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ABSTRACT

Charles University, Faculty of Pharmacy in Hradec Kralové

Department of Pharmaceutical Technology

Candidate Mgr. Jana Kubackova

Supervisor Assoc. Prof. Jarmila Zbytovska, Mgr., Dr. rer. nat.
Co-supervisor PharmDr. Ondfej Holas, PhD.

Title of Doctoral Thesis Preparation of pharmaceutical formulations based on polymeric

and lipid carriers

Nanomedicine allows application of nanoscaled drug delivery carriers to achieve a
therapy that can be tailored in terms of e.g. controlled release, site-specific delivery and protection
of an active substance. From multiple nanoplatforms available for drug delivery, advantage was
taken of biocompatible and biodegradable polymers and lipids to enable targeted intracellular

delivery, delivery of a poorly water-soluble drug and delivery of a sensitive macromolecule.

In the study with biodegradable polymeric nanomaterial we worked with experimental
poly(lactic-co-glycolic acid) (PLGA) polymers. The formulations were optimised for targeting to
phagocytic macrophages — of size up to 300 nm and negative surface charge. For this purpose,
two linear and one branched PLGA were screened in combination with one of four surfactants in
low concentrations (0.1-1%). These PLGA polymers were formulated into nanoparticles and
loaded with a hydrophilic fluorescent dye Rhodamine B using nanoprecipitation (NPM) or
emulsification solvent evaporation method (ESE). Increased concentration of employed
surfactant decreased particle size more efficiently in ESE than in NPM. The lowest tested
concentration of a surfactant (0.1%) was sufficient to formulate negatively charged nanoparticles
0f 200 nm using NPM. ESE yielded smaller particles of 100 nm when 1% surfactant solution was
employed and larger ones, >200 nm, at 0.1% of surfactant. A release study in three different media
(isotonic saline solution and buffered saline solutions at pH 4.5 and 7.4) was performed with
nanoparticles prepared from all three experimental polymers combined with 0.1% Pluronic F127
using NPM. Rapid release (90% of Rhodamine B in 12 hours) in isotonic pH 7.4 medium was
observed in all polymers. In the other media, less than 50% was released by 12 hours. This trend
could be related to spontaneous cyclic swelling reported in the experimental polymers at pH 7.4.

The swelling seemed to enhance the release of the hydrophilic dye Rhodamine B.

The same preparation methods were implemented into preparation of lipid nanoparticles.

Lipid nanoparticles have the ability to increase solubility of poorly water-soluble drugs, such as
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indomethacin. This anti-inflammatory drug was loaded into nanostructured liquid carriers based
solid lipids either stearic acid or glycerol monostearate. Addition of a liquid lipid, isopropyl
myristate, supported formation of unstructured matrix of the carriers, as assessed using
differential scanning calorimetry. Nanostructured lipid carriers based on stearic acid were
formulated utilising NPM and resulted in nanoparticles of 175 nm with zeta potential of about -
35 mV, enhancing solubility of indomethacin 5-times relative to its solubility in water. Glycerol
monostearate-based lipid carriers formed nanoparticles of about 140 nm with zeta potential of

about -45 mV prepared using ESE enabled 10-fold solubility enhancement of indomethacin.

Another investigated lipid-based nanodelivery system is well-established in oral delivery.
Self-emulsification drug delivery system (SEDDS) based on tight junction opening, and thus
permeation enhancing, excipients was utilised for local delivery of an oligonucleotide through the
intestinal Caco-2 monolayer. The fluorescently labelled oligonucleotide was ion-paired with
either dimethyldioctadecylammonium bromide (DDAB) or 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP). The resulting hydrophobic complexes were loaded into one of two tested
SEDDS formulation. Both SEDDS formulations readily dispersed forming nanostructures of
about 200 nm in an aqueous environment. However, SEDDS can be distinguished by surface
charge as neutral and negatively charged SEDDS. The neutral SEDDS offered a better protection
of the sensitive nucleotide in the presence of nucleases, namely 58% remained intact in
comparison to 16% of the protected oligonucleotide in the negatively charged SEDDS. Orlistat,
a lipase inhibitor, slowed down lipolysis of this lipid-based drug delivery system. Both
formulations enhanced permeability of the oligonucleotide through the Caco-2 monolayer into
lamina propria. The permeability enhancement correlated with the decrease in transepithelial

resistance that was more pronounced in the neutral SEEDS.

In summary, PLGA nanoparticles were optimised to act as promising intracellular
macrophage-specific drug delivery systems. Nanostructured lipid carriers showed their ability to
enhance solubility of a poorly water-soluble indomethacin. Lipid-based SEDDS can deliver an
oligonucleotide across intestinal in vitro model. Drug delivery nanosystems offer multiple

formulation approaches to maximise the potential of active substances.
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ABSTRAKT
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Skolitel Assoc. Prof. Jarmila Zbytovska, Mgr., Dr. rer. nat.
Konzultant PharmDr. Ondtej Holas, PhD.

Nézov dizertacnej prace Ptiprava farmaceutickych formulaci na bazi polymernich a

lipidickych nosict

Nanomedicina umoziuje aplikaciu nanonosicov, ktorych ulohou je podavanie lieCiv
s cielom dosiahnutia na mieru prispdsobenej terapie. Ulohou nanonosi¢ou je medzi inymi aj
umoznit’ riadené uvolnovanie lieCiva, miestne Specificka distribciu a ochranu ucinnej latky.
Z viacerych nanoplatforiem dostupnych na distribuciu lie¢iva sa tato praca zameriava
na biokompatibilné a biologicky odburatelné polyméry alipidy. Tieto materialy boli
formulované tak, aby bolo umoznené cielené intracelularne dodanie, dodanie lieCiva malo

rozpustného vo vode a dodanie senzitivnej makromolekuly.

V stadii s biologicky odburatelnym polymérnym nanomateridlom sme pracovali
s experimentalnymi polymérmi kysliny poly(mlie¢nej-ko-glykolovej) (PLGA). Formulacie boli
optimalizované na zacielenie do fagocytujucich makrofagov, t.j. nanocastice s velkostou
do 300 nm a negativnym povrchovym nabojom. Na tento ucel sa testovali dva linearne a jeden
rozvetveny PLGA polymér v kombindcii s jednou zo Styroch povrchovo aktivnych latok v nizke;j
koncentracii (0,1 az 1%). Tieto PLGA polyméry boli formulované do nanocastic
pomocou nanoprecipiticie (NPM) alebo emulzne odparovacej metddy (ESE) s enkapsulovanym
aktivnej latky (0.1%) bola dostatocna na vytvorenie negativne nabitych nanocastic s velkostou
priblizne 200 nm pomocou NPM. ESE poskytla mensie ¢astice vo velkosti priblizne 100 nm, ked’
sa pouzil 1% roztok povrchovo aktivnej latky, a védcSie nanocCastice, > 200 nm,
pri 0.1% povrchovo aktivnej latky. ZvySena koncentracia pouzitej povrchovo aktivnej latky teda
viedla k efektivnejSiemu zniZeniu velkosti cCastic pri pouziti ESE, nie v pripade NPM.
Uvolmnovanie Rodaminu B bolo testované v troch réoznych médiach (izotonicky solny roztok a
pufrované sol'né roztoky spH 4.5 a7.4). Experiment bol realizovany s nanocasticami
pripravenymi pomocou NPM zo vSetkych troch experimentalnych polymérov kombinovanych

$0.1% Pluronic F127. U vSetkych polymérov bolo pozorované rychle uvolnovanie
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(90% Rodaminu B za 12 hodin) v izotonickom prostredi s pH 7.4. V ostatnych médiach bolo
v priebehu 12 hodin uvolnenych menej ako 50% tohto fluorescentného farbiva. Tento trend
pravdepodobne suvisi so spontannym cyklickym bobtnanim pozorovanym u experimentalnych
polymérov pri pH 7.4. Je pravdepodobné, Ze bobtanie urychlilo uvolfiovanie hydrofilného farbiva

Rodamin B.

Obdobné metody pripravy boli implementované pri priprave lipidickych nanocastic.
Lipidické nanocastice maji schopnost’ zvysit’ rozpustnost’ lieiv malo rozpustnych vo vode, ako
je napriklad indometacin. Toto protizapalové lieCivo bolo enkapsulované do nanostrukturovanych
lipidickych nosicov zaloZzenych na tuhych lipidoch, bud’ kyseline stearovej alebo glycerol
monostearate. Pridavok tekutého lipidu, izopropyl myristdtu, podporil vytvorenie
nesStrukturovaného matrix tohto nosi¢a, ako to bolo ohodnotené pomocou diferencilnej
skenovacej kalorimetrie. Nanostrukturované lipidické nosice zalozené na kyseline stearovej boli
formulované pomocou NPM a vysledné nanocastice merali 175 nm s povrchovym zeta
potencidlom okolo -35 mV. Rozpustnost’ indometacinu v tejto formuléacii bola 5-krat vyssia
ako jeho rozpustnost vo vode. NanoStrukturované lipidické nosi¢e zalozené na glycerol
monostearate mali velkost’ 140 nm a povrchovy zeta potencidl priblizne -45 mV. Boli pripravené

metoédou ESE a zvysili rozpustnost’ indometacinu priblizne 10-krét.

Dalsi skimany nanosystém na distribaciu lie¢iv je taktiez zalozeny na lipidoch a je
vSeobecne pouzivany pre oralne podanie. Skimané samo-nanoemulgujiice systémy
pre distribuciu lie¢iv (SEDDS) boli zaloZené na excipientoch, ktoré otvaraji tesné spoje (tzv. tight
junctions) medzi enterocytmi. Tieto excipienty zvySujlice intestinalnu permeabilitu boli vyuzité
na lokdlnu distribuciu oligonukleotidu cez intestindlny bunkovy model Caco-2. Fluorescencne
znaceny oligonukleotid vytvoril i6nové pary s jednym z testovanych kationickych lipidov, bol
pouzity bud dimethyldioctadecylammonium bromid (DDAB) alebo 1,2-dioleoyl-3-
trimethylammonium-propan (DOTAP). Vysledné hydrofébne komplexy boli enakapsulované
do jednej z dvoch testovanych SEDDS formulacii. Obe tieto SEDDS formulacie maju schopnost’
sa dispergovat’ bezprostredne po kontakte s vodnym prostredim na nanoutvary o velkosti
priblizne 200 nm, avSak liSia sa povrchovym nébojom na neutralne a negativne nabité SEDDS.
Neutralne SEDDS poskytuju lepSiu ochranu senzitivnemu oligonukleotidu v prostredi nukledz,
konkrétne 58% oligonukleotidu ostdva intaktnych v porovnani s 16% v pripade negativne
nabitétho SEDDS. Aby sa predizil protektivny efekt toho systému na oligonukleotid,
do formulacie bol pridany orlistat, inhibitor lipaz, ktory spomalil lipolyzu SEDDS. Obidve
formulacie zvysili permeabilitu oligonukleotidu cez Caco-2 monovrstvu do lamina propria.
Zvysenie permeability korelovalo so znizenim transepitelialnej rezistencie, ktord bola vyraznejsie

u neutralnych SEDDS.
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V praci sme optimalizovali PLGA nanocastice k tomu, aby posobili ako sl'ubny systém
na distribticiu lie€iv intracelularne do makrofagov. Nanostrukturované lipidické nosice potvrdili
svoj potencial v zvySovani rozpustnosti slabo vo vode rozpustného indometacinu. SEEDS
zalozené na lipidoch umoznili permeaciu oligonukleotidu cez intestinalny in vitro model.
Nanosystémy na distribuciu lie€iv pontikaji mnozstvo formulaénych pristupov, ktoré umoznia

naplno vyuzit’ potencial podavaného lieciva.
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1 INTRODUCTION

Already in 1900, a Nobel laureate Paul Ehrlich introduced new concept of “a magic
bullet” that to this day still holds relevance. This concept describes a drug, the magic bullet, that
directly targets the intended cells/pathogen without harming remaining tissue. Besides the need
for site-specific targeting described by Paul Ehrlich, other limiting aspects of effective drug
delivery were identified. There is a prevailing need for new approaches to increase bioavailability
of administrated drugs, to maintain their concentration within the therapeutic window over

desired time period, and to enable sustained or controlled release.

Nanotechnology is the engineering and manufacturing of materials at nanoscale.
Nanotechnology has been applied to many fields where pharmaceutical sciences, and drug
delivery in particular, are no exception. Multiple nanodelivery systems have been introduced over
past 60 years and their number is continuously growing. A drug can be loaded into or conjugated
onto a nanoparticulate carrier and released in a tailored pattern and/or in a targeted location,
independently of the chemical structure of the drug. In other words, nanopharmaceutics have the

ability to alter behaviour of the drug in the organism in a desired manner.

To put it simply, there are two fundamental ways to advance the current medical
treatment: either by developing new substances or teaching the old drugs new tricks, such as
application of advanced drug delivery systems. Nevertheless, to obtain the maximum benefit out
of the available scientific advances, the cutting-edge technology should involve a combination of
new biomacromolecules, such as proteins or nucleic acids, with nanotechnology platforms for

drug delivery.

Out of multiple nanomaterials applied in biomedical settings and in drug delivery,
polymers and lipids confirmed their dominant role in pharmaceutical sciences. Structural
versatility, regulatory status, biocompatibility and often biodegradability make polymers and

lipids suitable and versatile nanomaterials for drug delivery carriers.

Now, more than 100 years later, the therapy has progressed immensely. Even though we
identified a potent approach to design “the magic bullets”, there is still a long way to go.
Reproducible up-scaling and manufacturing process as well as reliable and standardised analytical
methods to ensure beneficial pharmacological and toxicological profile still remain a challenge.
The field of nanomedicine is still at its early stage. Overcoming the aforementioned limitations
could help to translate the extensive research from laboratories to safe and efficient therapy in

clinical practice.



2 CURRENT STATE OF KNOWLEDGE

Currently available active pharmaceutical ingredients (APIs) show great potential. Many
of them proved promising in in vitro tests if applied directly to its site of action. Nevertheless,
once tested in more complex in vivo tests they often fail to confirm their efficiency. For instance,
poorly water-soluble drugs do not reach the site of action in a sufficient amount or sensitive
therapeutic peptides, proteins or nucleic acids that degrade before fulfilling their role. Another
limitation related to potent pharmaceutical actives are their undesirable systemic side effects in

off-targeted tissues.

These shortcomings can be overcome by nanoparticulate colloidal systems utilised as
carriers in drug delivery. In order to provide benefits, several characteristics of nanocarriers need

to be considered:

e Non-toxicity at administrated doses
e Biocompatibility and biodegradability
e Protection of the payload/minimization of drug degradation
e Site specific release
e Time- controlled release
e Regulatory status of nanomaterial
e Stability of formulation
e Additional value of a carrier to the formulation, such as improved solubility of
the API, inhibition of degradation enzymes, permeation enhancement or
overcoming multidrug resistance
It is generally accepted that nanotechnology represents systems with the length of at least
one dimension of 1-100 nm. Whitesides argues that there are several reasons for expanding the
term “nano” when dealing with biological systems. He points out relatively large size of biological
structures, such as size of human cells in tenths of micrometres, and the existence of biological
molecules in range of a few nanometres, such as nucleic acids or proteins [1]. Therefore, it is
reasonable to work inside the range of 1-100 nm when developing systems that are supposed to
closely interact with the biological environment. US Food and Drug Administration (FDA) and
European Medicines Agency accepted that nanotechnology goes beyond its usual range of 1-

100 nm in pharmaceutical sciences [2,3].

