Elemental Analyses (H, C and N) were conducted on an Elemental Analyser from
Thermo Finnigan-CE Instruments Flash EA 1112 CHNS series (Analysis Laboratory of Chem-
istry Department—NOVA FCT, Lab. 211/213).

For the Differential scanning calorimetry (DSC), calorimetric analysis were accom-
plished on a DSC Q2000 from TA Instruments Inc. (Tzero DSC technology) coupled to RCS 90
cooling system and operating in the Heat Flow T4P option. For each experiment, 5-9 mg of
sample were weighted and hermetically encapsulated in Tzero aluminium pans. Regarding
the experimental procedure, all samples were previously equilibrated at 25°C and submitted
further to different thermal treatments. For the samples with levothyroxine, several cooling
and heating runs were performed to study the polymorphism addressed to the neat APL

The thermogravimetric analyses (TGA) were performed in a Thermogravimetric Ana-
lyser from Setaram Labsys EVO with weighing precision £0.01 % from room temperature to
500 °C. The samples masses were between 8-10mg and each run was regulated at a heating
rate of 5 °C min~?, under a pure argon atmosphere purged at 50 mL min-! (Analysis Laboratory
of Chemistry Department—NOVA FCT, Lab. 211/213).

Scanning electron microscopy (SEM) was performed with a Hitachi 52400 microscope
operating at 5 kV with a magnification x 20K. SEM micrographs were obtained by scanning
electron microscopy. A gold film was settled onto the samples to minimize loading and im-
prove image contrast. The SEM analysis were performed at IST-UL.

Nitrogen adsorption-desorption porosimetry: the textural properties of the K-C/LBG
dried gels were determined by nitrogen adsorption isotherms obtained at 77 K. Degasification
under vacuum (<1 mPa) at 60°C was applied to the samples before the measurements for at
least for 12 h. Specific surface area was determined by the Brunauer-Emmett-Teller (BET)
plots. The total pore volume was determined at a relative pressure (p/po) of 0.97. The t-plot

method was applied for evaluation of microporosity. The average pore diameter and
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mesoporous volume were estimated using the Berrett-Joyner- Halenda (BJH) method (Analy-
sis Laboratory of Chemistry Department—NOVA FCT, Lab. 211/213).

HPLC analysis were obtained HPLC Agilent 1100, column Agilent Zorbax Eclipse XDB
5 micron 250 x 4.6 mm, eluition A -0.01 M KH2PO4 pH 3 | B - Metanol, 0 minutes: 55%A; 10
min: 20%A; 15 min: 20%A; 20 min: 55%A; 25 min: 55%A, Qv = 0.7 mL/min, 28 °C, detection
UV: 225 nm (Analysis Laboratory of Chemistry Department—NOVA FCT, Lab. 211/213).

X-Ray Diffraction was performed in a RIGAKU X-ray diffractometer (model Miniflex II)
with automatic data acquisition (Peak search for Windows v. 6.0 Rigaku) using Cu K radiation
(= 0.15406 nm) and working at 30 kV/15 mA. Diffraction patterns were collected in the range
2 =2 — 55¢ with a 0.02° step size and an acquisition time of 1 min/step. These analysis were

performed at IST-UL by Dr. Auguste Fernandes.

2.2 Methods

2.2.1 Synthesis of Choline Levothyroxine [Ch][T4]

Chloline chloride (14.9 mg, 0.14 mmol, 1.2 eq.) was dissolved in ethanol to a round-bottomed
flask and then sodium levothyroxine (100 mg, 0,12 mmol, 1 eq) was slowly added. The reaction
mixture was stirred at room temperature for 24h. Afterwards, the solution was filtered; the
solvent was evaporated and dried under vacuum. The final product was obtained as hygro-
scopic pale-yellow solid (78,3 mg, 75%).

1H NMR (400 MHz, (CD3).SO) 6: 7.78 (s, 2H), 6.94 (s, 2H), 3.85 (m, 2H), 3.42-3.40 (m, 2H), 3.12
(s, 9H), 3.08 (m, 1H), 2.80-2.75 (m, 2H) ppm.

13C NMR (400 MHz, (CD3),SO) 8: 152.80, 143.93, 141.25, 125,17, 92.54, 88.60, 67.52, 67.49, 67 47,
55.64, 53.69, 53.65, 53.61 ppm.

FTIR-ATR: v = 3398, 2921, 1603, 1538, 1380, 1223, 1180, 1082, 950, 900 cm -1 .

Elemental analysis calcd (%) for C20H24N2O4ls.9H>O (1025.62 g.mol): C 23.40, N 2.73, H 2.34;
found: C 23.20, N 2.82, H 2.21.

2.2.2 Synthesis of 1-(2-hydroxyethyl)-3-methylimidazolium Levothy-
roxine [C2OHMIM][T4]

1-(2-hydroxyethyl)-3-methylimidazolium bromide [68] (22 mg, 0.17 mmol, 1.5 eq.) was dis-

solved in ethanol to a round-bottomed flask and then sodium levothyroxine (100 mg, 0.12
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mmol, 1 eq) was slowly added. The reaction mixture was stirred at room temperature for 24h.
Then, the solution was filtered; the solvent was evaporated and dried under vacuum. The final
product was obtained as hygroscopic pale-yellow solid (88 mg, 81%).

1H NMR (400 MHz, (CD3).S0O) 8: 9.15 (s, 1H), 7.78 (s, 2H), 7.73(d, 2H, J= 12 Hz), 6.55 (s, 2H),
4.23 (t,2, H, ]=8Hz), 3.87 (s, 3H), 3.73 (t, 2H, ]=8Hz), 2.78 (m, 1H), 2.80-2.75 (m, 2H) ppm.

13C NMR (400 MHz, (CD3).SO) 6: 153.03, 141.26, 137.45, 125,21, 123.77, 123.17, 92.53, 88.58,
59.84, 55.86, 52.07, 36.18 ppm.

FTIR-ATR: v = 3398, 3146, 2851, 1614, 1536, 1398, 1240, 1162, 1053, 830 cm ! .

Elemental analysis calcd (%) for C21H21N30514.8H>O (1046.62 g.mol): C 24.00, N 4.00, H 2.00;
found: C 23.97, N 3.59, H 2.16.

2.2.3 Solubility assays

The solubility assays were performed in water (25 °C/37 °C), phosphate buffer (37 °C),
serum (37 °C) and ethanol (25 °C/37 °C) for the synthetized API-ILs and T4. Different temper-
atures were applied (37 °C and 25 °C). For the water and ethanol assays made at 25 °C the
compounds were weighed in plastic flasks and with a micropipette a volume of ImL was
added multiple times until the homogenous solution was achieved. For the assays at 37 °C a

water bath was prepared and the same procedure was performed.