Colloids are systems consisting of particles varying from 1 to 1000 nm dispersed in a
dispersion medium [4,5]. This size range is characteristic of colloids and relates them to several
specific properties. Size reduction increases the surface area of dispersed particles opening up
possibilities not only for surface modifications but also for more interactions with the surrounding

medium or for more extensive repulsion from each other [5]. NPs do not sediment as they exhibit
2



only random thermal movement (Brownian motion) upon collisions with dispersing medium.
However, sedimentation can occur over time as NPs aggregate into larger non-colloidal structures

[5,6].

The application of nanotechnology in life sciences is known as nanomedicine. This
interdisciplinary field can function as smart imaging, diagnostic tool or particle-based drug
delivery for treatment [7]. One of the advantages of particulate delivery systems is the ability to
deliver multiple substances in a single carrier. This fact resulted in a currently very attractive
theranostic approach that combines delivery of an active substance and imaging agent [7,8].
Nanomedicine found application across various delivery routes and pathological conditions, such
as, among many others, cancer diagnostics and therapy [9,10], therapy of infectious diseases [11],

vaccination [12,13] or imaging of inflammatory sites [14].
2.1 Interactions of nanoparticles with biological systems

Nanoparticles (NPs) play a key role in nanomedicine. Physicochemical properties of NPs,
such as size, surface charge, hydrophobicity, elasticity and shape of NPs guide the fate of NPs
inside an organism. These properties can be deliberately tailored using various materials and
technological procedures. Nevertheless, it is necessary to consider also significant changes of
properties of NPs that occur upon biological exposure and varied responses of cells and tissues

upon exposure to these subcellular structures and materials [15].

Due to their subcellular size, NPs can cross pathologically altered biological barriers
easier than their larger counterparts. NPs following i.v. administration can be passively targeted
to areas with so called enhanced permeation and retention (< 400 nm), such as leaky vasculature
in tumours [16] or at inflammatory sites [17]. Size is an important parameter of colloidal carriers.
In addition to size, also hydrophobicity impacts clearance and biodistribution of NPs (Figure 1).
The surface hydrophobicity seems to be the factor crucial for opsonisation when NPs are covered
by immunoglobulin, complement proteins and other plasma proteins such as albumin [18,19].
This modification facilitates phagocytosis of any exogenous material. Upon i.v. administration,
the largest particles, above 6 um, quickly accumulate in the narrow capillary beds in the lungs.
Hydrophobic particles of size between 6 um and 100 nm are quickly opsonised and phagocyted,
finally accumulating in the liver and spleen. Reduction in hydrophobicity, such as via surface
attachment of polyethylene glycol (PEG), prolongs circulation half-life of this size group.
Particles smaller than 100 nm are less attractive for the mononuclear phagocyte system and thus
persist longer in the systemic circulation. This applies particularly to PEGylated particles.
Nevertheless, the size limit for long particle circulation is given by renal vascular fenestration.

Particles smaller than 30 nm are readily excreted through kidneys [19,20].
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Figure 1: Passive targeting of NPs with size and PEGylation upon i.v. administration. Adopted from [19].

Another factor that influences the fate of NPs upon i.v. administration is the surface
charge. This factor also impacts opsonisation as charged particles are readily opsonised, the level
of opsonisation is proportional to the surface charge independently of its polarity [18,19]. Higher
uptake of positively charged NPs was reported for nonphagocytic cells [21,22], such as
osteoblasts [23] or HeLa and mesenchymal stem cells [24], in contrast to negatively charged NPs
that are preferentially taken up by phagocytic cells [21,25]. In general, cell membrane carries
negative charge resulting in attraction of positively charged NPs. However, phagocytes are
designed to engulf bacteria whose surface also carries negative charge and this fact could explain
their preferential uptake of negatively charges particles [21]. In contrast to the negative charge of
cell membranes, overlying protective mucus is charged positively. Charge characteristics of a
disease-altered tissue, such as overexpression of positively charged proteins in the inflamed
intestinal tissue can be utilised to target a therapeutical formulation. In this case, negatively

charged formulations are favoured [19,26].

As discussed above, the mononuclear phagocyte system recognises NPs upon i.v.
administration and especially hydrophobic and charged particles are readily opsonised and
phagocyted [27]. Hydrophilization of the nanoparticulate surface by forming a PEG corona
prolongs the circulation half-life of such “stealth” NPs [20]. Surface PEGylation can be tailored
in order to achieve the desired circulation time by adjusting PEG molecular weight or its surface

density [27].

Not only surface chemistry, such as hydrophilicity/hydrophobicity, functionalization, and
charge, but also inner characteristics like elasticity and shape of NPs have a significant impact on

interactions with living cells. Influence of elasticity of nanoparticulate carriers was in detail
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reviewed by Anselmo et. al. A collection of in vitro studies in the review demonstrated that soft
particles are internalised less than their harder counterparts, even though mixed results were not
uncommon. The decreased rate of internalization, in particular by immune cells, is a consequence
of deformation of the soft particles during the internalization process [28]. A computer simulation
study observed irregularities in distribution of ligands, which can bind specifically to receptors
on the cell membrane, only in the soft NPs upon initiation of the internalization process. Depletion
of ligands at later stages of the internalization process seemed to limit the process resulting in

increased uptake of hard NPs [29].

Spherical shape of NPs is common for drug nanocarriers. However, geometry of NPs was
shown to play an important role in interactions with the biological environment. Macrophages are
known to recognise the local particle shape at the point of initial contact. Phagocytosis proceeds
if a NP is approached along its major axis, however, the internalization process is hindered if the
contact is initiated along the minor axis or from a flat side (Figure 2) [30]. Considering oral
delivery route, Banerjee et al. compared performance of sphere-, rod- and disc-shaped NPs in
terms of their uptake and transport in a complex intestinal cellular model. The research group
demonstrated that both the uptake and transport of the rod- shaped polystyrene NPs were highest
among the tested shapes [31]. New nanomanufacturing techniques open up possibilities for
preparation of NPs of a particular shape optimized not only in terms of geometrical parameters,

but also for disease-triggered drug release [32].
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Figure 2: Impact of particulate shape on phagocytosis. (A) The angle Q is defined as an angle between the membrane
normal (N) at the point of initial contact and a vector T that represents the average of tangential angles. (B) Relationship
between the particulate shape (described by Q) and velocity of the internalization process. No phagocytosis was
assigned if the internalization was not completed within 2 hrs. Full circles represent non-opsonised particles, open
squares stand for IgG-opsonised particles. The velocity of phagocytosis in inversely proportional to Q, the
internalization process is severely impaired at Q> 45° (Q=45°for spheres). Adopted from [30].
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Besides passive targeting that relies on physicochemical properties of NPs, such as size
or surface characteristics, elasticity, and shape, active targeting can be employed to target NPs by
surface modification. The surface of a NP is decorated by molecules that are ligands to molecules
or receptors occurring predominantly in the targeted tissue. Once the NPs accumulated in their
target, the payload is supposed to release. Thus, targeting minimises the impact on off-targeted

tissues, as well as undesired side effects [19,20].

NPs are commonly employed in therapy of cancer and their surface is often decorated
with ligands to receptors overexpressed on tumour cells, such as transferrin receptor, integrins,
folate receptors, epidermal growth factor receptors, HER2 receptor, and CD44 receptor [22,33].
Another example is targeting to phagocytic immune cells with so called “eat me” signalling
molecules attached to the surface of NPs, such as large phosphatidylserine [34] or small

(<500 Da) primary amines, alcohols carboxylic acids or anhydrides [35].
2.1.1 Nanoformulations in clinical use and in clinical trials

Intensive research in nanoformulation was translated into practice by the FDA approval
of the first nanoformulated drug Doxil® in 1995 (Figure 3A). From 1995, liposomal drugs were
proceeded by polymer-based formulations and nanocrystals on the market (Figure 3B).
Nevertheless, liposomes remain an attractive drug delivery carrier, as shown by data of
nanoformulations in preclinical evaluation (Figure 3C). In years between 1995-2007, liposomes
comprised more than 50% of all nanoformulations in clinical trials. Figure 3A provides just a
brief overview of the most important polymeric and liposome-based nanoformulations. For a

detailed list, the reader is referred to more comprehensive reviews [21,36—40].
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Design of nanoformulations needs to be carefully considered based on demands from the
clinical practice. Ventola reminds of the ever-present challenges of development of
nanoformulations in connection to their translation into clinical practice. The author calls for
further characterisation of accumulated knowledge in the field and systematization of the
collected data, not only in terms of design of nanocarriers, but also in interactions with biological
systems and safety evaluation. In addition, regulatory guidelines more specific for

nanoformulations would facilitate the approval process [40].

The current pandemics of a respiratory virus SARS-CoV-2 is an excellent example of a

flexible reaction of nanomedicine to medical needs. The pandemics has led to the fast-track



development of multiple vaccines based on nanomedicine. Several vaccines made it into the
clinical practice for less than a year. Among the first approved ones, there are mRNA-based
vaccines in lipid NPs (Pfizer/BioNTech, Moderna) or vaccines based on viral vectors (Astra
Zeneca/Oxford, CanSino). The ongoing demand for the vaccines has paved the way to the largest

Phase 4 Trial of nanomedicine. [42—44].
2.2 Inorganic carriers

Inorganic carriers represent a heterogenous group of a wide range of nanomaterials used
in drug delivery, such as metal, silica, or carbon. They have usually well contorlled shape as well
as size up to 100 nm that make them smaller than their organic counterparts described below.
Another difference lies in the common way of attachment of API. In inorganic NPs, API is usually
attached to the surface unlike being encapsulated by the organic ones. The inorganic carriers are
biocompatible [45]. However, evaluation of their fate in the organism after fulfilment of their
role, especially in the case of chronic administration, needs to be carefully assessed for each
particular design [46]. In this section, the most commonly used inorganic nanocarriers for drug

delivery are briefly introduced (Figure 4).

(A) (B)

(C)

Figure 4: Schemes of inorganic NPs. (A) gold NP, (B) iron oxide NP, (C) mesoporous silica NP, and (D) carbon-based
tubular and spherical fullerenes



Gold NPs are composed of bioinert gold with functionalized surface. They can be
manufactured in various shapes and their size ranges usually from 10-100 nm. Due to their direct
interactions with light upon accumulation in a tumour, they became well-established in
photoimaging as well as photothermal and photodynamic therapy of cancer [47]. In drug delivery,
surface conjugation of API is a common approach performed either via covalent bonding or
physical (non-covalent) absorption. Gold NPs are also utilised for drug delivery of small

molecules in cancer treatment as well as in gene and protein delivery [48]

Iron oxide (i.e., Fe:Os, Fe3;04) NPs, characteristic with their intrinsic magnetic
capabilities, have been extensively used in imaging techniques. Multiple preparation methods
have been reported, enabling preparation of NPs of various shape and size, usually ranging from
10 to 100 nm. Preparation of the NPs is accompanied or followed by biocompatible coating, e.g.
with dextran or PEG. The coating improves biocompatibility and stability of iron oxide NPs in
the biological environment, and it enables surface functionalization. In drug delivery, APIs can
be conjugated onto the surface of NPs non-covalently or covalently. Both strategies have been
extensively employed in cancer therapy. Iron oxide NPs have a great potential to develop further

as magnetic guided carriers for cancer theranostic [49-51].

Mesoporous silica NPs are characterised by highly ordered porous structure. Large pore
volume increases the surface area and creates two functional surfaces: cylindrical pore surface
available for drug loading and exterior particle surface tailorable for interactions with the
biological environment. The size of mesoporous silica NPs as well as pore size is adjustable,
usually ranges from 50-300 nm and 2-50 nm, respectively. The porous structure results in large
surface that enables high drug load. Mesoporous silica NPs are utilised in delivery of a wide range
of APIs, such as poorly-water soluble drugs or macromolecular nucleic acids. In cancer therapy,

mesoporous silica NPs can be optimised into stimuli-responsive systems. [52—54].

Carbon-based carriers or fullerenes are hollow structures of spherical, ellipsoidal or
tubular shape. Fullerenes are hydrophobic in nature, but the surface can be functionalized with
hydrophilic moieties. In drug delivery, APIs are usually covalently attached to the surface. An
advantage of these carriers is their small size about 1 nm that facilitates crossing through barriers,
such as the tight blood-brain barrier. Another unique feature is the ability to produce reactive
oxygen species under certain conditions and this has been employed in photodynamic therapy.

Fullerenes enable delivery of anticancer agents as well as delivery of nucleic acids [55,56].



2.3 Polymeric carriers

Polymers are defined as large molecules built up from a large number (>100) of small
repeating units, monomers. Polymers found multiple applications in pharmaceutical sciences and
drug delivery is no exception [57]. From the vast array of polymeric drug delivery carriers, this

chapter discusses the most commonly utilised systems.
2.3.1 Dendrimers

Dendrimers are highly branched molecules that constitutes from repeated structural
entities (Figure 5). These macromolecules have a well-defined three-dimensional chemical
structure of a spherical shape as well as controlled monodisperse size (1-15 nm). Surface chemical
groups are available for tunable functionalization and inner cavities can host molecules for drug
delivery [36,58]. Multiple types of dendrimers have been synthetised and used as drug carriers.
Poly(amidoamine) dendrimers belong to the most commonly used ones [36,59]. There are two
main approaches to poly(amidoamine) dendrimers as drug delivery system, namely non-covalent

entrapment of a drug inside inner cavities or covalent conjugation on dendrimers [59].

Y surface groups
O branching units
A o moiety

Figure 5: Structure of a dendrimer. Adopted from [60].

2.3.2 Polymeric micelles

Polymeric micelles are core-shell self-assembles of block co-polymers (Figure 6). Above
their critical micellar concentration, the amphiphilic co-polymers associate into the hydrophobic
micellar core and hydrophilic shell. The formed spherical micelles can solubilise poorly water-
soluble entities and ensure their sustained release. The most commonly used co-polymers are
poloxamers, PEG-poly(L-aminoacid)s and PEG-poly(ester)s [61]. In addition to these well-
established materials, novel stimuli-responsive block co-polymers are paving the way to site-
specific triggered release. The novel co-polymers can be pH-, thermo-, light- sensitive, enzyme-
or ultrasound-responsive and the release is triggered by external stimuli or due to specificities of

the pathological microenvironment [62]. Micelles formed using more than a single kind of a co-
10



polymer are more beneficial in terms of increased micelle payload, prolonged circulation half-life

as well as enhanced thermodynamic stability of such mixed micelles [63].

hydophilic block

hydrophobic block

Figure 6: Structure of a polymeric micelle.

2.3.3 Polymeric nanoparticles

Multiple biodegradable polymers have been widely investigated as nanoparticulate carriers

(Figure 7) in drug delivery [19].

Figure 7:Scheme of a polymeric NP. Adopted from [60].

e hydrophobic polyesters: Poly(Lactic Acid) (PLA), Poly(Lactic Co-Glycolic Acid)
(PLGA), Poly(e-Caprolactone), Poly(Alkylcyanoacrylates)
PLA is a well-described polymer that has a wide range of applications ranging from
degradable sutures, scaffolds to delivery nanosystems across medical disciplines PLA
exists in two optical isomers L- and D-lactic acid (Figure 8AB) and properties and
biodegradability of polymeric PLA (Figure 8C) is influenced by optical form of the
monomers. Poly(L-lactic acid) is a semi-crystalline hard polymer, in contrast to

amorphous racemic poly(DL-lactic acid) polymer. Crystallinity impacts the rate of PLA
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degradation. The crystallinity level, and thus the degradation rate, can be tailored by the
selection of monomers [64].
This polymer was further developed into a more hydrophilic co-polymer with glycolic

acid — PLGA that is thoroughly discussed in section 2.3.3.1.

(A) (B) (C)
(0] O
\‘/U\ . \)L - HO /}
OH OH
L-lactic acid D-lactic acid poly(lactic acid)

Figure 8: Lactic acid exists in optical forms: (A) L-lactic acid, (B) D-lactic acids. The form of monomers
impacts propertis of (C) poly(lactic acid).

Poly (e-caprolactone) found its application in tissue engineering (Figure 9A). Its
nanocomposites can be utilised as supportive scaffolds with tailorable degradation rate
and mechanical properties [65]. In drug delivery, poly (g-caprolactone) is commonly used
as a co-polymer with PEG to enhance drug accumulation at the site of action [66].
Moreover, other chemical and physical modifications have been applied to alter
formulation design in terms of degradation, reactivity, hydrophilicity and other properties
of the polymer [67].

Poly(alkylcyanoacrylates) are polymers manufactured by a rapid and controllable
polymerization of cyanoacrylic monomers (Figure 9B). Adapting method of synthesis,
several types of NPs can be prepared, such as nanospheres and oil- or water-containing

nanocapsules [68,69].
(A) (B)
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Figure 9: Chemical structure of (A) poly (e-caprolactone), (B) poly(alkylcyanoacrylates), R=alkyl.

hydrophilic polysaccharides: Chitosan, Alginates

Chitosan, whose chemical structure is shown in Figure 10A, is a natural cationic
polysaccharide obtained by deacetylation of chitin. It demonstrates antibacterial and
antifungal activity that establish chitosan as a wound healing agent [70]. In addition,
mucoadhesivity and permeation enhancement make nanoparticulate chitosan a

perspective mucosal drug delivery system [71].

12



Alginates are anionic biopolymers extracted from brown algae (Figure 10B). Besides
their traditional role in wound healing and in vitro cell culture, alginates can be also

employed as NPs in drug delivery [19,72].
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Figure 10: Chemical structure of (A) chitosan, (B) alginates.

Moreover, the relative ease of synthesis of polymers further increases the number of novel
nanomaterials [73]. In addition to conventional, non-responsive nanomaterials, stimuli-
responsive polymers can release their payload upon internal or external stimuli. This characteristic
is supposed to enhance site-specific release [74]. The further progress into clinic of any novel

nanomaterial may be hampered by their regulatory status.

2.3.3.1 PLGA nanoparticles

PLGA is a co-polymer consisting of lactic and glycolic acid connected with ester bond at a

various molar ratio of the monomers. Chemical structure of PLGA is depicted in Figure 11.

O
HO 0O
O ~H

O

Figure 11: Chemical structure of poly(lactic-co-glycolic acid) (PLGA)

PLGA is one of the most utilised nanomaterials in drug delivery due to its specific properties

that lead to beneficial characteristics and vast use in drug delivery.

e Dbiodegradation + easy designing — controlled drug release

Ester bonds in PLGA polymeric chain are hydrolysed into lactic and glycolic acid. These
monomers enter citric acid cycle (Krebs cycle) and finally are eliminated as carbon dioxide
and water (Figure 12). This degradation process makes PLGA fully biodegradable and
biocompatible [19,75].
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Moreover, hydrolytic degradation of PLGA formulations is influenced by factors that can be
designed during synthesis of the polymer. Slower degradation of PLGA chains is related to
their higher molar weight, higher ratio of lactic acid and ester-terminated (CH3s capped)

polymers [75]. Controlled release from PLGA carriers is described further.

lactic acid
(6]

o
OH
o Hydrolysis
o N
o]} nH
(0]

Poly (lactide-co-glycolic acid)
PLGA HO\)I\OH

glycolic acid
Figure 12: PLGA degradation

e surface functionalisation — active targeting, prolonged circulation half-life

In acid terminated PLGA, carboxyl end groups of the polymer are utilised for
functionalisation by various agents. The reaction can be based on hydrophobic or ionic
interaction or the functional group can be covalently conjugated [76]. Martins et al. reviewed
PLGA surface modification for active targeting of NPs, including ligand-receptor interaction
and antigen-antibody interactions [76]. In addition to active targeting, surface
functionalisation using cell penetrating agents, stimuli responsive agents or imaging agents

were reported [77].

Hydrophilization of surface of PLGA NPs prolongs the circulation half-life by reducing
opsonisation [20]. The most commonly used agent is PEG, followed by much less utilised

polysaccharides and poloxamers [19,76,78,79].

e endosomal escape — delivery of macromolecules into the cytosol

PLGA NPs possess negative surface charge at alkaline and neutral pH. After cellular
internalisation by non-specific endocytosis, NPs are transported into acidic endosomes and
lysosomes. At low pH between 4 and 5 the surface charge of NPs turns positive. Positively
charged NPs interact with negatively charged endosomal membrane leading to its local
destabilisation upon contact with the NP. This was not observed in polystyrene NPs without
charge reversal after endosomal entrapment [80]. In order to enhance cytosolic delivery of
protein aggregates, poly(ethylene imine) (PEI) was entrapped into PLGA NPs together with

protein aggregates. PEI is a positively charged polymer known for its “proton sponge effect”
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that can lead to rupture of endosomes. In addition, it was found that positively charged PEI

PLGA NPs enter cells also via direct translocation [81].

e US FDA approval for clinical use [19,75,82]

The abovementioned versatility has been translated in multiple applications of PLGA as a

drug delivery system, as summarized in Figure 13 [77].

A PLGA Polymer

&  Therapeutic Moieties

J\ Antibody

%pj Nucleic Acid

S [maging Agent
& U Ligands

4 ¢ Linker
) PEG

'{&-\x\"& DNA

oy N\N Surface modifiers
D Iron oxide nanoparticle
Wil

Figure 13: Versatility of applications of PLGA in drug delivery. CNS central nervous system, CVD cardiovascular
diseases. Adapted from [77].
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PLGA formulated into particles undergoes bulk (homogenous) erosion. Polymer degradation,
cleavage of polymeric chains by hydrolysis of ester bond, is slower than water penetration into
the delivery system. Therefore, particles do not erode primarily on the surface and the erosion
occurs homogenously throughout the system. Dimensions of the system do not change; however,
the length of polymer chains decreases together with molar weight. This leads to increased

molecular mobility, pore formation and finally diffusion of an encapsulated drug [83].

The degradation process is well described in microparticles. Inside microparticles, short acid-
terminated chains of polymers are generated as the system undergoes bulk erosion. These acid-
terminated chains diffuse out of the particle and are neutralised by surrounding bulk fluid. In
addition, basic compounds from the surrounding bulk liquid diffuse into the particle and neutralise
the acid-terminated polymeric chains. However, this diffusion mass transport is relatively slow
leading to acidification within the microparticle. Decreased pH autocatalyzes polymer
degradation inside the particles. Therefore, there are 2 considerable parameters of particles — size,
determining the length of diffusion pathway and porosity, influencing the mobility of diffusing
molecules [83,84].
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Factors that have an impact on drug release were summarised by Xu et al. [85], as shown in
Figure 14. The authors divided the factors into 3 main categories, such as material
(physicochemical properties of both polymer and drug), processing (system design factors
controllable and adjustable during the synthesis) and physiological factors (related to the release
medium). The factors are shortly described with reference to several excellent comprehensive

reviews [75,77,85].

Material Processing Physiological
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Figure 14: Factors influencing drug release from PLGA-based drug delivery systems. Adopted from [34]. T — glass
transition temperature, Mw— molar weight

In terms of material of PLGA polymer, the increase in crystallinity, molar weight (M,,) and
glass transition temperature (T,) slow down drug release rate. The higher the level of these factors,
the slower degradation of polymer chains. Drug-polymer interactions play also an important role.
Acidic drugs are known to accelerate autocatalysis and thus drug release. Drugs that have basic
properties show a varying behaviour ranging from acceleration of the release by nucleophilic
drugs to neutralization and thus suppression of the autocatalytic effect. In addition, smaller or/and

hydrophilic drugs can diffuse faster from the polymer matrix [75,77,85].

One of the most important processing factors is the lactic/glycolic acid ratio. Higher content
of glycolic acid makes PLGA more hydrophilic and amorphous, both these characteristics
increase the release rate. In addition, longer blocks of lactic and glycolic acid and surface
PEGylation accelerate drug release. Porosity is reported to accelerate diffusion-based drug release
in the initial phase, however, in a later stage, porous systems might result in faster neutralisation
of autocatalysis and slower degradation and release rate. A review of influence of size of PLGA-
system reports an opposing effect on drug release. On one hand, in larger systems drug
concentration gradient decreases and the diffusion pathway shortens leading to slower release
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rate. On the other hand, increasing autocatalysis promotes pore formation that facilitate drug
release. Shape of polymeric matrix also affects the release. Larger surface area available
accelerates drug release. Sterilisation for i.v. administration by y-irradiation at higher irradiation
dose may cause random cleavage of polymeric chains and thus accelerate polymer degradation.
The role of drug loading is a drug-specific feature influenced mainly by its type and chemical

functionalities. Nevertheless, higher drug loading results in higher initial burst release [75,77,85].

A significant impact on drug release has the composition of release medium, e.g. pH, or
osmotic properties [86]. Phosphate buffer saline pH 7.4 is a commonly tested release medium,
however, it does not reflect in vivo situation properly. Degradation of PLGA systems is faster in
serum and plasma due to the effect of serum/plasma proteins. PLGA degradation is also faster in
alkaline or strong acidic environment, however, the autocatalysis rate shows no difference
between slightly acidic and neutral media. Increased temperature enhances polymer mobility and
thus facilitates drug release. Setting temperature above physiological 37 °C is utilised in

accelerated dissolution tests [86].

Preparation methods

Preparation methods of PLGA nano- and microparticles can be divided into 3 main

groups [75,87]

e chemical methods: polymerization of monomers

e mechanical methods: polymer in dispersion, methods such as spray drying, supercritical
fluid technology, microfluidics

e physicochemical methods: polymer in dispersion, methods such as solvent evaporation

methods, solvent displacement method, phase separation method

The following section introduces physicochemical methods. The methods are of
increasing attention as they are easy to perform without any expensive instrumentation from

already preformed polymer.

o Solvent evaporation method is a high-energy emulsification method based on
emulsification of two immiscible solvents - an organic volatile solvent such as
chloroform, dichloromethane, ethyl acetate or 2-butanone and an aqueous solution of a
surfactant (e.g. polysorbates, poloxamers, polyvinyl alcohol (PVA) etc.). A preformed
polymer and a drug are dissolved in the organic solvent and emulsified using high-speed
homogenizer or ultrasonication. Formed particles are allowed to solidify by evaporation
of the organic volatile solvent under stirring at room temperature or reduced pressure
[88-91].

o Solvent displacement method, also known as nanoprecipitation, is a low-energy approach
that utilises two miscible solvents. A preformed polymer and a drug are soluble only in
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one of them, a semipolar solvent, such as acetone, ethanol, or dimethyl sulfoxide. This
lipophilic solution is added under stirring into another solvent, an aqueous solution of
surfactant, in which the polymer is not soluble. This leads to rapid desolvation of the
polymer and displacement of the semipolar solvent. As the solvent of the polymer
diffuses into the polymer-non-solvent, the polymer precipitates and entraps the drug. This
method overcomes use of chlorinated solvents, formed particles are characterised by
narrow size distribution and low surfactant concentrations [78,89—91]. Reproducibility of
this method is dependent on the geometry of mixing of the two solvents. The need of easy
and reproducible upscaling in controlled conditions has led to expansion of advanced
microfluidic approaches [92].

o Phase separation method is mostly represented as a salting out method. This method
employs a water-miscible solvent of a polymer and a drug, such as acetone or
tetrahydrofuran. This lipophilic solution is emulsified into an aqueous phase containing
surfactant and high concentration of electrolytes, such as magnesium chloride
hexahydrate. Due to the high ionic strength, the miscibility properties of water change
and there is no solvent diffusion at this point. Subsequent addition of water decreases
ionic strength and induces migration of the organic solvent under stirring [78,89]. This

method is often utilised for protein encapsulation [93].

Molecular architecture of PLGA polymers

PLGA polymers of high molar weight (tens of thousands of Daltons) and with long
degradation time over several weeks (e.g. about 10 weeks) are utilised as implants [76]. For
particulate drug delivery systems degradation time within hours or days is more favourable. The
degradation time shortens by increase of polymer hydrophilicity. One of the approaches to
achieve faster degradation time by polymer hydrophilization is polymer branching. Branched
polymers contain more end groups that are available for contact with water and finally are more

hydrophilic [94].

Branched PLGA polymers were mainly investigated in delivery of hydrophilic drugs,
such as proteins or FITC-dextran. Davaran et al. investigated star-like polymers for encapsulation
of insulin using glucose or B-cyclodextrin as a branching unit [95]. A different architecture of
branching was applied by Pistel et al. The research group grafted hydrophilic PVA with PLGA
screening various molar weights of these polymers successfully encapsulating various hydrophilic
macromolecules into microparticles [96]. Brush-like polymers were prepared also by Li et al.
Copolymer metoxyPEG-b-PLGA was grafted on oligomeric collagen. Due to the amphiphilicity
of the resulting polymer, assembled into micelles that were shown to be pH sensitive. Doxorubicin
was loaded into the micelles that were stable at neutral pH releasing the payload in the acid

microenvironment of tumour [97]. A wide range of branched PLGA polymers was synthetized
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by melt polycondensation by assoc. prof. Dittrich, Faculty of Pharmacy in Hradec Kralove. The
synthesis was thoroughly described preparing several star-like polymers branched on mannitol,
penta-, dipenta- and tripentaerytritol with and a brush-like polymer using acrylic acid as the
(A) (B)
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branching unit (Figure 15) [94].

Figure 15: Chemical structure of branched PLGA polymers. (A) star-like PLGA polymer with tripentaerythritol as the
branching unit. (B) brush-like PLGA polymer with acrylic acid as the branching unit. R = PLGA

2.4 Lipid carriers

A broad definition of lipids covers biological compounds insoluble in water but well
soluble in organic solvents [98]. The definition can be narrowed down to lipids as fatty acids and
their derivates, and substances that are biosynthetically or functionally related to these substances
[99]. The Lipid Metabolites and Pathways Strategy consortium has recently created a more
precise classification considering chemical functional backbone of lipids as well as their
biosynthetic perspectives. Therefore, lipids can be divided into eight categories: fatty acids,
glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids and
polyketides [98,100]. Such a wide range of structures can be even widen using variable chain
length and possible presence of multiple functional groups. This pool of compounds offers a wide
variety of physicochemical properties and has enabled development of multiple lipid-based
nanocarriers. These carriers take advantage of lipid biocompatibility, versatility and regulatory

status [37,101].
2.4.1 Lipid nanoparticles

Lipid NPs consist of solid lipids, alternatively these are combined with liquid oils,
remaining solid at both room and body temperature and are stabilised by surfactants [102,103].
Lipid biocompatibility and versatility together with the possibility to regulate drug release,
encouraged the development of several types of lipid NPs [102].
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e Solid-lipid nanoparticles (SLNs) consist of biocompatible and biodegradable
solid lipids. SLNs were formed in the early 90s as nanospheres of solid lipids
without any use of organic solvents.

e However, the unsatisfactory low drug load and drug expulsion during storage
propelled modifications that resulted into nanostructured lipid carriers (NLCs).
Unlike SLNSs, the core of NLCs is based on a mixture of solid and liquid lipids
(Figure 16).

e Toenable delivery of hydrophilic drugs and take the advantage of kinetic stability
and rigid morphology of lipid NPs, the hydrophilic drug can be conjugated with
a lipid to create a hydrophobic drug-lipid conjugate. This water-insoluble
conjugate can be subsequently loaded into the lipid, SLNs or NLCs based, matrix
[103].