2.2.4 Permeability assays

Permeability assays were carried out using a 8mL glass (PermeGear) Franz-type diffu-
sion cell with an operative mass transfer area of 1 cm2. Franz cells has two compartments, the
one on the top is the donor compartment and it is loaded with 2mL of the samples dissolved
in ethanol/water (25%/75%) with the concentrations of 50mg/L. The compartment below is
the receptor filled with 8mL of ethanol/water (25%/75%). In the middle of the both compart-
ments was placed a polyethersulphone (PES-U) membrane with 150 micrometers thickness
and 0.45 micrometers pore size (Sartorius Stedim Biotech, Germany) and contained with stain-
less steel clamp. After temperature reached 37 °C the receptor compartment was stirred at 400
RPM using a magnetic bar and then aliquots of 400 microliters were removed from the recep-
tor compartment at pre-established time periods (5 min and hourly from 1 to 8h) and fresh
mixture of was added to complete the volume. The determination of the API diffused was
performed by HPLC.
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API-ILs permeability (P) through the membrane was determined based on equation:

2Ct 2A

X P Xt 1)

Cp is the initial concentration in the donor compartment, C; the concentration in the receptor
compartment at time t, A is the effective mass transfer area, V is the total volume of solution
in both compartments [69].

Diffusion coefficient (D) was determined based on the equation 2:

VixV2 _h _ 1, ,Cf-Ci
Tvi+vz T A t_ln(Cf—Ct) (2)

where Ci and Cf are the initial and final concentration in the receptor compartment and Ct is
the concentration in the receptor compartment at time t. Vi and V: are the volume in the donor
and in the receptor compartment respectively and h is the thickness of the membrane.

To measure the solubility of the solute in the membrane, the partition coefficient (Kq) is

determined by equation:
K, = ©)

2.2.5 Cytotoxicity assays

Stock solutions preparation:

Stock solutions of T4, [Ch][T4] and [C;OHMIM][T4] were prepared in DMSO at 10
mg/mL.

Cell viability assay:

L929 cell line were used to study the biological effect of the compounds, these cells
were acquired from DSMZ - German Collection of Microorganism and cell culture GmbH.
Eagle’s Minimum Essential Medium (MEM, with 1.5 g/L sodium bicarbonate, non-essential
amino acids, L-glutamine and sodium pyruvate, Corning) was also used for the L929 cells to
be placed in a culture medium with 10% fetal bovine serum (FBS, Corning) and 1% penicillin-
streptomycin (Corning). Cells were cultured in a humidified incubator at 37 °C, with 5% COx.

Solutions of T4, [Ch][T4] and [C;OHMIM][T4] at 50 and 75 ppm, from a 10 mg/mL
DMSO stock solution, were prepared in MEM and incubated with the cells for 24 h, at 37 °C.
Cells incubated with complete media only were used as the negative control. DMSO was used

for the untreated cells group at a maximum permissible concentration of 1%.
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CellTiter 96® Aqueous One Solution Cell Proliferation Assay (Promega), which is
based on tetrazolium active component ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, MTS) was used as a means to evaluate the cell via-
bility. Microplate reader (VICTOR Nivo TM, PerkinElmer, USA) at 490 nm was also used to
measure the amount of formazan product, as the absorbance is directly proportional to the
number of viable cells in culture. Cell viability was expressed as percentage of cells exposed
to extracts vs control. Statistical analysis was performed using GraphPad Prism 7.00 software.
Two-way ANOVA test was performed, as well, as Tukey’s multiple comparison test. Statistical
differences were considered if p < 0.05.

The cytotoxicity assays were performed by Dr. Rita Gameiro (des-solve group).

2.3 Formulations

2.3.1 Aerogels’synthesis

2.3.1.1 Ionic liquid [EOMIM][Br] synthesis
In this synthesis, 10mL of chloroform was first added to a 25mL flask, then 0.8mL of N-

Methylemidazolium was added, and 1.1mL of ethyl bromoacetate was also carefully added.
After addition, it was left to heat (60 °C) and stir for 24 hours. Eventually the chloroform was

evaporated using a rotary evaporator under vacuum for 3.5 hours.

0] /—CH3
Br
ﬁ\N)_O
N

HsC

Figure 13 - IL [EOMIM][Br] struc-

ture

2.3.1.2 Functionalization of biopolymers with [EOMIM][Br]

In this preparation 25 mL of water was added into 50mL flask, a mixture of kappa-car-
rageenan and locust bean gum [K-C (60%)/LBG (40%)] with a total mass of 0.5 g was added
with vigorous stirring for 60 minutes, at a temperature of 70 °C until the solution becomes
transparent and without agglomerates. After the polymer dissolution, the [EOMIM][Br] was
added and left to stir and reflux for 24 hours. Samples with different mass ratios of [EO-

MIM][Br] related to polymers, were prepared.
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Samples:

. K-C/LBG nf - 100% K-C/LBG (31)

. K-C/LBG 1:1 - Equal amounts of polymer and IL [50% (m/m)]
. K-C/LBG 1:3 - 3x times excess of IL [150% (m/m)]

. K-C/LBG 1:6 - 6x times excess of IL [300% (m/m)]

After the 24 hours, the obtained mixture was introduced into cylindrical moulds to cool
and solidify. After samples gelling the solvent inside the gel matrixes was changed by first
adding 5 mL of an water/ethanol solution 50/50 (% v/v). The solvent exchange was per-
formed for more 2 days by changing the composition of the water/ethanol mixture to 30/70
(%v/v) and 100 % ethanol. This step allows for a more effective elimination of the IL in excess
which will be eventually inside the matrixes and constitutes a preparation for the sample dry-
ing step through supercritical extraction with CO,, in order to obtain the aerogel.

The aerogels were characterized by SEM, N» - porosimetry, FTIR-ATR, DSC, TGA and ele-

mental analysis.

2.3.1.3 CO; supercritical drying of the functionalized gels
Supercritical CO drying of K-C/LBG produced matrixes was required for obtaining the
aerogel. For this purpose, the supercritical CO> (Air Liquide) apparatus at NOVA’s laboratory

was used applying the following conditions:

. Pressure: 140 bar
. Temperature: 40 °C
. Time: 2 h

Supercritical drying of the aerogels was performed by Dr. Inés Paninho (CO, Conversion

and Utilization group).

2.3.14 Drugloading into aerogels

Levothyroxine and the two produced API-ILs based levothyroxine compounds
([Ch][T4] and [C;OHMIM][T4]) were loaded into the prepared aerogel matrixes. For this, so-
lutions were prepared by dissolution of the compounds into DMSO assuring a levothyroxine
concentration of 100 mg/mL. After, 3-5 mg of aerogel were placed in the glass vial containing
compound solutions then left in controlled stirring at room temperature for about 24 hours in
order to promote adsorption. After 24 hours the sample was removed and the excess DMSO
was removed by washing the sample with fresh DMSO and then placed under vacuum at

room temperature to be dried. The loaded compound mass was determined by gravimetry
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and by HPLC after completely solubilizing/destroying the loaded sample in a determined
volume of water (100mL). The load capacity q (mg of loaded compound per g of aerogel), of

the different aerogels for the different synthesized samples was then determined.

2.3.2 Dry Powders

2.3.2.1 Particle Preparation

The solution was prepared by mixing Trehalose (2g) and L-Leucine (200mg) and Levo-
thyroxine (8mg) with 80%(v/v) distilled water and 20% (v/v) ethanol. The particles were pro-
duced using the SASD apparatus. Briefly, liquefied CO, was pumped at 25 mL/min using an
HPLC pump (Knauer HPLC pump K-501) and heated in an oil bath at 80 °C. In parallel, the
casting solution was pumped at a rate of 3.5 mL/min, also using a high pressure pump
(Knauer Smartline pump 1000). Both streams were delivered into the static mixer (3/16 model
37-03-075 Chemieer, 4.8 mm diameter, 191 mm length and 27 helical mixing elements), which
was enrolled by a heating tape (855 °C), controlled by a Shinko FCS-13 # temperature control-
ler. A near-equilibrium mixture was achieved by the CO. solubilization into the liquid solution
in the static mixer. Then, it was atomized into a precipitator through a 150pm internal diameter
nozzle. At the same time, a flow of heated compressed air (TAir=100 °C and FAir,in=30 m3/h)
entered the precipitator to evaporate the liquid solvent. The particles where then separated
from the COs-solvent flow by a high-efficiency cyclone and collected in a glass vessel. The

process's yield can be calculated as follows:

total mass after SASD (g)
total mass before SASD (g)

NSASD(%) = x 100 (4)

Dry powder API loading determines the percentage of API that composes the powder pro-
duced.

This parameter can be calculated as follows:

API Loading(%) _ quantificated API mass (mg) % 100 (5)

total dry powder mass (mg)

Dry powder API entrapment determines the percentage of API that composes the powder
comparing the theoretical amount, taking yield into consideration. This parameter can be cal-

culated as follows:

tificated API
API Entrapment(%) _ Quantificate mass (mg)

X 100 (6)

theoretical API mass (mg)
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Dry powders preparation and ACI assays (see next chapter) were performed with the super-

vision of Dr. Clarinda Costa (Polymer Synthesis and Processing group).

2.3.2.2 Andersen cascade impactor assay

The evaluation of aerodynamic performance of the formulations was carried out using
an aluminium Andersen Cascade Impactor apparatus (ACI, Copley). 30 mg of dry powder
was loaded into three hydroxypropylmethylcellulose capsules n°3 (Aerovaus) and the cap-
sules were individually placed into a previously weighed dry powder inhaler (DPI) that was
coupled to the ACI device.

Individual plates of the cascade impactor were covered by a filter (Glass Microfiber filter
MFV1080, Filter Lab) that is weighted before and after the experiment. The DPI punctured the
capsule prior to the inhalation, and a high-capacity pump was used to simulate an intake of
breath according to the European pharmacopoeia. After the intake, several aerodynamic pa-
rameters can be calculated from the amount deposited in each plate: fine particle fraction
(FPF), mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD).

Firstly, MMAD gives the size of the particles that reached the impactor, except those
deposited in the throat, representing the diameter of 50% the particles. Secondly, FPF deter-
mines the amount of the delivered particles sized below 5 pm, as determined by the interpo-
lation of the percentage of the particles with smaller sizes than this value. Finally, the GSD

measures the distribution of sizes of the particles, equation 7:

_ Jdsa
GSD = 2= )

d8 and d16 are the diameters corresponding to 84 % and 16 % of the cumulative distri-

bution, respectively.

2.3.2.3 Dry Powder release assay

For the release assay solutions of 50 ppm (%[Na][T4]) in PBS at 37 °C (pH 7,4) were prepared,
dry powders formulations ([Na][T4] DP and [Ch][T4]_DP) and sodium levothyroxine
[Na][T4] were weighted as a means to attain the same concentration of the T4 in the all the
solutions. The drug release assays were conducted in triplicate, 0,5 mL of the samples were
taken out and the volume was restored with the same volume of fresh medium that was with-
draw. Calibrations curves were obtained for a concentration of 1- 50 mg/L dissolved in etha-
nol/H>O (%50/50) and the quantification of the drug formulations was achieved by HPLC.
This experiment took place during seven days. The data for the drug dissolution was calcu-

lated with different mathematical kinetic models presented on Table 1.
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Table 1 - Drug release curves acquired through adjusted mathematical kinetic models (Higuchi,

Korsmeyer-Peppas, zero order and first order)

Kinetic Model Equation @
Higuchi C=knt!2
Korsmeyer-Peppas C=kuptn
Zero Order C=kot
First Order C=100 (1-ekt)

In Table 1, the quantity of the drug released is defined as C for the instant t; ko, ki, kn, Kip
represent release rate constants for the different kinetic models; n is the exponent of release

(related to the drug release mechanism)in K-Peppas equation.
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3

RESULTS AND DISCUSSION

3.1 API-ILs based levothyroxine

3.1.1 Synthesis of API-ILs based levothyroxine

The number of research publications on choline based ILs have been expanding showing
its significance in many areas of research. Choline based ILs have been broadly used and ap-
plied in biological and pharmaceutical fields taking advantage of its non-toxicity and biodeg-
radability [70]. In addition, several works focused on the synthesis and application of choline

derivatives in different research areas including biotechnology.

Herein, levothyroxyne [T4] as anion was combined with two biocompatible cations
based on choline [Ch] and 1-(2-hydroxyethyl)-3-methylimidazolium [C;2OHMIM] scaffold.
The synthetic process was optimized using a simple anionic exchange by metathesis reaction
starting from T4 sodium salt and correspondent halide cations. The desired T4-ILs salts,
[Ch][T4] and [C;2OHMIM][T4] were purified in ethanol (by precipitation of the sodium chlo-
ride or bromide). The pure product was obtained in moderate to high yields (75%for [Ch][T4]
and 81% for [C;OHMIM][T4], respectively) and purity levels.

The elucidation of the chemical structure of each T4-ILs was performed by 'H - 3C-NMR
(Appendix. 1 and 2), FTIR-ATR and elemental analysis. H-NMR spectra allowed to proof the
desired chemical structure of each salt as well as the cation-anion (1:1) proportion.

Figure 14 illustrates the TH-NMR of [Ch][T4] where all expected signals from cation and

anion as well as respective integration was observed.
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Similar conclusions were achieved in the case of tH-NMR of the [C;OHMIM][T4]. The
confirmation of the expected structures were complemented by 3C-NMR, FTIR-ATR and ele-
mental analysis (H, C, N) for each prepared T4-ILs.
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3.1.2 Characterization of the API-ILs by FTIR-ATR

Figure 16 illustrates the comparative FTIR-ATR spectra of original T4 sodium salt and each
T4-ILs.

T4

[C,OHMIM][T4]

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 16 - API-ILs based levothyroxine FTIR spectra

The stretching vibration 3500-3450 cm! represents the crystallization water sustaining
the pentahydrate form from T4. The 2940-2868 and 3043 cm! correspond to stretching vibra-
tion of the C-H from methylene group and aromatic rings. The band at 1620 cm is the bending
vibration of the latter bonds and others identified at 1420, 1500 and 1536 cm-! represent the
stretching vibration of the C=C bonds from aromatic systems. At 1560 and 1370 cm-! the sym-
metric and asymmetric stretching vibration of C=O bond from the carboxylate anion are re-
vealed and also it is possible to see at 1183 cm the vibration of the C-O. The bending vibra-
tions of the aromatic C-H are revealed at 1162, 920 and 878 cm. Finally, C-N bond is observed
at 1053 cm-. These results are according to the literature [71] [72]. Additionally, there is a peak
between 900-980 cm! belonging to a specific group of quaternary ammonium compounds in-
dicating the presence of choline cation. In addition, for IL [C;OHMIM][Br] it is observed a
band at 1600 cm! corresponding to the C=C stretching vibration and another for imidazolium

ring at 1328 cm-1.
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3.1.3 Thermal Characterization

Since the knowledge of phase transformations and temperature resistance behavior of
APIs is a crucial step when developing novel formulations, levothyroxine and both formula-
tions were characterized by Thermogravimetric Analysis (TGA) until 500 °C and by Differen-
tial Scanning Calorimetry (DSC) between -90 and 150 °C. The respective thermograms are de-
picted in Figure 17, whereas the temperature values and enthalpies of the T4 thermal transfor-
mations are in Appendix.4. Moreover, the starting ionic liquids ([Ch][Cl] and [C;OHMiM][Br])
were submitted to a similar DSC-procedure to evaluate their thermal events. Appendix.4 com-

prises the first and second temperature cycles of each halide organic salt.