(A)

Figure 16: Structural differences between (A) SLNs with “brick wall” structure and (B) NLCs with
an unstructured matrix. Adopted from [60]

2.4.1.1 Impact of the structure on long-term stability

Molecules of solid lipids form different crystalline structures. Thus, they exist in different
polymorphic forms of various stability. There are 3 pre-dominant forms arranged by increasing
stability: unstable o modification < metastable 'modification < the most stable § modification.
With the increasing stability, the density of molecular packaging increases and the most stable 3

modification forms a perfect crystalline lattice, so called “brick-wall” structure [104,105].

Bulk lipids are usually in  modification, however, the manufacturing process of SLNs
triggers changes in polymorphic forms with a fraction of unstable o and metastable
B'modifications present in nanoparticulate lipids. These changes in the crystalline lattice
arrangement reduce not only the melting temperature, but also impact the long- term stability of
SLNs. The newly formed less-stable polymorphic modifications tend to undergo transformation

to the most stable f modification. The transformation is time- and temperature- dependent. It leads
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to the rearrangement of the lipid molecules that become more structured what results in expulsion

of the incorporated active [ 105-107]. Nevertheless, when this burst release happens relatively fast

(e.g. within one to three days) it can be utilised as a targeting strategy [105].

The undesired repulsion led to development of a new generation of lipid NPs — NLCs

(Figure 16). In order to form imperfections in the crystalline lattice, a fraction of a solid lipid is

replaced by liquid oils. The unstructured matrix allows to increase drug load and improve long-

term stability [106].

The literature describes 3 basic types of SLNs (Table 1) and NLCs (Table 2). The type

of the carrier depends on utilised lipids, properties and solubility of the active in the lipids and

manufacturing method [103,105,108]:

Table 1: Types of SLNs. Stars denote presence of a drug.

SLNs Type

Model

Characterisation

Visualisation

Type I

Type I

Type 111

homogenous matrix

drug-enriched shell

drug-enriched core

a solid solution of a drug
inlipids as  solvents,
amixture of lipids with
amolecularly  dispersed
drug

produced by cold
homogenisation

a hot mixture of lipids
without a drug precipitates
first forming the active-free
core

concentration of the drug
increases up to its
saturation solubility and
both the drug and
remaining lipid precipitate
into the drug-enriched shell

produced by hot
homogenisation using high
concentration of the drug
during the cooling process
the drug quickly
precipitates as
its concentration is close
to the saturation solubility
resulting in the drug-rich
core surrounded
by precipitated  drug-free
lipid
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Table 2: Types of NLCs

NLCs Type Model Characteristics of utilised lipids
Tvoe I imperfect crystal ~ spatially varied lipids in terms of chain length and
yp model saturation increase imperfections

lipids, such as hydroxyoctacosnyl hydroxystearate and
Type I amorphous model  isopropyl myristate, form amorphous solid structures
that hinder crystallization upon cooling

the amount of oil exceeds its solubility in solid lipids
Type 111 multiple model and leads to phase separation. A drug is dissolved in the
oily droplets in a multiple oil-in-fat-in-water dispersion

2.4.1.2 Production methods

Manufacturing methods have been evolving together with development of lipid NPs and
are well reviewed throughout the literature [103,105,108,109]. Hereby, the most common

methods are briefly described, referring to the aforementioned authors for a detailed reference.

e High energy approaches

High pressure homogenisation (HPH) is a well-established technique due to its easy
upscaling and cost-effectivity. In hot HPH, a drug is dissolved in a lipid melt and it is emulsified
in hot solution of a surfactant using high-sheer homogeniser or ultrasonication. This micro pre-
emulsion is passed 3 to 5 times through a micron-sized gap under high pressure causing sheer
stress and cavitation forces generate NPs. Thermolabile drugs can be processed by cold HPH. The
drug-lipid melt is rapidly cooled down and milled. Resulting microparticles are dispersed in a

cold solution of surfactant and subjected to HPH.

e Low energy approaches
A microemulsion technique is based on addition of drug-lipid melt into a preheated
solution of highly concentrated surfactants. The hot microemulsion is rapidly cooled by addition

of cold water. This results in recrystallization of highly diluted lipid NPs.

A phase inversion method employs several heating-cooling cycles (85-60-85°C) of a
mixture of lipids, a drug and surfactants.  Hydrophilic-lipophilic balance (HLB) of
polyoxyethylated surfactants increases with increasing temperature, so the thermal treatment
increases their affinity to the lipophilic phase and inverses o/w emulsion to w/o emulsion. This
emulsion is cooled rapidly by dilution of cold water leading to recrystallization of NPs. However,

presence of additional molecules may influence the inversion process.

e Approaches with organic solvents

Solvent displacement method/Solvent injection method/Nanoprecipitation uses water-

miscible organic solvents, such as acetone, ethanol or isopropanol. Lipids and a drug dissolve in
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the organic solvent and this solution is rapidly injected into an aqueous solution of a surfactant.
Lipid NPs are formed upon rapid diffusion of the organic solvent across the solvent-lipid interface

with the aqueous phase [110].

Unlike the previous method, emulsification solvent evaporation method utilises organic
solvent immiscible with water, such as chloroform or ethyl acetate. Organic solution of lipids and
a drug is dispersed in the aqueous solution of a surfactant using a high-speed homogenizer or
an ultrasonic probe sonicator. Formed lipid NPs are allowed to harden and the organic solvents

evaporates under continuous stirring.
2.4.1.3 The role of (nanoparticulate) lipid material in various delivery routes

Lipid NPs have a potential to interact with physiological barriers, such as the skin barrier,
blood brain barrier and gastrointestinal (GI) barrier. However, their application is not limited to
these barriers, lipid NPs were formulated also for pulmonary or ocular delivery. Increased loading
of poorly-water soluble drugs in lipid NPs, together with longer retention of nanoparticulate
formulations apply to all the delivery routes [106,108,111,112]. Lipid NPs can offer sustained
release of poorly water-soluble drugs in a physiological and biocompatible lipid matrix [107]. In

addition, specific points to topical and oral delivery are discussed below.

Topical application of lipid nanoparticulate formulations impacts the skin barrier.
Adhesive properties of lipid NPs (~200 nm) enable formation of a tight film with small pores that
hinders water molecules from evaporation leading to improved skin hydration. Particles of micro
dimensions do not adhere to the skin surface sufficiently tight with interspaces between particles
[105,113]. Occlusive properties of lipid NPs not only improve skin water loss that is frequently
present in skin pathologies, but also facilitates skin permeation of the encapsulated substance.
SLNs and NLCs show no difference in occlusivity, however, permeability differs as a matter of
composition [114]. Permeation enhancement is a complex multifactorial process influenced by

properties of both the carrier and active [106,115].

Lipid NPs also enhance oral absorption of poorly water-soluble drugs. Talegoankar et al.
summarises several mechanisms that are involved in this enhancement. Besides adhesiveness of
NPs to the GI mucosa, lipid NPs are digested by lipases present in the GI tract. Products of
lipolysis solubilise poorly water-soluble drugs enhance their absorption. Another mechanisms
involves enhancement of lymphatic transport and use of excipients acting as inhibitors
of P- glycoprotein [106,111,116]. Besides application of lipid NPs for systemic delivery, they
found their use also in treatment of local GI disorders. Physiological role of lipids supports their
use as carriers acting alongside with the encapsulated active. For instance, phosphatidylcholine
was shown to have anti-inflammatory effects with possible application in patients suffering from

ulcerative colitis [117]. Moreover, Beloqui et al. demonstrated decreased in vitro production of
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TNF-a, a cytokine playing the central role in inflammatory bowel disease [118], also in the
presence of blank nanostructured lipid carriers. The nature of the carrier contributed to reduction

of the pro-inflammatory cytokine [119,120].
2.4.2 Liposomes

Liposomes are defined as closed globular bilayer phospholipid vesicles of size 50-
1000 nm [38,121]. The vesicular structure forms a core-shell structure, as show in Figure 17.
Liposomes consist of the hydrophilic core and lipophilic shell enabling loading of a hydrophilic
or/and lipophilic drug, respectively. This characteristic has led to a wide-spread use of liposomes
in delivery of both small molecules and macromolecular genes [122]. An inherent disadvantage
of use of liposomes as delivery systems is the risk of leakage through the fluid bilayer.
Nevertheless, the leakage can be reduced by increasing the bilayer rigidity by the addition of
cholesterol or sphingomyelins into the bilayer [38]. Multiple kinds of liposomes have been
formulated and they can be classified in several categories, the most commonly based on their
lamellarity (uni- and multilamellar liposomes) or circulation time (conventional and long-
circulating liposomes) [121,123]. Besides the large number of applications in i.v. delivery

[38,121,122], liposomes are considered attractive also as a topical delivery system [124].

hydophilic head

hydrophobic tail

Figure 17: Structure of a liposome. Adopted from [60].

2.4.3 Nanoemulsions

Nanoemulsions are known as dispersions consisting of 2 immiscible liquids stabilized by
an amphiphilic surfactant with size of the dispersed phase < 500 nm (Figure 18). Based on the
distribution of the dispersed and the continuous phase, simple biphasic (oil-in-water O/W or
water-in-oil W/O) or multiple (W/O/W) nanoemulsions are distinguished. Nanoemulsions are
formed from macroemulsion and the process can be accomplished either by high energy or low
energy approaches. High energy methods use HPH or ultrasonication to reduce the size of droplets

of a preformed O/W macroemulsion into an O/W nanoemulsion. On the contrary, in low energy

24



approaches. size reduction of droplets of a W/O macroemulsion is completed by phase inversion
into an O/W nanoemulsion and is induced by changes in composition or temperature of the
system. This drug delivery platform is utilised in delivery of hydrophobic drugs via multiple
administration routes. Besides parenteral and oral application, it found application in topical,

nasal and ocular delivery [125-128].

continuous phase
water -W

dispersed phase
s 5 oil -0

Figure 18: Structure of O/W (oi-in-water) nanoemulsion. Adopted from [60].

2.4.4 Pro-colloidal lipid systems: Self-emulsifying drug delivery systems

Self-emulsifying drug delivery systems (SEDDS) are isotropic mixtures of oils,
surfactants, co-surfactants, and co-solvents forming fine oil-in-water nanoemulsions upon
dispersion in an aqueous environment upon gentle agitation. These lipid-based systems are
intended for oral delivery, traditionally for improvement of bioavailability of poorly water-soluble
drugs [129,130]. SEDDS are administrated in soft gelatine capsules (Figure 19). From the
industrial point of view, self-emulsifying drug delivery present an easily scalable and cost-
effective drug delivery system. In addition, as the nanoemulsion is spontaneously formed at the
site of action, e.g. in the GI tract, the long-term stability associated with the aggregation of

nanodroplets is not of production concern [130,131].
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Figure 19: A scheme of self-nanoemulsifying drug delivery system (API — active pharmaceutical ingredient)

The mechanism of self-emulsification is yet to be fully understood. It is accepted that at
a given temperature, self-emulsification occurs when the change in entropy of dispersion is
greater than the energy required to increase the surface area of the dispersion [132]. In contrast,
spontaneous dispersion does not occur as the interfacial energy of the newly formed interface is
too high what makes the process thermodynamically unfavourable. The emulsification energy
needs to be added to overcome this barrier. Self-emulsification occurs as less emulsification
energy is required. Surfactants and co-surfactants reduce the interfacial energy by creating a

monolayer on the surface of emulsion preventing them from coalescence (Figure 19) [133].
2.4.4.1 The role of lipid material

The role of lipids in increasing bioavailability of poorly water-soluble drugs paved the
way for designing these delivery systems. Poorly water-soluble molecules are usually well-
soluble in lipids and SEDDS deliver these molecules to the site of absorption in a dissolved state.
However, this process is much more complex, as the environment of the GI tract comes to
interplay, such as lipid digestion, present solubilising bile acids and endogenous phospholipids
[134]. This leads to formation of various colloidal phases, the drug can partition between them
and finally gets absorbed [135]. These processes circumvent the limiting dissolution of the drug

in the GI tract and thus increases bioavailability [130].

However, lipid excipients used to form SEDDS act not only as a carrier, but also can
impact drug absorption via multiple mechanisms [136,137]. Lipids slow gastric emptying [138]
and some lipids and surfactants reduce P-glycoprotein efflux transporter [139,140] or drug
metabolism via cytochromes [139,141]. In addition, for highly lipophilic drugs with logP > 5 and
with solubility in triacylglycerols > 50mg/g, unsaturated long chain fatty acids promote lymphatic

transport reducing first-pass metabolism by the liver [142,143].
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Recently, the interest has expanded from improving bioavailability of poorly water-
soluble drugs also to hydrophilic macromolecules, such as peptides, proteins or nucleic acid-based
drugs. In the first step, a hydrophilic macromolecule is made more hydrophobic. For this purpose,
it is complexed with a surfactant by hydrophobic ion pairing [144]. The complex can be formed

through either electrostatic bonding or dipole-dipole interaction [145].

Subsequently, the hydrophobic complex is dissolved in a SEDDS preconcentrate
(undispersed, water-free SEDDS). The SEDDS can be designed to enhance permeation enabling
delivery of macromolecular payload. They are based on excipients that act as permeation
enhancers, such as medium chain fatty acids (MCFA). SEDDS containing MCFA act as
physiological permeation enhancers [146] and promote paracellular absorption unlike SEDDS

composed of long chain fatty acids [147].

A detailed mechanism beyond promotion of paracellular transport and opening of TJs
between enterocytes was examined by Hayashi et al. MCFA increase intracellular calcium level
that induces contraction of actin filaments leading to TJs opening [ 148]. More recent studies show
that MCFA and excipients derived from them act also as transcellular permeation enhancers via
mild mucosal aberration. This effect seems to be concentration dependant involving also

paracellular transport at lower concentrations of MCFA [145].

Various macromolecules, such as proteins, polysaccharides or nucleic acids, were
successfully formulated into SEDDS, as reviewed by Mahmood et al. [131]. However, deeper
understanding of processes after emulsification and interactions between hydrophobic complexes

and the complex GI environment is necessary.