Regarding the TGA results (Figure 16a), the weight loss curve found for neat T4 indicates

wl v —— ; o T ]
e [ChYT4) 00 dommer o e ]
o) T [C,OHMMYT4] | R et g
© A {1 B | 3 |cnirs
Z \ = s
< _ \ = /
s \ 3 — § —
2 A\ o ~ et 153
; 0 4 s s \ |
2 03 = |1c.onmmyrg
= 4 —
D4
<O 4 -
X0 Up X0 Up
© . T v v . 08 . v v r . ' . r v T T
%00 200 20 0 200 90 £ 30 0 X ® 0 1® 19 % 00 3 0 ¥ ® 0 120 1%
Temperature (*C) Temperature (*C) Temperature (*C)

Figure 17 - Thermograms for a) the weight loss and heat flow trace of b) neat T4 and c) comparison between the first
heating run of T4, [Ch][T4] and [C;OHMiM][T4].

an ~10% weight reduction up to 100 °C, due to moisture loss from loosely bound adsorbed
and coordinated water, in agreement with the thermal studies already published in literature
[73] On the other hand, no significant weight loss was registered until 140-150 °C for [Ch][T4]
and [C;OHMIiM][T4], which suggests that levothyroxine in both formulations loses the coor-
dinated water. The respective ~2% mass reduction is associated to adsorbed water evaporation
readily regained after the pre-drying treatment. Furthermore, for neat T4 the onset of the major
decrease was detected at 175 °C, following a two steps degradation profile. A similar profile
is detected for both formulations, although with an onset slightly shifted to lower tempera-
tures: ATons ~50°C and ATons ~30°C, respectively for [Ch][T4] and [C;OHMiM][T4].

The calorimetric analysis (Figures 17b and 17c) seems to confirm the dehydration behav-
ior found by TGA: a multiple endotherm profile, attributed to the removal of adsorbed and
coordinated water, is detected from ~35 to ~140 °C for neat T4. The registered thermogram is

in accordance with previous studies [73] [74], however the temperature location is shifted due
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to different water contents. A closer inspection of the cryogenic temperature range shows crys-
tal-crystal transitions in T4 (-40 °C on cooling and -34 °C upon heating), coherent with poly-
morphism. In fact, it is already reported in literature that T4 can exist in distinct polymorphic
forms [74][75]. It is worthwhile noting that the conversion between polymorphs is reversible
proved by their detection in the first two cycles carried out up to 40 °C (see the inset of Figure
17b), a temperature insufficient to promote water evaporation. After heating up to 150 °C,
water is successfully removed and no discontinuity in the heat flow curve is observed in the
subsequent cooling and heating runs (dashed lines in Figure 17b). Moreover, if the commercial
[T4] is vacuum dried prior to the calorimetric measurements no evidence of crystal-crystal
transitions are detected.

The combination of levothyroxine with the two organic cations herein studied (Figure
17¢) also leads to the disappearance of polymorphism, as only the broad endotherm assigned
to water removal was detected in [Ch][T4] and [C;OHMiM][T4]. After dehydration, no calori-
metric response is registered for both formulations, as previously found for neat T4, indicating
that the thermal behavior is dominated by the API, since the starting ionic liquids always dis-
play thermal events under thermal cycling. The DSC-traces of both formulations only exhibit
the broad endotherm compatible with the elimination of freely adsorbed water.

Therefore, TGA and DSC studies allowed to conclude that both formulations promoted
the loss of levothyroxine’s coordinated water, also endorsing the disappearance of the poly-
morphism addressed to the T4. This is a relevant aspect in the context of pharmaceutical in-
dustry in which polymorphism could be a major drawback with a manifestation of unwanted
effects [76].

3.1.4 Solubility assays

Levothyroxine is the centrepiece for hypothyroidism therapeutics, but its bioavailability
can be restricted by many conditions, like interfering with medicaments and foods, concomi-
tant diseases and noncompliance and that is why oral ingestion is the most suitable and com-
monly used route of drug delivery due to its ease administration. Many aspects influence the
oral bioavailability like drug permeability, first-pass metabolism, dissolution rate, among oth-
ers, being aqueous solubility the most frequent cause [77]. Sodium levothyroxine showed a
tremendously low water solubility which is confirmed by the literature (0,150mg/mL, 25 °C,
pH 7,4) [78] . In Table 2 are presented the obtained solubility data for [Na][T4], [Ch][T4] and
[CCOHMIM][T4] in different media and temperatures. For the synthesized API-ILs it is possi-
ble to observe an increase in solubility in water at 25 °C up to 2 times more than the original
T4 and a significant increase (up to 3 to 4 times) is also observed in water at 37 °C. As men-
tioned above, both organic salts [Ch][Cl] and [C;COHMIM][Br] have the ability to enhance low
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drugs solubility. When levothyroxine is added to a phosphate buffer (PBS) solution its solu-
bility is remarkably lower than in water. Evert, Henry E. reported that sodium levothyroxine
solubility in PBS at 38 °C ranges between 2.5-5.0 (x 10-5) mol/L [79]. Thus said, solubility assays
in PBS at 37 °C were performed with the [Na][T4], [Ch][T4] and [C;2OHMIM][T4] and the re-
sults once again turned our attention to the anionic exchange approach, it is possible to observe
a boost in solubility up to 6 times by comparison with the one of original drug. Serum solubil-
ity assays at 37 °C were also performed and [Na][T4] showed slightly better results than the
ones for the synthesized API-ILs.

Table 2 - Solubility (mg/mL) in water and PBS at 25 and 37 °C

Compound Water (37 °C) | Water (25 °C) PBS (37 °C) Serum (37 °C)

[Na][T4] 0.149+£0.015 ® 0.163 +
0.155 + 0.002 0.485 + 0.005

0.004 ®

[Ch][T4] 0.247 +£0.035 0.284 +
0.386 + 0.015 0.334 + 0.005

0.017

[C2OHMIM][T4] 0.277 £ 0.034 0.324 +

0.379 + 0.022 0,004 0.321 + 0.007

() Values for [Na][T4] solubility in PBS at 37°C [79] and [Na][T4] solubility in water 25°C [78]

3.1.5 Permeability assays

The permeability assays of [Na][T4], [Ch][T4] and [C;2OHMIM][T4] at 37 °C, pH 7.4 were
performed for a maximum levothyroxine concentration of 50 mg L in solution and up to 8
hours. Permeability and diffusion of the [Na][T4] can possible be changed when combined
with ILs ([Ch][C]], [CCOHMIM][Br]) in aqueous medium. In this work we used a polyethersul-
phone (PES-U) membrane, distinct permeability and diffusion profiles were acquired. The dif-
fusion coefficient is associated with the amount of API diffused with time, thus said, the in-
crease of the diffusion coefficient is proportional to speed diffusion of the drug through a
membrane. Another aspect is that solubility of the drug is proportional to the driving force.
Regarding the results obtained for 8h permeability assay (Table 3), despite a higher solubility
determined at 37 °C, the values determined for permeability and diffusion of the synthesized
T4 salts are both lower than those determined for [Na][T4]. The greatest difference is observed
for [Ch][T4] with a permeability value of 0.61 cm.s and diffusion of 0.10 cm?2.s-. For this salt,

only 63% of the mass in the initial solution is identified in the receptor solution at the end of
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the 8 h assay. The highest Kq value associated with [Ch][T4], 0.93, is indicative that the salt

diffuses rapidly across the membrane but retention occurs to some extent.

Table 3 Diffusion (D), permeability (P) and partition coefficient (K4) for the different studied com-

pounds
Sample Permeability (x 10%) cm/s | Diffusion (x10) cm?/s Ka
[Na][T4] 2.04 0.49 0.63
[ChIIT4] 0.61 0.10 0.94
[C:OHMIM][T4] 1.02 0.34 0.45

3.1.6 Cytotoxicity assays

Cytotoxicity assay was performed in L929 cells, commonly used for cytocompability
studies. In Figure 18 it is presented the cell viability towards the L929 cells, after 24h exposure
of T4, [Ch][T4] and [C;2OHMiM][T4] at 50 and 75 ppm. The presented data represent means *
SD (n = 3) and statistically significant differences were determined by Tukey’s multiple com-
parisons test, two-way ANOVA.

It is worth noting that L929 cells can endure concentrations between 50 and 75 ppm
without losing their viability. Additionally, these results suggested that the two concentrations
of the T4-ILs herein explored do not impact the cytotoxicity. In fact, after 24 h of exposure to
[Ch][T4] and [C;2OHMiM][T4], it is possible to assume that T4-ILs are non-toxic to the cells, as
no significant differences between the test and the untreated control (DMSO) groups were

found.
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Figure 18 - Cell viability towards L929 cells after 24 h exposure to [Na][T4], [Ch][T4] and
[C:OHMiIM][T4] at 50 and 75 ppm. DMSO was used for the control group at a maximum permis-
sible concentration of 1%. Data illustrate the mean + SD (n = 3), in which statistically significant

differences, determined by Tukey’s multiple comparisons test, are represented.

3.2 Biopolymers’ Aerogels

3.2.1 Characterization of biopolymers’ aerogels by FTIR-ATR

FTIR-ATR is a capable approach to explore biopolymers combinations. Changes are seen
in FTIR spectra when chemical groups interact at molecular levels, for example, the shifting of

absorption bands.
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Transmitance (%)

The FTIR-ATR spectrum of IL [EOMIM][Br] allows the visualization of the characteristic
bands of the used ionic liquid. In the wavelength range between 2000-500 cm-, it can be ob-
served the IL characteristic band at 1750 cm! that corresponds to stretching vibrations of the
carbonyl C=0O bond and the C-O stretches in the region 1300-1000 cm . In the fingerprint
region the imidazolium ring are observed bands at 1635 cm -1 and 1600 cm - that correspond

to stretching vibrations of the C=C and C=N bonds, respectively.
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Figure 19 - FTIR spectrum of the IL [EOMIM][Br]

Table 4 - FTIR bands attribution to the IL [EOMIM][Br]

T

1500

Bands cm! Attributions IL [EOMIM][Br]
3650-3200 O-H
3300-2700 C-H
1750 Cc=0
1635 Cc=C
1600 C=N
1241-1046 Cc=C

By analysing the FTIR spectra of the produced non functionalized sample (Figure 20),
characteristic bands of both polymers and those resulting from their interaction can be identi-

fied. The bands observed between 1300-750 cm - are the ones corresponding to the carbohy-

drate’s region.
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Figure 20 - FTIR spectra of the produced aerogel samples with different functionalization degrees

Sample functionalized with IL [EOMIM][Br] (K-C/LBG 1:3) ratio was prepared but not
studied during this work since no significant differences from K-C/LBG 1:6 ratio were ob-
tained.

The bands at 1175-1050 cm - can be correlated to the interaction of the OH groups of
LBG with K-C structure. The band at 936cm -1 corresponds to C-O stretching, this peak at is
related to the interactions between the two biopolymers through hydrogen bonding with un-
branched smooth segments of the D-mannose backbone of LBG molecule. These results
demonstrate physical entanglements and miscibility between K-C/LBG. These peaks go along

with the ones reported on the literature [51].

Table 5 - FTIR bands of biopolymers K-C/LBG, nf, 1:1, 1:6)

Bands cm! Attributions K-C/LBGnf, 1:1, 1:6)
3650-3200 O-H
3300-2700 C-H
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1750 Cc=0
1600 C=N
936 C-O

In Figure 20, the spectra for the functionalized samples are also presented. By compari-
son with the one from non-functionalized sample, there are additional bands, that can be at-

tributed to the presence of IL.

The intensity of these bands is higher for the higher ratios IL-polymer. The band at 1750
cm -1 corresponds to the carbonyl (C=0O) bond on the IL [EOMIM][Br] and it can be observed
that in the 1:6 ratio, this band has an higher intensity compared to the one from the 1:1 ratio
sample, and also it is noticeable a slightly shift in 1:1 and 1:6 ratio (1758 cm! and 1763 cm1 ),
respectively. The band at 1600 cm - related to the imidazolium rings on IL can also be observed
for the samples with higher IL content. Bands between 1000 and 1300 cm - also intensify with

higher concentration of IL for the three functionalized samples.

To support the FTIR results, by elemental analysis it is possible to quantify carbon, oxy-
gen, hydrogen, nitrogen and sulfur atoms. From this information it is possible to estimate the
possible functional groups that exist in biopolymers. Nitrogen is one of the elements that be-
longs to the IL [EOMIM][Br], from the in the Appendix.6 it is observed that the samples that
contain IL [EOMIM][Br] K-C/LBG (1:1/1:6) have an higher percentage of nitrogen than the K-
C/LBG which could indicate the presence of IL.

3.2.2 Textural Characterization

In Figure 21 are introduced the images of the prepared gels (left side) and the respective

aerogels (right side). Non-functionalized and functionalized gels were soft and transparent
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with diameters between 1-1.5 cm. There was no evidence for a significant volume shrinkage
after the solvent exchange step and supercritical drying and the aerogels became stiff and
white coloured. The SEM images obtained for the K-C/LBG aerogels with different degrees of

functionalization are shown in Figure 21.

Figure 21 - Images of produced gels (left side) and aerogels (right
side), a) K-C/LBG nf, b) K-C/LBG nf dried, c) K-C/LBG 1:1, d) K-
C/LBG 1:1 dried, e) K-C/LBG 1:6, f) K-C/LBG 1:6 dried
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3.2.2.1 Scanning electron microscopy (SEM) analysis

To evaluate samples surface SEM analysis was performed. The Figure 22 shows the im-
ages of K-C/LBG aerogels synthesized with different ratios in ionic liquid [EOMIM][Br] (K-
C/LBG,1:1,1:6).