2.4.4.2 Excipients utilised in SEDDS formulation

e Captex 300

Captex 300 is a MCFA triglyceride, containing around 70% of caprylic fatty acid (C8)
and around 27% of capric fatty acid (C10) (Figure 20A), traces of caproic (C6) and lauric fatty
acid (C12) can occur. Captex 300 originates from food-grade vegetable materials and is generally
recognised as safe (GRAS) [149]. Captex 300 is a polar insoluble non-swelling lipid, an oil
creating the oily phase of emulsion [130,150] and is soluble in most organic solvents. MCFA, in
particular C10, were found to act as potent physiologically acting intestinal permeation enhancers
[146]. Their triglycerides, however, do not enhance permeation. GI lipases have to digest these

lipids to liberate MCFA [151].

e [Labrasol

Labrasol is a liquid non-ionic surfactant known under a chemical name caprylocaproyl

macrogol-8 glyceride (Figure 20B). It composed of C8/C10 fatty acids of mono-and diesters of
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PEG 400 and mono-, di- and triacylglycerides with mainly C8 and C10 and some free PEG 400
[130]. Labrasol has HLB value of 14 that classifies it as a water-soluble amphiphile according to
Small’s classification of lipids [150]. It is listed in both European Pharmacopeia and FDA Inactive
Ingredients Guide [149]. Labrasol enhances oral bioavailability. At lower concentrations (0.1 -1
%) Labrasol was shown to open TJs of enterocytes and thus act as a paracellular permeation
enhancer [152]. As the concentration increases over 1%, it tends to act transcellularly causing
mild mucosal aberration [145,153]. Labrasol can be employed to enhance intestinal permeability

of hydrophilic drugs, such as gentamicin [154] or insulin [153].

e Mono-acyl phosphatidyl choline (MAPC)

MAPC, also known as lysophosphatidyl choline, is a digestion product of phosphatidyl
choline that is absorbed by passive diffusion in the small intestine.. [155]. Its chemical structure
is displayed in Figure 20C. As a soluble amphiphilic lipid (IIIA), it proved its ability to act as a
natural emulsifier for o/w emulsions [150,155]. In addition, MAPC enhanced permeability of 1-
deamino-8-D-arginine-vasopressin (~ 1 000 Da) across Caco-2 monolayer [156] and also
permeability of dextrans (3 000 and 10 000 Da) in a rat experimental model [157]. Besides
reduction of synthetic surfactants in formulations, MAPC also inhibits lipolysis of glycerides and

Labrasol [158].

e C(Citrem

Citrem is a complex mixture of various citric acid esters of mono- and diglycerides and
mono- and diacylglycerides. Oleic and linoleic fatty acid together represent over 85% (w/w) of
total fatty acids in Citrem (Figure 20D). Citrem is a common emulsifier in the food industry
[159]. This food additive described as GRAS has found its application also in pharmaceutical
technology, e.g. stabilizing infant formula [159]. Azmi et al. investigated Citrem-phospholipid
nano-assemblies. Increasing Citrem content resulted in increasing negative surface charge and
thus provided better electrostatic stabilization of nano-assemblies [160]. In addition, local
decrease of pH related to the negative surface charge forms an unfavourable environment for

protease. This could be beneficial in oral peptide/protein delivery [161].

e Maisine CC

Maisine CC is a trade name glyceryl monolinoleate (Figure 20E). It conforms with the
description of the monograph in European and US Pharmacopeia and is considered GRAS [149].
It is a liquid excipient derived from corn oil glyceride. Its HLB value of 1 makes it a suitable oily
vehicle. Upon oral administration, Maisine is digested by lipases, promotes lymphatic absorption
and enhances oral bioavailability [162]. Therefore, it is one of typical excipients used of SEDDS
[130].
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e Peceol
Peceol is composed mainly of glyceryl monooleate (Figure 20F). Its properties are
similar to Maisine CC, being a liquid excipient of HLB value 1 it could be used as an oily vehicle
for bioavailability enhancement [162]. Peceol is considered GRAS and is used for oral

bioavailability enhancement [130,149].
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Figure 20: Chemical formulas of SEDDS excipients. (the structure of Labrasol adapted from [163], the structure of
Citrem adapted from [159]).

2.5 Nanomaterials for immunomodulation

The immune system is a powerful and complex defence system of an organism. In a
diseased state this system loses the right balance. Its dysfunction can be characterised by its
reduced activity known as immunosuppression or, on the other extreme, by hyperactivity against
own antigens. Immunomodulation is a process of restoring the function of the immune system to
the physiological range and nanomaterials can play an important role in this process. The use of

nanomaterials is an emerging approach to immunomodulation.
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Direct immunomodulation is provided by the nanomaterial itself, in contrast, indirect
immunomodulation centres around a substance loaded in a nanoparticulate carrier and the loaded
substance is in charge of the action. There have been many nanomaterials utilised, however,

biocompatible and biodegradable biologically relevant materials are gaining more attention.

Among the most utilised nanomaterials for immunomodulation are directly acting
fullerenes as well as versatile liposomes and micelles that can be made of a wide range of lipids.
Lipid NPs can successfully combine the action of a carrier and loaded substance on the immune
system. In addition, easily adjustable polymer-based NPs open up the way towards stimuli
responsiveness in immunomodulation. Well-defined structure of dendrimers with multiple
possibilities of surface functionalisation found their application mainly in immunostimulation.
Self-assembling nanogels are known to act as chaperons of biomolecules also in field of

immunology, and nanoemulsions became well-established as vaccine adjuvants.

Delivery of immunomodulators by conventional drug delivery systems is often
accompanied by adverse effects outside the targeted tissue or cell population. Nanomaterials have
showed a tremendous potential for site specific delivery and sustained release. Moreover, a
nanomaterial itself could provide benefits to restoration of the right balance of the immune

system.

This topic was summarised and reviewed in detail by Kubackova, J., et al. as
Nanomaterials for direct and indirect immunomodulation [60]. The published review can be

found as Appendix 1.

2.6 Challenging formulations

2.6.1 A hydrophilic tracer as a model for intracellular delivery

In many chronic inflammatory disorders, inflammation exceeds its originally protective
function and overproduction of pro-inflammatory mediators harms the organism itself. This leads
to extensive production of numerous components of the immune system that participate in
inflammatory response. One of the key players that increases inflammation and stimulates the
immune system are macrophages. These cells are a part of the mononuclear phagocytic system
and exhibit phagocytic activity in order to scavenge foreign particles, blood debris or
pathologically altered body cells. The largest population of tissue macrophages, Kupffer cells,
reside in the liver and are considerably involved in the innate immune response. Their activation

leads to production of proinflammatory mediators [164] and the inflammation develops further.

The idea of regulating the inflammation at the very beginning of the inflammatory process
is particularly attractive. Thus, the level of gene expression via intracellular receptors is often
targeted. Current anti-inflammatory treatment downregulates this level of inflammation

30



employing intracellular receptors, namely agonists for corticosteroid receptors are widely utilized
in the ant-inflammatory therapy. However, due to unspecific targeting of systematically applied
drug, adverse effects (e.g. increased risk of infections or changes in metabolism) are common.

All the serious adverse effects stress the demand for new approaches.

Intracellular receptors, such as Pregnane X Receptor, have been found to play an
important role in inflammatory responses [165,166]. The attention has been turned to alternative
intracellular receptors influencing inflammation process, e.g. Liver X receptor [167]. Agonists of
these receptors inhibit inflammatory reactions more effectively than commercially available

drugs, e.g. dexamethasone [168].

Drug delivery systems can optimize delivery of the potent agonists to the aforementioned
intracellular receptors. In search of suitable carriers, polymeric NPs have shown their potential
[77,79]. Subcellular size ranging between 100 nm and 300 nm and negative surface charge NPs
enhance passive targeting to phagocytic macrophages in the liver and spleen [19]. In the
bloodstream, the negatively-charged PLGA nanoparticles are rapidly opsonised and thus
recognised and cleared by macrophages, mainly by Kupffer cells in the liver sinuses [169]. In
addition, inflamed tissue is characterised by increased vascular permeability that enables passive
targeting of the nanosized carriers [17]. The advantage can be taken of many other properties of
this dosage form, such as biocompatibility and sustained drug release profile [85]. Sustained drug

release profile can be of interest for action on intracellular receptors.

In this study, we aimed to create a non-toxic carrier enabling intracellular delivery and
sustained release over a period of several days. Due to further potential use of the NPs for delivery
to phagocytic cells, we employed biodegradable low-molar weight PLGA to formulate NPs
attractive to phagocytic cells (size up to 300 nm, negative surface charge). In order to better
understand interactions between the formulated NPs and phagocytic cells, we loaded the NPs with
a fluorescent tracer Rhodamine B (RhB). We worked towards optimisation of two preparation
methods, namely nanoprecipitation and evaporation solvent emulsification method. In addition,
we evaluated impact of several variables (type and concentration of surfactant, type of PLGA
polymer) on the key properties of formulations, such particle size, zeta potential and encapsulation

efficiency.
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Table 3: Physicochemical properties of Rhodamine B. n.a.=not applicable

Chemical Molecular pKa Log Water Reference
structure weight P solubility
Rhodamine B 479 g/mol na. 1.95 very PubChem
soluble

2.6.2 Poorly water-soluble indomethacin

Non-steroidal anti-inflammatory drugs are frequently utilised in the management of
inflammation. These drugs inhibit cyclooxygenase enzymes. Cyclooxygenase-2 is an enzyme
inducible at inflammatory sites and in governs production of inflammatory mediators —
prostaglandins. On the other hand, cyclooxygenase-1 regulates physiological processes and its
inhibition during the anti-inflammatory treatment causes adverse effects such as GI problems. In
addition to the adverse effects related to non-specific targeting, poor water-solubility hampers
their delivery. These facts made non-steroidal anti-inflammatory drugs suitable candidates that
benefit from encapsulation in polymeric or lipid carriers [170]. Kumar et al. investigated
preparation of SLNs made of Capmul (glycerol stearate) and Gelucire (stearoyl-macrogol-32
glycerides). Encapsulation and controlled release of ibuprofen, ketoprofen and nabumetone from
the lipid NPs were tested [171]. Diclofenac sodium was formulated into SLNs (glycerol

monostearate, phospholipids) and the formulation was thoroughly characterised [172].

Indomethacin (IND) is one of the widely utilised nonsteroidal anti-inflammatory drugs.
It is an indoleacetic acid derivative practically insoluble in water. Its physicochemical properties
are summarised in Table 4. Castelli et al. formulated IND NLCs using high-speed stirring
homogenisation followed by ultrasonication of hot pre-emulsion from Compritol (glycerol
behenate) and Miglyol 812 (caprylic and capric triglycerides) [ 173]. Hippalgaonkar et al. prepared
SLNs also based on Compritol aimed for ocular administration. Hot pre-emulsion was
homogenised by a high speed-stirrer and subsequently subjected to high pressure homogenisation.
Obtained 140 nm SLNs showed increased corneal permeation relative to IND solution and IND

cyclodextrin-based formulation [174].
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Table 4: Physicochemical properties of IND

Drug Chemical Molecular pKa Log P Water Reference
structure weight solubility
Indomethacin ; 357.8 g/mol 4.5 427  0.937mg/L PubChem
(weak at 25 °C
. acid) (practically
y insoluble)
- /

In this study, we have chosen formulation approaches with organic solvents instead of
high energy approaches previously utilised in formulation of IND lipid NPs. GMS and SA are
commonly used in formulation of lipid NPs [170,171,175] and due to its availability they were
utilized also in this study. Lecithin is poorly soluble in water-miscible organic solvents, such as
ethanol or acetone, thus is not suitable for nanoprecipitation method. In this method we replaced
it with a surfactant that has a similar HBL value. Span 20 (sorbitan monolaureate) is a non-ionic
surfactant with HLB of 8.6 miscible with alcohols and thus it could be used to prepare lipid NPs

using nanoprecipitation. The properties of utilised excipients are summarized in Table 5.

Table 5: HLB values and solubility of NLCs excipients.

Solubility [177]

HLB [176] Water-miscible Water-immiscible
solvents solvents
Glycerol monostearate 3.8 hot ethanol, hot acetone v
Isopropyl myristate - + ethanol, acetone v
Lecithin ~8 X v
Stearic acid 50 - + ethanol v
Span 20 8.6 v v
Kolliphor P188 +/ water, ethanol
29 X isopropanol, X xylene
propylene glycol

2.6.3 Sensitive oligonucleotide for oral delivery

Gene therapy is based on introduction of protein-coding or non-coding DNA or RNA into
an organism in order to reverse pathological processes. The introduced nucleic acid is designed
to supress pathological overexpression of proteins, to correct malfunctioning proteins, or to
enhance expression of missing proteins [ 178]. Naturally occurring nucleic acids are water soluble
polyanionic molecules sensitive to degradation by abundantly present nucleases. Moreover, their
polyanionic and macromolecular nature leads to poor permeability across the cell membrane of
targeted cells [179,180].
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In order to take advantage of highly potential gene therapy, the limiting properties of
nucleic acids have to be circumvented. The most common approaches include chemical
modifications of these macromolecules or protective drug delivery systems of viral or non-viral
origin [180]. Non-viral carriers have gained more attention due to their increasing safety profile,

even though their efficiency is lower compared to their viral counterparts [178,180].

A widely utilised non-viral strategy to deliver anionic DNA is to complex them with
cationic lipids (mainly preformed liposomes) or cationic polymers, forming lipoplexes or
polyplexes, respectively [181]. Large DNA molecules collapse upon interaction with polycationic
lipids or polymers forming relatively stable complexes. In contrast, shorter oligonucleotides, e.g.
siRNA, are more prone to destabilisation upon contact with the complex environment of an
organism. Nevertheless, it is accepted that in the case of lipid complexes, the basic mechanism of
encapsulation of a nucleic acid in a lipid shell is independent of the kind and length of the nucleic

acid [182].

Besides commonly utilised approach using preformed liposomes consisting of cationic
and neutral lipids [181], hydrophobic ion pairing represents a more straightforward technique, in
which cationic lipids are added as monomers or in micellar form. The technique is based on
replacement of counterions of a nucleic acid by cationic lipid-based surfactants that form a lipid
shell around the core consisting of the nucleic acid [144]. Hydrophilicity of the complexed nucleic
acid decreases and the formed ion-paired complex results into a lipophilic reverse micelle
[183,184]. The critical physicochemical properties of oligonucleotides (OND), such as
hydrophilicity and polyanionic nature, are influenced by their phosphodiester backbone [179].
The properties conserved across any nucleotide sequence would enable application of this
delivery strategy to any desired functional OND with only minor modifications of the delivery
strategy. In this study, hydrophobic ion pairing was employed to reduce hydrophilicity of a non-
specific 20-mer fluorescently labelled OND to enable loading of this macromolecule into SEDDS.

By utilising SEEDS as a well-established oral drug delivery system, we intended to
deliver the complexed OND locally into the lamina propria of the small intestine affected by
inflammation. Pathophysiological changes characteristic for the inflammatory lesions can be
utilised to enhance targeting to this area. The changes include leaky epithelium, alteration in the
protective mucus layer and overexpression of positively charged proteins. In addition, highly
active phagocytic cells invade the inflamed intestinal tissue [26,185]. An anti-inflammatory
acting oligonucleotide, such as anti-TNFa RNA, delivered locally into pro-inflammatory

macrophages could attenuate the intestinal inflammation.

The aim of this project was to investigate the possibility of delivery of OND into the
intestinal lamina propria employing TJs opening SEDDS. The utilised excipients are described in

detail in section 2.4.4.2. The objective was to formulate a drug delivery system that could protect
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OND upon oral administration and deliver it locally across the intestinal Caco-2 cell monolayer.

The formulation scheme is shown in Figure 21.