Figure 22 - SEM images of biopolymers non functionalized and functionalized with [EO-
MIM][Br: a) K-C/LBG nf, b) K-C/LBG 1:1, ¢) K-C/LBG 1:6

The Figure 22 image a), b) and shows the K-C/LBG non functionalized sample and K-
C/LBG 1:1; 1:6 functionalized samples, respectively. By analysing the images it is possible to
realize that the samples without the functionalization of IL [EOMIM][Br] (K-C/LBG nf) and
with the functionalization 1:1 [50% (m/m)] exhibited a more dense fiber structure. However,
a more visible interconnected fiber web structure containing a broad pore distribution includ-

ing meso and mainly macropores is seen in the sample K-C/LBG 1:6 [(300% (m/m)]
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3.2.2.2 Nitrogen adsorption-desorption porosimetry

The textural properties of produced K-C/LBG aerogels obtained by N2 adsorption-desorp-
tion porosimetry are presented in Table 6. The samples K-C /LBG nf and K-C/LBG 1:1 present
similar values for the BET area and micropore volume, despite the lower value for total pore

volume (meso and micropore volume) is presented for the K-C/LBG 1:1.

Table 6 - Textural properties of produced K-C/LBG aerogels

Total pore vo-  Micropore vo-
BET surface area

K-C/LBG dried gels lume lume
(m? g1)
(cm?® g) (cm’® g™)
[K-C/LBG] nf 201 0.95 0.03
[K-C/LBG] 1:1 243 0.53 0.02
[K-C/LBG] 1:6 59 0.11 <0.01

The distribution for the micro and mesoporous for the two samples will have to be ana-
lyzed in order to justify the difference between the two BET areas. With a negligible mi-
croporous volume value and the smallest total pore volume value, the sample K-C/LBG 1:6
has a much lower BET area. These sample will be constituted mainly by porous with a macro
dimension, fact that is supported by the obtained SEM images. Some of the values presented
by the other authors: 320 m2 g for agar aerogels [80], 385 m2 g1 [81], 298-391 m2 g1 [82], 570
m?2 g1, 390 m2 g1 [80], [83], [84], 150-300 m2 g1 [85] and 560 m?2 g1 [80] for alginate aerogels and,
330 m2 g1, 150 m2 g1 [80], [83], [84], 472-750 m2 g and 845 m? g [86] for chitosan and chi-
tosan/silica composites. Ventura et al.[87] obtained BET values ranging from 60-180 m2 g- for
aerogels of locust bean gum. BET values obtained for produced gels even though they were
lower, it is in range of values for polysaccharides aerogels comparing the produced K-C/LBG

aerogels obtained with the presented by the authors.
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3.2.3 Thermal characterization

3.2.3.1 Thermogravimetric analysis (TGA)

TGA was carried out to assess the thermal stability of the biopolymers functionalized

with [EOMIM][Br], the thermogram is shown in figure 23.
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— K-C/LBG 1:1
100 ——K-CILBG 16,
80 +
3
g 60
=
2
m A
2 40
20 -
D T T T T
200 400 600 800

Temperature °C

Figure 23 - Thermogram of functionalized biopolymers (K-C/LBG nf, K-C/LBG 1:1, K-C/LBG 1:6) with IL [EO-
MIM]([Br]

Starting with the IL [EOMIM][Br] (Appendix 3), the first step starts at 39.16-188.51 °C
and is related to the loss of water present in the ionic liquid, which occurs because [EO-
MIM][Br] easily absorbs water, this information is supported by FTIR spectra in figure 19, in
which the presence of water is seen at peak 3650-3200 cm . The step between 187.25-265.56
°C is related to the decomposition of imidazolium side chains (Appendix 7). For the thermal
stability of K-C/LBG aerogels, the first step around 38-167°C corresponds to the water evap-
oration, second step is related to the fragmentation of biopolymer chains between 167-255 °C.
The third step between 357-430 °C is correlated with the decomposition of the biopolymers, it
is noticeable that in the third stage K-C/LBG exhibits less thermal stability compared with the
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IL [EOMIM][Br] (Appendix 3) and the biopolymers functionalized (K-C/LBG 1:1; 1:6), this can
be due to the interaction existing between the IL and the biopolymer by the transesterification

reaction of ester groups indicating the presence of the IL in the biopolymers [59].

3.2.4 Drug encapsulation into aerogels

The amount of adsorbed compound was determined by gravimetry and by HPLC. The
results for HPLC are presented in Table 7 and those for gravimetry on Appendix 6 in the an-
nex. The characterizations by FTIR and DSC was performed as a means to support the results
obtained (Table 7 Appendix 6). Unfortunately, neither FTIR or DSC was able to detect the drug
impregnated in the aerogels (see Appendix 5; 9-13, respectively). The overall results obtained
are consistent and show an higher adsorption capacity for the functionalized sample with
lower IL’s composition (K-C/LBG 1:1) and the non-functionalized sample (K-C/LBG). As it
can be seen the sample K-C/LBG 1:6 had the worst outcome, fact that can be justified based
on the characterization by SEM. In the referred sample, it is possible to observe pores with an
higher dimension (essentially macropores) compared to the remaining aerogels, making it dif-
ficult to hold the drug inside the pore network. Since textural characterization is indicative
that samples K-C/LBG, K-C/LBG 1:1 have similar pore and BET area features, it can be con-
cluded that functionalization with [EOMIM][Br] might influence the sample’s drug absorption
capacity. Taking into account the HPLC results (Table 7), the produced matrixes, present a
lower adsorption capacity for [Ch]T4] than for the other two compounds. Apparently, the ter-
tiary amine from [Ch][T4] is not interacting with the negatively charged sulphonated or car-
boxylic groups of the polymeric matrix, and/or is being repulsed by the positive charged
amine from imidazolium group introduced on functionalization. Once [C;OHMIM][T4] is ad-

sorbed more easily, these interactions might be less relevant for the process of adsorption.
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Table 7 - HPLC analysis of samples ([Na][T4], [Ch][T4], [C:2OHMIM][T4]) loading into aerogel

HPLC Analysis
1)
Loading with [Na][T4 mg of levothyroxine 1
8 [Na][T4] 8 y (mg/g)
K-C_LBG 6.5 1353.2
K-C_LBG1:1 8.7 1673.1
K-C_LBG 1:6 6.1 1137.1
1)
Loading with [Ch][T4 mg of levothyroxine 1
8 [Ch][T4] 8 y (mg/g)
K-C_LBG 45 860.1
K-C_LBG1:1 4.4 1146.8
K-C_LBG 1:6 22 393.4
1)
Loading with [C;COHMIM]|[T4 mg of levothyroxine 1
g [ 2 ][ ] g y (mg/g)
K-C_LBG 6.7 1431.5
K-C_LBG 1:1 8.2 1712.7
K-C_LBG 1:6 5.0 1501.5

(1) qis the loaded amount of drug per unit mass of aerogel sample.
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3.3 Dry powders formulations

3.3.1 Characterization by FTIR-ATR of dry powders formulations

By examination of the FTIR spectra figure 24 it is possible to see the main peaks from

[Na][T4] at 2950 cm -! and between 1700-1600 cm ! corresponding to amide band C-N and
C=0, respectively. In addition, the peaks between 900-980 cm! and 950 cm - belong to a spe-

cific group of quaternary ammonium compounds and C-N group of choline chloride, respec-
tively. These peaks can also be seen in figure 16, indicating the presence of IL [Ch][C]] in the

dry powder’s formulations.
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Figure 24 - FTIR spectra of dry powders formulations [T4], [Ch][T4] _DP and [T4] _DP
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3.3.2 Scanning electron microscopy (SEM) Analysis

Morphology of the dry powders formulations was evaluated by SEM (Figure 25).

Figure 25 - SEM analysis of dry powders formulations ([Na][T4]_DP, [Ch][T4]_DP)
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3.3.3 X-ray diffraction (XRD)

The results from X-ray diffractogram determines the crystallographic structure of a ma-

terial. Figure 26 shows the X-ray diffraction patterns for [Na][T4], [Ch][Cl] and both formula-

tions.
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By analyzing the diffractogram it is possible to see that [Na][T4] presents a well-resolved

x-ray diffraction patterns, this happens due to the fact that commercial sodium levothyroxine

has a crystalline form and after a successful production of the dry powders formulations

([Na][T4]_ DP; [Ch][T4]_ DP), the crystalline form turns to an amorphous state as it is notice-

able on account of the irregular x-ray diffraction pattern. Comparing both formulations the

[Ch][T4]_ DP appears to be more crystalline than [Na][T4]_ DP, this fact is in agreement with

the release assay (Figure 28) which indicates a lower release rate of the drug by the formulation

[Ch][T4].
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3.3.4 Production of [Na][T4] _DP and [Ch][T4] _DP

Levothyroxine sodium is prescribed for thyroid hormone replacement therapy, this
drug is unstable, degrades rapidly and it is hygroscopic. Because of these limitations formula-
tions of [Na][T4] have short shelf life. It is known that oral formulations are unable to deliver
the drug into the blood at the same rate as injections, but on the contrary injections formula-
tions can be painful for patients. In this work, successful development of dry powder formu-
lations for both [Na][T4] and [Ch][T4] was achieved. These formulations might offer signifi-
cant advantages over oral and other forms of drug administration, including enhanced bioa-
vailability, improved dosage accuracy and safety, as well as accelerated absorption of the ac-
tive pharmaceutical ingredient (API) into the bloodstream. Notably, there are no existing re-
ports on the inhalation administration of [Na][T4]. The protocol for the production of sodium
levothyroxine dry powders formulations ([Na][T4]_DP, [Ch][T4]_DP) composed of trehalose
and leucine as excipient with levothyroxine as the API was adapted from Clarida et al. [88].
Due to the low solubility of levothyroxine in water the protocol had to be adapted to wa-
ter/ethanol (80:20, % v/v). Using these experimental conditions an entrapment of 89.3% and
82.7% was achieved for the formulations [Na][T4]_DP and [Ch][T4], respectively and, a load-
ing near 4% was obtained for both compounds in the produced formulations (see Table 8). The
obtained dry powder formulations presented both a process yield near 60% which is a reason-
able value considering that losses of powder can occur along the SASD system, being difficult

to recover it.

Table 8 - Results from dry powders formulations production

Formulation API Solvent mixture Loading Entrapment | Yield
% % %
[Na][T4]_DP | [Na][T4] | water/ethanol 4.30% 89.3% 58.70%
80:20
[Ch][T4]_DP | [Ch][T4] | water/ethanol 3.80% 82.7% 60.20%
80:20

3.3.5 Andersen Cascade Impactor (ACI)

Andersen Cascade Impactor stimulates a breath intake that leads the powder through a
sequence of progressively smaller filters, it measures the flowability and aerodynamics of the

powders.
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Figure 27 - Andersen-Cascade Impactor assay representation with lung dispersion correlation [100].

There’s a correlation between the distribution of the powder through the stages (1-7) to
how deep the powder would scatter through the lungs (Figure 27). The results obtained for
both [Na][T4]_DP and [Ch][T4]_DP formulations were positive, as we can see from the table
9 the powders from [Ch][T4]_DP have MMAD values lower than [Na][T4]_DP, this indicates
that the 50% of the particles obtained from the [Ch][T4]_DP assay can reach to the respiratory
system, and also the FPF value is higher than [Na][T4]_DP, indicating that approximately 59%
of the powder particles are less than 5 ym. Comparing both assays it is possible to conclude
that [Ch][T4]_DP particles were finer with a better aerodynamics. This variation can be due to
the more efficient drying process or to a more structured coating of the particles. In [89] a
similar procedure was used to produce dry powders” formulations containing rifampicin The
percentage value of FPF obtained for rifampicin was of 50%. Since there are no reports of
inhalable dry powders of levothyroxine to this day and comparing these results with others
reported in the literature using different pharmaceutical drugs, we can assume a positive out-

come using this method [90].
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Table 9 Results from ACI’s experiments

Formulation API MMAD (um) FPF (%) GSD
[Na][T4]_DP [Na][T4] 1.996 56.453 2.193
[Ch][T4]_DP [Ch][T4] 1.889 59.009 2.216

MMAD gives the size of the particles that reached the impactor,representing the diameter of 50% the particles. FPF

determines the amount of the delivered particles sized below 5 pm. GSD measures the distribution of sizes of the

particles.

Thus said the obtained API formulations reach the stage 5 terminal bronchi of the lungs,
however the main objective was to reach the alveoli duct located in stage 6. Further assays
need to be performed to improve these two formulations particle sizes and optimize its pro-
duction protocol. Moreover, the drug loading achieved in the experiments was very low,

therefore an improved drug loading must be accomplished to obtain a therapeutic loading of
[Na][T4]_DP and [Ch][T4]_DP.
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3.3.6 Dry powder release assay

The dissolution profiles of free [Na][T4] and, [Na][T4]_ DP and [Ch][T4]_DP loaded into
dry powders at physiologic pH 7.4 are shown in Figure 28.
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Figure 28 - Dissolution profiles for free [Na][T4] and, [Na][T4] and [Ch][T4] loaded into
dry powders.

The assays were performed for a maximum levothyroxine concentration of 50 mg L in
solution and for no more than 2 days, once it was reported in the literature that the sodium
levothyroxine is stable until 24h hours in phosphate buffer at 37°C [91].The dissolution of free
levothyroxine was very low (Ci/Co < 0,02%), as expected, once the solubility into phosphate
buffer for this drug at 37 °C is only 0.5 mg L. The release plateau for [Na][T4]_DP was ob-
tained close to the 24h with 100 % of the loaded drug released after this time. A plateau was
also obtained for [Ch][T4]_DP near the 24 h but with a released amount near 76 %. Linear
release (Table 10) is observed during the first 240 min, for both samples [Na][T4] and [Ch][T4],
but the release is much faster for the first compound. From the DRX obtained for the prepared
dry powders (Figure 26), it can be seen that [Na][T4]_DP present a more amorphous profile,

with consequences on the solubility of the compound.
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In Table 11 are represented the correlation factors (R?) determined through the adjust-
ment of the different kinetic models as presented in section 2.3.2.3 (Table 1), to the release

curves.

Table 10 - The release rate values obtained for both studied cases considering the linear segment of release curve

(zero order).