Bligh-Dyer ? y
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hydrophilic OND cationic lipid-OND complex .':;
§ aqueous
¢ dispersion
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oil and cosurfactant Nonloaded SEDDS

preconcentrate

Figure 21: Formulation scheme of an oligonucleotide (OND) into self-emulsifying der delivery system (SEDDS) for
oral administration.
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3 AIM OF THE WORK

The aims of this work were as follows:

e Formulation of polymeric nanocarriers with sustained release

O

Optimization of nanoprecipitation and emulsification solvent
evaporation method for formulation of monodisperse stable
nanoparticles of size up to 300 nm and negative surface charge
Evaluation of the role of various kinds of surfactants, their concentration
in the preparation method and on properties of yielding nanoparticles
Performance of a release study and evaluation of impact of pH on the

release profile

e Formulation of lipid-based nanocarriers for delivery of a poorly water-soluble

drug

©)

Optimization of nanoprecipitation and emulsification solvent
evaporation method for formulation of monodisperse stable
nanoparticles of size up to 300 nm and negative surface charge
Characterization of phase behaviour of lipid nanoparticles

Assessment of solubility of indomethacin in lipid nanoparticles

e Formulation of lipid-based self-emulsifying drug delivery system for oral

administration of an oligonucleotide

O

Hydrophobization of an oligonucleotide by formation of ion-paired
complexes between an oligonucleotide and a cation lipid

Loading of the formed hydrophobic complexes into a tight- junction
opening self-nanoemulsifying drug delivery, characterisation of the
dispersed systems in terms of size, surface charge, protective effect
against nucleases and behaviour in the presence of lipases

Evaluation of the loaded systems in vitro in intestinal Caco-2 monolayer

to assess permeability and cytotoxicity of these systems
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4 POLYMERIC NANOCARRIERS WITH SUSTAINED RELEASE
TARGETING INTRACELLULAR RECEPTORS OF MACROPHAGES

The aim of this chapter was to optimise preparation methods of polymeric NPs. The
overall objective was to prepare NPs enabling intracellular delivery of a model fluorescent
substance RhB. We aimed to identify appropriate combinations of a polymer and a surfactant for
the formulation. The NPs were intended for the liver resident macrophages, Kupffer cells.
Moreover, the most promising formulations were subjected to release studies in various model

media relevant to their fate upon i.v. administration.

The tailored composition of PLGA NPs and optimised preparation methods were utilised
to formulate RhB into NPs for delivery to macrophages. Results of this study were published by
Boltnarova et al. in PLGA Based Nanospheres as a Potent Macrophage - Specific Drug Delivery
System [25]. The publication can be found as Appendix 1.
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4.1 Materials and methods

4.1.1 Materials

Tested polymers, linear PLGA 5/5 (Lactic: Glycolic acid ratio 50:50, M,,: 2 400 g/mol)
and PLGA 7/3 (Lactic: Glycolic acid ratio 70:30, M,,: 3 200 g/mol), branched PLGA, star-like
PLGA using a branching unit tripentaerythritol in concentration 1 (PLGA T1) and 3% (PLGA
T3) (equimolar ratio of lactic and glycolic acid, M, 12300 g/mol, 17400 g/mol and
10 900 g/mol, respectively), and comb-like PLGA branched on a backbone of polyacrylic acid
(M 2 000 g/mol) in concentration 2% (PLGA A2) (equimolar ratio of lactic and glycolic acid,
M., 14 400 g/mol) [94] were kindly provided by assoc. prof. Dittrich, Faculty of Pharmacy in
Hradec Kralove, Charles University. Rhodamine B, Pluronic® F127. Kolliphor® P188, Tween®
20 and PVA (M, 31 000 — 50 000 g/mol, 87 — 89% hydrolysed) were purchased from Sigma-
Aldrich (Merck Group, Darmstadt, Germany). Deionised (DI) water was purified by Elix
Essential Water Purification System (Merck, Darmstadt, Germany). All other chemicals were of

analytical grade and commercially available.
4.1.2 Preparation of polymeric NPs
4.1.2.1 Nanoprecipitation method (NPM)

30 mg of a tested polymer and 250 ug of RhB were dissolved in 1 mL of acetone. This
organic solution was added into 10 mL of 0.1% or 1% (w/v) aqueous solution of a tested

surfactant under stirring at constant speed (300 rpm).
4.1.2.2 Emulsification solvent evaporation method (ESE)

30 mg of a tested polymer and 250 pg of RhB were dissolved in 1 mL of ethyl acetate.
The organic phase was added into 5 mL of 0.1%, 0.5% or 1% (w/v) aqueous solution of surfactant
and sonicated for 1 min at the power output 70 W using the sonication probe Mikrospitze
(Bandelin sonoplus, Berlin, Germany). while being cooled in the ice bath. Subsequently, the

formed emulsion was poured into 5 mL of 0.1% (w/v) aqueous solution of surfactant.
4.1.2.3 Purification of NPs prepared using NPM and ESE

Formed NPs were allowed to harden by evaporation of the organic solvent for 2 hours
under atmospheric pressure and constant stirring (300 rpm). The DI water was added to final
volume of the 10 mL, if necessary. Subsequently, the dispersion was centrifuged with the MPW
260R, MPW Medical Instruments centrifuge (MPW, Warsaw, Poland). Upon centrifugation, the
supernatant was discarded, and pelleted NPs were resuspended in DI water. The procedure was

repeated three times.
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4.1.3 Characterisation of polymeric NPs
4.1.3.1 Particle size and zeta potential

100 pL of raw nanosuspension was added to 3900 uL of DI water. The diluted
nanosuspension was evaluated in terms of size, polydispersity index (PdI) and zeta potential with
Zetasizer Nano ZS (Malvern Panalytical, Malvern, United Kingdom). Size and Pdl were
evaluated using dynamic light scattering. The intensity of scattered light was measured at a
backscattering detection angle of 173° and the intensity size distribution was reported. Zeta
potential was measured using electrophoretic light scattering in DTS1070 folded capillary
cuvettes. Both for size and zeta potential measurement, the samples were allowed to equilibrate

at 25 °C for 120 seconds and the measurement was performed for three times.
4.1.3.2 Determination of encapsulation efficiency

Encapsulation efficiency (EE) was calculated using Equation (1). NPs collected upon
centrifugation were dissolved in acetonitrile. Absorbance at wavelength of 556 nm of the solution
was measured using Specord 205 (Analytik Jena, Jena, Germany). Applying this method, we
determined encapsulated amount of RhB. Collected mass of NPs was evaluated gravimetrically

upon evaporation of acetonitrile.

EE — encapsulated amount of RhB

X 1009 1
initial amount of RhB % (1)

4.1.4 Stability study

Stability of NPs was evaluated in particles prepared by NPM from PLGA A2 in
combination with 0.1% F127, as described in section 4.1.2. NPs were stored in the fridge (4-8°C)
in water, phosphate buffer saline (PBS), pH7.4 and in acetate buffer, pH 4.0 for 30 days. Each
workday a sample was withdrawn, and the size and PdI were measured using Zetasizer Nano ZS

(Malvern Panalytical, Malvern, United Kingdom).
4.1.5 Drug release

Drug release from PLGA NPs prepared by NPM was tested using membrane diffusion
method [186]. The tested media involved saline solution (154 mM sodium chloride), 0.01 M
acetate buffer in saline solution of pH 4.5 (4.5 mM sodium acetate, 5.5 mM acetic acid, 154 mM
sodium chloride) and 0.01 M HEPES buffer in saline solution of pH 7.4 (10 mM HEPES, 154 mM

sodium chloride).
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Upon purification of NPs, the supernatant was discarded, and the pelleted NPs were
redispersed in the sufficient amount of the tested medium. The dialysis membrane (cellulose,
MWCO 6 000-8 000) was cut into 10 cm-long pieces. A membrane piece is bent into a U-shaped
loop was filled with 1 mL of nanosuspension. The ends of the membrane were folded and glued

together with superglue.

The filled dialysis membrane was placed into a 20 mL vial. 10 mL of medium is pipetted
in carefully. Vials were placed into a shaking water bath tempered at 37°C. Samples were
withdrawn at 30 min, 1, 2, 4, 6, 12, 24, 32 and 48 hours. At every time point, the entire volume
of the medium was collected into a beaker and replaced by 10 mL of fresh medium. After the
experiment, 200 uL of the samples were pipetted into a transparent 96-well plate and fluorescence
was evaluated using the plate reader at excitation/emission 485 nm/620 nm (Synergy 2 Biotek

plate reader (BioTek, Winooski, VT, USA).
4.1.6 Statistical analysis

Statistical analysis was performed with the Graph Prism 8 (GraphPad Software, San
Diego, California, USA). Data was assessed by two-way ANOVA followed by a suitable post hoc
test. Data is presented as mean =+ standard deviation (SD). Significant difference was considered

at p<0.05.

4.2 Results and discussion

4.2.1 Preliminary experiments

The concentration of 30 mg PLGA/10 mL aqueous phase was chosen as this was the
highest amount of the polymer that did not lead to significant aggregation upon preparation of
NPs. Regarding the choice of surfactant concentration, we aimed to use as low concentrations as
possible due to their reported toxic effect in in vitro experiments. The study by Grabowski et al.
showed a toxic effect of surfactant concentrations above 1 mg/mL (0.1%) in nanoparticulate
formulations [187]. It is noteworthy that the final concentration of surfactant is expected to lower

after purification of prepared NPs.

In NPM, we initially worked with two linear polymers (PLGA 5/5 and PLGA 7/3) and
three branched polymers (PLGA T1, PLGA T3 and PLGA A2) in combination with one of two
poloxamers (poloxamer 407: Pluronic® F127 and poloxamer 188: Koliphor® P188), PVA and
Tween® 20. After initial screening experiments, both T branched polymers showed low EE
(<20%) of RhB and poor stability. This might be influenced by absence of anionic terminal
carboxyl groups and relatively higher hydrophilicity of these star-branched polymers. Finally, we
excluded the PLGA T1 and PLGA T3 from all further experiments.
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In ESE optimisation we tested high sheer homogenizer and ultrasonication probe as
energy sources to emulsify two immiscible phases, ethyl acetate and the aqueous solution of
surfactant. When working with the homogenizer, the resulting nanosuspension was heterogeneous
(PdI>0.5) and the size of formed NPs was unsatisfactory (>500 nm). The results obtained from
emulsification with the ultrasonication probe were more favourable and are presented in the
following sections. This emulsification method of choice was further optimised in terms of ratio
of organic and aqueous phase used in sonication. We tested ratios 1:10, 1:5 and 1:1
(organic: aqueous phase) while cooling the sonicated system in the ice bath. Sonication of a
system at ratio 1:10 resulted into foam formation and NPs of undesirable size (>500 nm). In the
case of ratio 1:1, the emulsion tended to disintegrate upon pouring into the remaining aqueous
phase and further sonication was required. Based on these observations, we sonicated two

immiscible phases at ratio 1:5 (organic: aqueous phase) in the experiments presented further.
4.2.2 Formulation process
4.2.2.1 Nanoprecipitation method (NPM)

In order to better understand the formulation process of PLGA NPs, we screened through
three kinds of polymers, PLGA 5/5, PLGA 7/3 and PLGA A2, and four kinds of surfactants,
namely Pluronic F127, Kolliphor P188, PVA and Tween 20 (Figure 22).

The formulated NPs were evaluated in terms of size and PdI, as shown in Figure 22AB.
No significant effect of either the kind of polymer or surfactant was observed. The size of NPs
was influenced neither by higher molar weight nor by branched molecular architecture of PLGA
A2 and particulate size was comparable to its linear polymeric counterparts. All formulations

could be considered monodisperse as PdI value was lower than 0.2 [188].

Figure 22C shows zeta potential of PLGA NPs prepared by NPM. The tested surfactants
are non-ionic, and the negative surface charge of NPs is due to acid-terminated PLGA. No
significant difference was observed among various kinds of PLGA polymers formulated with the
same surfactant. A difference was observed as NPs formulated with PVA showed significantly
higher zeta potential (p<0.05) relative to other surfactants. Deposition of PVA on the surface of
NPs prepared by NPM was previously reported as increased amount of surfactant correlated with
bigger NPs. In the study, zeta potential was not assessed [ 189]. Therefore, it could be hypothesised
that the deposition of this surfactant resulted in masking of the surface charge. We observed that
an increase in PVA concentration from 0.1 % to 1% changed the surface charge from
-17.1+1.7mV t0-9.5 £ 0.9 mV, respectively (data reported as the average of zeta potential from
all PLGA polymers tested). However, the size did not increase significantly when using higher

concentration of PVA, as it could be expected due to the potentially deposited layer of PVA.
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Finally, the effect of the utilised polymer and surfactant on EE of RhB was investigated
(Figure 22Error! Reference source not found.D). Significantly higher EE was observed in
combination of surfactant Pluronic F127 with polymers PLGA 7/3 and PLGA A2 relative to
combination of Kolliphor P188, PVA and Tween 20 with these polymers (*p<0.05). In addition,
branched PLGA A2 NPs were capable of loading the highest quantitates of RhB (#p<0.05, relative
to other polymers when formulated with 0.1% Pluronic F127). This confirmed our hypothesis,
that RhB loading is achieved mainly via ion-pairing mechanism between PLGA carboxyl groups
and RhB quaternary nitrogen. Amongst all tested materials, PLGA A2 is the one that is
characterized with the highest number of carboxyl groups per mol owing to use of polyacrylic

acid as branching entity.
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Figure 22: Characterisation of PLGA NPs prepared using NPM. NPs were characterised in terms of (A) size, (B)
polydispersity index, (C) zeta potential, and (D) encapsulation efficiency. The dotted line in (B) depicts the limit up to
which NPs are considered monodisperse. In (C), *p< 0.05 statistically significant difference in zeta potential relative
to formulations prepared with other surfactants. In (D), *p< 0.05 statistically significant difference in EE relative to
other surfactants in combination with the same polymer. #p< 0.05 statistically significant difference in EE relative to
other polymers in combination with the same surfactant. Data is presented as mean + SD, n=2-5. F127 — Pluronic F127,
P188- Kolliphor P188

4.2.2.2 Emulsification solvent evaporation method (ESE)

For the experimental setup of ESE, two polymers were evaluated, the linear PLGA 5/5
and the branched comb-like PLGA A2, in combination with three surfactants at three
concentrations (Figure 23). The main characteristics, such as size, Pdl, zeta potential and EE,

were assessed.
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Figure 23AB depicts the size dependence of size of NPs on the concentration and the
type of used surfactant, the type of utilised polymer did not play a role (except from 0.1%PVA).
In both polymers (except from PLGA A2 in combination with 0,1% solution of surfactants), the
analysis showed a significant impact of the type of surfactant, however, the concentration of a
surfactant had a more pronounced influence. Increased surfactant concentration decreases surface
tensions more efficiently so smaller NPs can be formed with increasing surfactant concertation.
This phenomena has already been described with increasing concentration of PVA, however, we
extended the range of tested surfactants [ 189—191]. Out of the three tested surfactants, poloxamer
407 (Pluronic® F127) enabled formation of the smallest particles at the given concentration
(except from PLGA A2 in combination with 0.1% solution of surfactants where no significant
size difference was shown among the different surfactants). The HLB of F127 is 22 and is higher
than the values of the other surfactants, namely 16.7 and 18 for Tween 20 and PV A, respectively
(HLB values were obtained from the manufacturers). However, HLB itself is not an ultimate
predictor of surfactant efficacy in particle size decrease. Viscosity of the organic phase was also
shown to play a role: bigger particles being formed with increasing viscosity of the organic phase

[190].