Linear release rate (% Linear release Linear release time , Finalrelease Release time
Samples 1 o . R o
min’) (%) (min) (%) (h)
[Nal[T4]_DP 0.371 75.7 240 0.841 103.6 24
[Ch][T4]_DP 0.162 37.7 240 0.989 76.3 30

Table 11 - Determination of Correlation factors (R2?) through the adjustment of different kinetic models

Samples Higuchi K.Peppas Zero Order First Order
[T4][Na]_DP 0.904 0.907 0.485 0.221
[Choline][T4]_DP  0.989 0.985 0.867 0.435

The two kinetic models K.Peppas and the Higuchi are the best fitted for both dry pow-
ders with a good correlation factor (R?), however due to the swellable degree of both matrixes,
it was considered that the K. Peppas kinetic model represents better the release mechanism of
levothyroxine from dry powders. Table 12 exhibit the drug release determination the kinetic
parameters through K. Peppas model, ki, is the Korsmeyer release constant and n is an em-
pirical parameter that characterizes the release mechanism.

Deducing that the samples have a spherical geometry it is possible to be assumed that
the drug released in the referred compounds occurs by anomalous transport - diffusion along
with swelling/matrix erosion - since n determined values are between 0.43 and 0.85 [92]-[97]
. Thus said, the release mechanism is mainly controlled by diffusion for both samples, the fact
that indicate this statement is that the determined value for kinetic parameter n are closed to

0.43 which indicates a pure diffusion mechanism on spherical geometry.
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Table 12 - kinetic parameters determined for drug release through K.Peppas model

Sample Model Kinetic parameters
[Na][T4]_DP K. Peppas kip =7.84 min"; n = 0.47
[Ch][T4]_DP K. Peppas kip = 2.88 min"; n = 0.49
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4

CONCLUSION AND FUTURE PERSPECTIVES

In this experimental work, two API-ILS were synthesized by anionic exchange reaction
using sodium levothyroxine (Na[T4]) and two halide salts from choline and 1-(2-hydroxy-
ethyl)-3-methylimidazolium cations ([Ch][Cl]; [C;2OHMIM][Br]). Both desired API-ILs were
successful prepared with yields between 78 to 81% and characterized by 'H-NMR, 13C-NMR,
FTIR-ATR, elemental analysis, TGA and DSC to confirm its structure and thermal stability. It
is possible to conclude that the two prepared API-ILs based on [T4] showed a drug transition
from polymorph state to amorphous state. For the solubility assays API-ILs revealed a signif-
icant improvement (at least 2 times more) in water and phosphate buffer solubility at 25 and
37 °C comparing to commercial [Na][T4]. In the case of permeability assays, the diffusion pro-
files for API-ILs are higher comparing to commercial [Na][T4], although for the permeability
profiles of [Na][T4] it exhibits better outcome compared to API-ILs, being significant higher
than [Ch][T4] and slightly higher than [CCOHMIM][T4]. The highest partition coefficient (Kd)
was obtained for [Na][T4], which is the slightest soluble.

Cytotoxicity assays was performed in L929 cells and after 24h exposure of [Na][T4],
[Ch][T4] and [C;OHMiM][T4] at 50 and 75 ppm the cells can endure concentrations without
losing their viability being possible to assume that API-ILS are non-toxic to the cells.

For the biopolymers’aerogels approach kappa-carrageenan (K-C) and locust bean gum
(LBG) mixture (60%/40%) were successful prepared with different functionalization ratios
(1:1, 1:3, 1:6) using the IL [EOMIM][Br]. FTIR, elemental analysis, DSC, TGA, SEM and po-
rosimetry characterizations for the biopolymers’aerogels were performed. Thermogravimetric
analysis (TGA) indicates that functionalized biopolymers K-C/LBG 1:1/1:6 exhibit higher
thermal stability compared to K-C/LBG nf. Following porosimetry analysis the sample K-
C/LBG 1:6 has much lower BET area compared to K-C/LBG/1:1 being constituted mainly by
porous with a macro dimension, fact that is supported by the obtained SEM images.

Loading of [Na][T4] and both sinthesized API-ILS [Ch][T4] and [C;2OHMIM][T4] was car-
ried out on the aerogels. The amount of loaded drug was evaluated by HPLC analysis. The
sample [K-C/LBG 1:6] had the worst outcome because of the higher dimension of the pores
making it difficult to hold the drug inside the pore network. The samples K-C/LBG and K-
C/LBG 1:1, with similar textural properties, presented the best feature for the drug loading.
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The produced matrixes, present a lower adsorption capacity for [Ch]T4] than for the other two
compounds. Apparently, the tertiary amine from [Ch][T4] is not able to interact with the neg-
atively charged functional groups of the polymeric matrix, and/or is repulsed by the positive
charged amine from imidazolium group introduced on functionalization.

Alternative administration process was also achieved with supercritical CO» spray dry-
ing apparatus by producing dry powders using [Na][T4] and [Ch][T4]. Analysing X-ray dif-
fractogram it is noticeable the amorphous state of the drug on the dry powders formulations
([Na][T4]_DP; [Ch][T4]_DP). By comparison of both samples, [Ch][T4]_ DP had better results
than [Na][T4]_DP, with 59% of FPF and MMAD of 1,89, making this approach very appealing
for further studies. Furthermore, release assays were conducted for both formulations. Due to
the more amorphous nature of the [Na][T4] sample, its release rate was found to be faster
compared to [Ch][T4]. From these assays, it can be concluded that the drug release mechanism
is primarily governed by diffusion in both samples.

For future work would be interesting to study release assay for impregnated biopoly-

mers aerogels and evaluate the chemical stability for the new formulations produced.
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Appendix 3 - Thermogram of neat levothyroxine with the corresponding temperature phase transi-
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Appendix 4 - Thermograms for the starting ionic liquids: a) [Ch][Cl] and b) [C2OHMiM][Br]. Dashed lines represent
the first heating and cooling runs, whereas the solid lines correspond to the second heating and cooling runs
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Appendix 5 - FTIR spectra of K-C/LBG 1:1 impregnated with [Na][T4]

Element (%)

Sample N C H S
K-C/LBG | 044 | 3232 5.57 2.61
K-C/LBG

1:1 1.08 34.56 5.44 2.92
K-C/LBG
1:6 3.49 30.34 4.84 1.84

Appendix 6 - Elemental analysis of biopolymers functionalized and non-functionalized with [EO-
MIM][Br] (K-C/LBG; 1:1; 1:6)
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Weight (mg)

[Nal[T4] Before loading After loading Mass [Na][T4] q
[Nal[T4] [Nal[T4] (mg) (mg/g)
K-C/LBG0_0 4.8 11.5 6.7 1200.4
K-C/LBG 1_1 52 13.7 8.5 1405.8
K-C/LBG1_6 5.3 11.2 5.9 957.4
. . Mass [Na][T4] q
[Ch][T4] (89,3% T4) Before loading After loading (mg) (mg/e)
K-C/LBGO0_0 52 14.3 9.1 1505.0
K-C/LBG1_1 3.8 7.2 34 769.5
K-C/LBG1_6 5.6 8.2 2.6 399.3
[CZOHMIB{,IL]!ET[H (87,2% Before loading After loading Mass(r[tll\;e)l] [T4] (m;g)
K-C/LBG0_0 4.7 10.4 5.7 1043.0
K-C/LBG1_1 4.8 9.9 51 913.8
K-C/LBG1_6 3.3 59 2.6 677.6

Appendix 8 - Gravimetric analysis weight variation before and after [Na][T4], [Ch][T4] and
[C2OHMIM][T4] encapsulation
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Appendix 9 - DSC of K-C/LBG
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Appendix 12 - DSC of K-C/LBG 1:1_[T4]
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