PdI values are shown in Figure 23CD. As mentioned above, the value 0.2 is considered
an indicator of sample monodispersity [188] and thus lower tendency to instabilities and more
predictable behaviour in terms of usability as drug-delivery system. The formulated NPs were
mainly of values below this threshold, even though in the case of polysorbate Tween® 20, the
polydispersity was slightly higher. The explanation could be found in polysorbates structures that
is characterized by three PEG chains on the sorbitan moiety. This could lead to less effective

accumulation on water-organic interface and lower protection against collisions of particles.

The effect of the tested compositions on zeta potential is summarized in Figure 23EF.
As previously described in NPM, all prepared formulations carried negative surface charge. In
both polymers in F127 and PVA, the formulations with the lowest concentration of surfactants
(0.1%) showed significantly lower zeta potential compared to the higher surfactant
concentrations. This could suggest that at concentrations of over 0.5% of F127 and PVA
molecules of the stabilizer form a hydrophilic corona on particles’ surface and thus shield PLGA
surface charge by covering PLGA nanoparticle surface more effectively. This trend was not
observed in Tween 20, in which all the tested concentrations reached the same zeta potential. A
possible explanation presents itself when the structure of stabilizers is compared. (Figure 24).
Tween 20 bears relatively short PEG chains in its molecule. Whereas F127 (poloxamer 407) is
characterized as a large linear molecule with two PEG chains consisting each of 101 monomers.
PVA is also a long linear molecule with extensive hydrophilic and hydrophobic domains. Both,

PVA and F127, are able to form a corona much more effectively than Tween 20. Finally, the
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overall tendency to  decrease zeta potential could be  summarised as

PVA< Pluronic F127< Tween 20.

Due to technical limitations of purification method, EE could not be analysed in the
formulation prepared by ESE. Using centrifugation, it was difficult to quantitatively collect the
small NPs and in the case of the smallest NPs, the recovery of polymeric material was less than
5%. Ultracentrifugation or centrifuge fillers could be employed for a more effective collection of

NPs (>75 nm) in further experiments.
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Figure 23: Characterization of PLGA NPs prepared by ESE. NPs were characterised respectively in PLGA 5/5 and
branched PLGA A2 in terms of (A)(B) size, ((C) (D) Pdl, (E) (F) zeta potential. In (A) and (B) significant difference
(p<0.05) between the types of surfactants and concentrations, except from PLGA A2 in combination with 0.1% of all
surfactants. In (E) and (F) *<0.05 statistically significant difference in comparison to respective 0.1% surfactant
solution. Data is presented as mean = SD, n=2-5. F127 — Pluronic F127
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Figure 24: Chemical structure of surfactants utilised in ESE. (A) Tween® 20 [192], (B) Pluronic® F127
(poloxamer 407) [193], (C) PVA.

The role of surfactants and their concentration was shown to be of higher importance in
ESE relative to NPM. Surfactants play a crucial role in prevention of coalescence as the emulsion
is formed, both in decrease of surface tension and increase of viscosity of the aqueous phase [189—
191]. From our results, NPM resulted into production of NPs of narrow size distribution, which

is in accordance of previously reported results [89].

Comparing the effect of PVA on increase of zeta potential relative to other surfactants,
the rise of this value was much more pronounced in NPM. Using this preparation method, increase
in the amount of PVA correlated with increase in zeta potential. A similar phenomenon was

observed in ESE not only for PVA, but also in Pluronic F127.

EE is known to be influenced by interactions with the polymer. In our study, we worked
with acid-terminated polymers carrying a negative surface charge. Electrostatic interactions with
the positively charged RhB were likely to be the driving force to load the substance. In further
experiments, we showed a significantly lower EE in a commercially available ester-terminated

PLGA [25].
4.2.3 Stability study

The behaviour of PLGA A2 NPs was evaluated over a period of 30 days at the fridge
temperature. in water, PBS and acetate buffer. Figure 25A shows normalized size values of NPs
in different environment. The size was considerably stable over the time of the experiment in
acetate buffer and in water. On the contrary, cyclic size changes of size reduction and increase
were observed in PBS buffer. Corresponding results were observed in normalized Pdl values
(Figure 25B). The normalized values observed in water and acetate buffer fluctuated
approximately around the value 1. In PBS buffer, repeated peak correlating to size reduction were

observed.
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The phenomenon of cyclic size fluctuations was already described in the linear
experimental polymers utilised in this study was described by Dittrich et al. as spontaneous cyclic
swelling. Spontaneous cyclic swelling is initiated by formation of new end groups upon PLGA
chain cleavage inside the system as aqueous solvent penetrates a PLGA system. Accumulation of
the end groups increases osmotic pressure that leads to swelling of the system. During the swelling
process, molecules with osmotically active end-groups diffuse out of the system. Subsequently,
the osmotic pressure decreases, and the system becomes more hydrophobic and hydrophobic
domains aggregate. The aggregation causes deswelling of the system [194]. Dittrich et al.
demonstrated a phenomenon of cyclic swelling in macroscopic systems made of >50mg polymer

and in our study we observed this phenomenon also in a nanoparticulate system.

(A)
1.24
-+ acetate buffer, pH 4
o
> 1.0 -= PBS,pH74
(=] -~ water
5
o 0.8-
N
n
N 0.6-
2]
0.4 T T T T T 1
0 5 10 15 20 25 30
time (days)
(B)

—-+— acetate buffer, pH 4
°>, = PBS,pH74
8 -e- water
c
5]

T
o
=]
o
0 I 1 1 I I 1
0 5 10 15 20 25 30

time (days)

Figure 25:Stability of PLGA A2 NPs over 30 days at the temperature 4-8°C in water, PBS buffer and acetate buffer.
(A) normalized size values, (B) normalized PdI values. Data is presented as mean £+ SD, n=3.

4.2.4 Drugrelease

Initially, release of RhB was tested in 3 media, namely isotonic saline solution, acetate
buffer in saline solution of acidic lysosomal pH 4.5 and HEPES buffer in saline solution of
physiological pH 7.4 in order to compare release profiles in pH 4.5 and 7.4 in isotonic conditions.
The presented set of experiments in HEPES buffer confirmed our previous results in PBS buffer

that is more commonly used to mimic physiological environment. Isotonic conditions of saline
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solution were maintained to mimic osmotic properties of an organism. As it was shown by Tomic

et al. that osmotic pressure impacts release from PLGA microspheres [86].

Results of this experiment are depicted in Figure 26A. The tested polymers showed no
significant difference among each other in the saline solution and HEPES buffer saline, the release
was influences by the used polymer in the acetate buffer saline (Figure 26B). The release was
governed by the medium and release of RhB from NPs was significantly faster in the HEPES
buffer saline. The initial burst was the most pronounced in the HEPES buffer at pH 7.4 and
basically the entire amount of RhB released during the initial 24 hours. Surprisingly, we did not
observe any difference in the saline solution and HEPES buffer saline among the structurally
different polymers, such as linear PLGA and branched PLGA A2 with molar weight more than
3-time higher than the linear ones. It could be partially ascribed to good water solubility of RhB
that allowed for fast RhB diffusion. The profiles in the tested media corresponded to the biphasic
release characterised by the initial burst and followed by the saturation phase. The initial burst
can be cause by formation of cracks in NPs or hydration of drug molecules on the surface. A

hydrophilic drug, such as RhB can be readily hydrated and thus the initial burst is high [85].
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Figure 26:1n vitro release profile of RhB. (A) The release profiles of RhB from three different polymers in three release
media. Release profile in HEPES buffer saline significantly differed from the saline solution and acetate saline solution
(**p<0.01) (n=3). (B) The release profiles of RhB in acetate buffer saline. Intercepts of the dotted line and the release
curves show considerably different time points at which 50% of RhB releases.
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Interestingly, release was significantly slower in the acidic acetate buffer saline and the
non-buffered saline solution, with no significant difference between these two media. In both
cases, the initial burst release was present for the first 12 hrs, again likely due to good water-
solubility of RhB. Less than 50% of RhB was released in both saline solution and acetate buffer
saline compared to 90% released in the HEPES buffer saline. Zero-order release followed the
initial 12 hours of the release curves and could be described by linear regression. Over this time

period, diffusion was the rate controlling mechanism [85].

It is noteworthy, that PLGA A2 showed a significantly slower release at all time points
relatively to PLGA 5/5 and PLGA 7/3 in the acetate buffer saline (Figure 26B). The cumulative
amount of RhB released from PLGA 5/5 and PLGA 7/3 significantly differed in all time points
except from the ones at 0.5, 1, 36 and 48 hours. The differences in the release profile considerably
changed the time at which 50% of RhB was released: 12, 29.8 and 43.3 hours for PLGA 5/5,
PLGA 7/3 and PLGA A2, respectively. Apparently, the kind of polymer can influence the release
profile of RhB at the acidic pH unlike at the neutral pH. Out of the tested experimental polymers,
PLGA A2 was shown to be the most stable in the acidic environment. Compared to its linear
counterparts tested alongside, PLGA A2 is a branched polymer with higher molar weight. More
investigation would be required to elucidate the reasoning beyond the different release profile of

PLGA A2 in the acidic buffer saline.

So finally, from the course of release curves, we can assume, that pH has higher impact

on release of RhB from the tested polymers than osmotic properties of a medium.

The rapid release from prepared NPs in the HEPES buffer could be ascribed to cyclic
swelling of the experimental polymers used in this study observed only at pH 7.4 (Figure 25). In
our release study, the release of RhB could be accelerated by the swelling process as it would
allow well-water soluble RhB diffuse out of NPs more easily. As the release profiles were
independent of the used polymer, we could assume that the swelling process influenced the release

from the branched PLGA A2 and linear PLGA 5/5 and PLGA 7/3 to the same extend.

The phenomenon of cyclic swelling of the experimental polymers is likely to limit the
application of these formulations for water soluble molecules such as RhB and lead to rapid
release from the NPs upon i.v. administration. However, in vivo experiments show that
nanoparticles are usually scavenged by macrophages quite rapidly following an i.v. application.
Majority of NPs are found in the liver and to a lesser extent in the spleen within a matter of
minutes [195]. Having reached acidic lysosomes, the NPs release is likely to be sustained over a
longer period of time. Moreover, in order to prevent the rapid burst release in physiological
environment (pH 7.4), NPs formulated from these experimental polymers could be coated with a
coating stable at the neutral pH. Nevertheless, an effect of the loaded substance needs to be taken

into consideration. A more hydrophobic active substance would become hydrated less readily as
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hydrophilic RhB. The slower hydration of the active substance could reduce the initial burst

release.

Based on the screening through the surfactants and optimised preparation methods, we
have chosen the composition and preparation methods for further experiments. The experimental
polymers (PLGA 5/5, PLGA7/3 and PLGA A2) were combined with Pluronic F127 (poloxamer
407) and formulated into RhB-loaded NPs using both NPM and ESE. The prepared NPs were
shown to be of a spherical shape using atomic force microscopy. Cellular uptake of the NPs was
evaluated in vitro in mouse bone marrow-derived macrophages, mouse hepatocyte AML-12 cells
and human hepatocyte tumour-derived HepG2 cells. Polymeric NPs of size > 100 nm prepared
by NPM very selectively taken up by only macrophages. In addition, higher uptake in
macrophages was observed upon inflammatory stimulation with lipopolysaccharide compared to
non-stimulated ones. The level of uptake into hepatocytes was negligible or non-significant
relative to RhB solution. Similarly, negligible uptake of NPs < 100 nm prepared by ESE was
observed in macrophages. The formulations were shown to be neither immunogenic nor
cytotoxic. The results indicate that these optimised formulations are suitable as macrophage-

specific carriers [25].
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5 LIPID-BASED NANOCARRIERS FOR DELIVERY OF A POORLY
WATER-SOLUBLE DRUG

In this chapter we investigated delivery of poorly water-soluble IND in lipid
nanoparticles, more precisely in NLCs. NLCs were prepared by 2 different methods,
nanoprecipitation and emulsification solvent evaporation method, and characterized in terms of
size, Pdl and zeta potential. In addition, thermal analysis to assess their crystalline state was
performed. Solubility of IND in lipid excipients was evaluated as well as the encapsulation

efficiency of the drug inside the nanocarriers.

This chapter summarizes work conducted as a part of diploma theses co-supervised by
the author. For a more detailed description of the formulation process, the reader is referred to the

diploma theses by Katefina Kucerova and Lenka Voldfichova [196,197].
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5.1 Materials and methods

5.1.1 Materials

Kolliphor® P188, Span® 20, glyceryl monostearate (GMS), isopropyl myristate (IPM)
and indomethacin (IND) were provided from Sigma-Aldrich (Merck Group, Darmstadt,
Germany). Stearic acid 50 (SA) was obtained from Dr. Kulich Pharma, Hradec Kralové, Czech
Republic and lecithin from Rohm und Haas, Germany. Deionised water was purified by Elix
Essential Water Purification System (Merck, Darmstadt, Germany). Organic solvents utilised for
HPLC were of HPLC-grade quality. All other chemicals were of analytical grade and

commercially available.

5.1.2 Preparation of lipid NPs
5.1.2.1 Nanoprecipitation method (NPM)

25 mg of a stearic acid (SA), 10 mg of a liquid lipid (IPM), 50 mg Span 20 were dissolved
in 2.5 mL ethanol. This lipophilic solution was added into 10 mL of an aqueous solution of 0.5%

(w/v) Kolliphor P188 under stirring at constant speed (300 rpm).
5.1.2.2 Emulsification solvent evaporation method (ESE)

25 mg of glyceryl monostearate (GMS), 10 mg of a liquid lipid (isopropyl myristate) and
15 mg of lecithin were dissolved in 1 mL of chloroform: methanol 1:1. This organic phase of the
emulsion was added into 5 mL of 0.1% (w/v) aqueous solution of Kolliphor and sonicated for 1
min at the power output 70 W using a sonication probe Mikrospitze (Bandelin sonoplus, Berlin,
Germany), while being cooled with ice bath. After sonication, the resulting emulsion was poured

into 5 mL of the 0.1% (w/v) aqueous solution of Kolliphor.

In both preparation methods, NPM and ESE, the required amount of IND (based on
section 5.1.3) was added into the lipophilic phase for IND NLCs. In addition, physical mixtures
consist of thoroughly mixed lipid excipients used for NLCs preparation without and with IND
were prepared and are referred to as blank mixtures and IND mixture, respectively. IND NLCs
and IND mixtures were prepared using 80% of determined IND solubility in the lipid excipients,
if not otherwise specified. Lower than saturated solubility was utilised in order to avoid undesired

IND precipitation.

The utilised amount of excipients described in this section resulted from optimisation of

the methods that is further discussed in Results and discussion.
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5.1.2.3 Purification of NPs

NPs formed by both methods were allowed to harden by evaporation of the organic
solvent for 2 hours under constant stirring (300 rpm) at the room temperature. Subsequently, the
dispersion was centrifuged with the centrifuge MPW 260R (MPW Medical Instruments, Warsaw,
Poland) using centrifugal concentrators Vivaspin 500 (MWCO 100 kDa) (Sartorius, Gottingen,
Germany) for 20 minutes at 12 000 x g [174].

5.1.3 Determination of indomethacin solubility in lipids

An excess of a tested solid lipid excipients (about 1 g) was added in excess to known
amount of IND. The mixture was heated to temperature of 10°C above the melting temperature
of the lipids. The amount of undissolved IND was observed with the naked eye, and aliquots of
lipids were added (100 mg) until the entire amount of the drug dissolved, and visible particles of
IND disappeared, in the melted lipid. In the case of liquid lipids, the solubility was tested as for

solid lipids, however, without the melting step.
5.1.4 Characterisation of NPs
5.1.4.1 Particle size and zeta potential

100 uL. of crude nanosuspension was added to 1900 pL of DI water. The diluted
nanosuspension was evaluated in terms of size, Pdl and zeta potential using the Zetasizer

(Malvern Nano ZS, Malvern, United Kingdom).
5.1.4.2 Differential scanning calorimetry (DSC)

Differences in molecular packing were investigated using differential scanning
calorimetry (DSC). The studies were performed using DSC 200 F3 Maia instrument (NETZSCH-
Gerdtebau GmbH, Selb, Germany) equipped with Proteus Software (NETZSCH-Geritebau
GmbH, Selb, Germany). The measurement was performed in bulk lipids, both blank and IND-
loaded NLCs and the respective physical mixtures. NLCs were purified using centrifugal
concentrators, as described above, and subsequently dried in a fume hood overnight. Samples
were sealed into standard aluminium crucibles, and the lids were pierced. Samples were cooled
down to -20°C and kept at this temperature for 10 min. The analysis was performed from -20°C
to 180°C at the heating rate 1 K/min. For the bulk lipids, the heating interval was shortened to

100 °C as all the thermal events were reported to be observed in this interval.
5.1.4.3 Analysis of encapsulation efficiency (EE) using HPLC assay

EE was calculated according to Equation (2), respectively. After NP purification, filtrate
was diluted 1:1 with the mobile phase and the amount of IND was determined using the HPLC
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Infinity 1260 equipped with Agilent Technologies 1200 Series degasser, iso pump, autosampler
and ultraviolet-visible detector (Agilent Technologies, Santa Clara, USA).

2)

_ total amount of IND — amount of IND found in filtrate
B initial amount of IND

X 100 %

The detection method was previously described [198]. Briefly, the reverse phase
separation was achieved on the LiChroCART 250-4 column (Lichrosphere 100 RP-18.5 pum,
Merck, Darmstadt, Germany). The mobile phase consisted from acetonitrile/water/acetic acid
90/60/5 (v/v/v) at a flow rate 1 mL/min. The temperature of the column was maintained at 40°C
and the analyte was detected with UV absorbance at 260 nm. 50 pL of sample were injected into
the column. Retention time of IND was found to be 6.5 min. The set of samples of IND used for

calibration curve is shown in Figure 27.
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Figure 27:Chromatograms of standards used for calibration curve
5.1.5 Statistical analysis

Statistical analysis was performed with the Graph Prism 8 (GraphPad Software, San
Diego, California, USA). Size and zeta potential were assessed by unpaired t-test. HPLC data
were evaluated by ANOVA followed by Dunnet post hoc test. Data is presented as

mean =+ standard deviation (SD). Significant difference was considered at p<0.05.
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5.2 Results and discussion

5.2.1 Formulation process

For both methods, there was a clear need to use both hydrophilic and lipophilic surfactant.
When the NLCs were formulated only with a hydrophilic surfactant (Kolliphor P188, Tween 20
or Pluronic F127) macroscopic lipid aggregates were present (Figure 28A). Even when the
aggregates were filtered out, the samples were highly polydisperse (Pdl >0.4) with particle size
over 500 nm. When a lipophilic surfactant (Span 20, lecithin) was added to the lipophilic phase,
aggregates disappear (Figure 28B). The formed nanosuspension did not require filtration and the
NLCs were smaller (< 500 nm). Our observations are in accordance with already published
results, as the combination of surfactants in SLNs production was found to work as an efficient

prevention from aggregation [175].

Figure 28: GMS-based NLCs of a similar composition, containing hydrophilic Kolliphor P188 as a surfactant and
differing in the presence of a lipophilic co-surfactant (A) NLCs formulated without and (B) with the addition of
lecithin by ESE.(adopted from [197])

Moreover, throughout the formulation process we could observe the importance of
optimisation of surfactant concentration. High concentration of surfactants decreases surface
tension more efficiently so that particle formation is facilitated, and smaller size of NPs is
favoured. However, surfactants are often responsible for toxicity of NPs [171]. The optimisation
of the surfactant concentrations was necessary for each formulation individually. In the case of
SA-based NPs formulated by NPM (Figure 29A), the size increased with higher amount of
utilised surfactants. As the lipid NPs showed suitable size and Pdl with lower surfactant
concentrations and in order to avoid possible toxicity, we further utilised 50 mg of Span and 0.5%
Kolliphor P188. For GMS-based NPs prepared by ESE (Figure 29B), lecithin concentration
seemed to have more profound impact on the size of NPs than concentration of Kolliphor P188.
There was no difference observed between 0.1% and 1% of Kolliphor P188 and for this reason,

the combination of 7 mg of lecithin and 0.1% of Kolliphor was chosen.
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Independently of the preparation method, the lipophilic surfactant had a more profound
impact on the size of formed NPs than hydrophilic Kolliphor P188. Interestingly, in NPM, higher
concentration of the lipophilic surfactant resulted in larger NPs. For NPs prepared using ESE,
higher concentration of lipophilic surfactant led to formation of smaller NPs. In order to elucidate
the cause of this phenomenon precisely, more investigations are required with less variables
(preparation method, uniform lipid excipients) included. However, from the collected data it is
apparent that the concentration of lipophilic surfactant is a critical factor when adjusting the

particle size.

For our tested composition of SLNs prepared by approaches based on organic solvents,
it was necessary to use combination of a hydrophilic and lipophilic surfactant to achieve
monodisperse NPs. Testing of optimal surfactant concentration remains crucial for each

combination of lipid excipients and preparation method.

(A) SA-based lipid NPs (B) GMS-based lipid NPs
300~ E3 0,5 % Kolliphor P188 300 = 0,1% Koliphor P168
o .
| =3 2% Kolliphor P188 | = 0,5% Kolliphor P188
= = 1% Kolliphor P188
— 200 i = 200+
: £
g | 8
» 1004 @ 100+
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Figure 29: Optimisation of the amount of the used surfactants in blank lipid NPs. (A) SA-based lipid NPs and (B)
GMS-based lipid NPs. (A) The composition of lipid NP: 25 mg SA and combination of surfactants. NPs prepared by
NPM. PdI varied between 0.24-0.25. (B) The composition of lipid NPs: 25 mg of GMS and combination of surfactants.
NPs prepared by ESE. PdI varied between 0.23-0.27.

5.2.2 Particle size and zeta potential

Size, PdI and zeta potential of optimised NCL are summarised in Table 6. Neither SA-
based NLCs prepared using NPM nor GMS-based NLCs prepared using ESE showed any
significant difference in size or zeta potential between blank and loaded NLCs. Lipid-based
carriers were considered homogeneous when the PdI is below 0.3 [188]. Both PdI and zeta
potential of an absolute value above 30 mV are indicators of stable NPs. The preliminary stability
tests over 14 days suggest better stability of GMS-based particles, that is in accordance with their

lower PdI and higher absolute value of zeta potential.
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Table 6: Properties of prepared NLC (mean + SD, n=3).

Size (nm) PdI Z“a(f;’\t,‘;““al
SA-based NLCs Blank NLCs 179.1 +£21.1 0.24 -33.243.5
(NPM) IND NLCs 175.8+ 7.6 0.23 37.6+ 4.4
GMS-based NLCs Blank NLCs 136.6 +4.8 0.19 -499+6.7
(ESE) IND NLCs 141.6 £5.2 0.19 -46.1 £ 6.0

5.2.3 Determination of solubility of indomethacin in lipids

Solubility of IND in lipid excipients of NLCs was evaluated (Table 7). As expected,
lipophilic IND showed better solubility in lipids used for NLCs fabrication. Lipid excipients for
NPM, SA and IPM, showed 5-fold solubility enhancement relative to water. In the case of
composition used in ESE, GMS, IPM and lecithin, even higher solubility enhancement was
observed, more than 10-fold relative to water. In the following experiments we worked with IND
loadings that equalled 80% solubility of IND in order to prevent undesired IND precipitation.
Moreover, we evaluated EE of also in the case of NLCs supersaturated with IND (200% solubility
of IND). The values are depicted in Table 7.

Table 7: Solubility of IND

Solvent Solubility of IND 80% solubility of 200%solubility of
(ng/mg) IND (ng) IND (ug)
water 0.94 - -
25 mg SA + 10 mg [PM 4.75 133 333

25 mg GMS + 10 mg

IPM+ 15 mg lecithin 10.35 414 1035

5.2.4 Differential scanning calorimetry

The data from thermoanalysis by DSC are summarized in Figure 30, Table 8 and Table

In both formulations, melting temperature decreased in a following order: bulk lipid >
mixture> NLCs blank> NLCs loaded with IND. Differences in crystallisation and melting
behaviour characterised by melting point depression are associated with the addition of the liquid
lipid, which reduces the crystallinity. Decreasing melting temperature indicates increasing lattice
defects. The less structured matrix of NLCs contributes to increased drug load and decreases drug
repulsion over time [106]. The changes in peak position were apparent also between thermograms
of NLCs relative to the respective lipid mixtures confirming different excipients ordering after

NLCs formulation.
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Generally, the endotherm of NPs is broadened and shifted to lower temperatures in
comparison to respective bulk lipids. This phenomenon caused by polydispersity of NPs and
molecules of emulsifier present in the NPs. This is called, particle size effect, as NPs tend to melt

individually, causing peak fronting and broadening [199].

A more pronounced peak can be observed in IND mixtures relative to blank mixtures.
The presence of IND could enhance formation of lipid phase aggregates, presence of which
suggests the melting peak in IND mixture. A similar peak formation caused by a presence a drug
was also observed by Catelli et al. [173]. This phenomenon cannot be seen in NLCs suggesting

negligible effect of IND on the structure of NLCs.

IND peak was not observed either in thermogram of mix IND or NLCs IND. The peak
disappearance could be considered a proof of successful IND incorporation into lipid matrix.
Some authors suggest existence of the active substance in amorphous form [200] and/or
molecularly dispersed [201,202]. As a thermoanalytical technique, DSC is not designed to detect
minor amounts of crystal substances. The samples should be assessed with X-ray powder

diffraction in order to fully describe the form on IND in NLCs [199].

In this study, the thermogram of SA showed 2 melting peaks (Figure 30A, Table 9). The
larger one with the peak at 56.7 °C is in accordance with the freezing point of SA 50, as described
in European Pharmacopoeia[203]. Moreover, only a single peak of SA at 59.7 °C (onset 55.5 °C)
was observed when the thermoanalysis was performed at higher heating rate of 10 K/min (data
not shown). Hu et al. observed a progressive decrease of melting point of stearic acid with the
increasing addition of palmitic acid. 45% of palmitic acid shifted the melting peak from 67.8 °C

(0% palmitic acid) to 59.8 °C, which agrees with our measurements [204].
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Figure 30: Differential scanning calorimetric heating curves. (A) NLCs formulated by NPM from SA as the solid lipid
(B) NLCs formulated by ESE from GMS as the solid lipid.

Table 8: Characterisation of peaks observed in the set of heating curves depicted in Figure 30A.

SA-based NLCs (NPM) Peak (°C) Onset (°C) Area (J/g)
IND 160.3 159.4 102.5
SA 42.6 40.9 14.6
56.7 55.5 200.1
mix blank 429 414 1.40
53.9 53.9 3.64
mix IND 43.6 42.2 5.58
54.6 51.7 26.9
NLCs blank 42.8 39.8 67.68
NLCs IND 393 37.5 59.73
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Table 9:Characterisation of peaks observed in the set of heating curves depicted in Figure 30B.

GMS-based NLCs (ESE) Peak (°C) Onset (°C) Area (J/g)
IND 160.3 159.4 102.5
GMS 72.3 69.8 192.7
mix blank 66.9 59.4 69.4
mix IND 67.8 64.8 85.45
NLCs blank 48.8 46.8 17.44
63.0 60.2 63.28
NLCs IND 473 45.1 18.8
62.3 56.9 63.94

5.2.5 Evaluation of EE using HPLC assay

Upon purification of prepared NLCs using centrifugation concentrators, filtrate was
withdrawn to evaluate the non-encapsulated amount of IND. We tested both 80% and 200% IND
solubility in lipid matrices. As can be seen in Figure 31, the chromatograms lacked the peak at
6.5 min. Moreover, AUCs of the peak at 6.13 min did not differ significantly, indicating no
interference or peak merging with the peak of IND. Nonetheless, a limitation of this analysis is
that the spike of IND into filtrate of blank NLCs was not performed to exclude the interference

completely.

These results indicate that the amount of non-encapsulated IND was below the detection
limit of the system and thus close to 100% of IND was encapsulated into NLCs. It is possible that
unstructured lipid matrix consisting of both solid and liquid lipid allows for loading of higher
amount of IND. On the contrary, that precipitation of IND in the supersaturated NLCs (200% IND

solubility) might occur, however, further investigation would be needed to elucidate this process.
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Figure 31: Chromatograms. Duplicate samples prepared from filtrate taken after NLCs purification, blank NLCs,
loaded NLCs with 80% and 200% IND solubility of (A) SA-based NLCs and (B) GMS-based NLCs.
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6 LIPID-BASED SELF-EMULSIFYING DRUG DELIVERY SYSTEM FOR
ORAL ADMINISTRATION OF AN OLIGONUCLEOTIDE

Firstly, OND was ion-paired with a cationic lipid, either dimethyldioctadecylammonium
bromide (DDAB) or 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), and the resulting
complexes were thoroughly characterised. Secondly, due to reduction in hydrophilicity, the
complexes could be dissolved easily in SEDDS preconcentrates. We worked with both negatively
charged and neutral SEDDS based on permeation enhancing MCFA. Dispersed SEDDS loaded
with the OND complexes were analysed in terms of size, zeta potential, lipolysis, their protective
ability upon contact with nucleases, and imaged with cryogenic transmission electron microscopy

(cryo-TEM). Finally, the Caco-2 permeation study was performed.

This chapter summarizes results of a study conducted in cooperation with a research
group Physiological Pharmaceutics supervised by Prof. Anette Miillertz at University of

Copenhagen, Denmark.

The study was published by Kubackova et al. as Oligonucleotide Delivery across the
Caco-2 Monolayer: The Design and Evaluation of Self-Emulsifying Drug Delivery Systems
(SEDDS) [205]. The article can be found as Appendix II1.
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6.1 Materials and methods

Methods provided in this chapter are described only shortly. For more details of this

section, the reader is referred to Appendix II1.
6.1.1 Preparation of hydrophobic ion-pairs

Hydrophobic ion-paired complexes between a cationic lipid, DDAB or DOTAP, and
OND were prepared using Bligh-Dyer extraction method, as previously described [206]. The
required amount of cationic lipid and OND was dissolved in chloroform: methanol: water 1:2.2:1
forming Bligh-Dyer monophase. The monophase was partitioned in a two-phase system by the
addition of an aliquot of both chloroform and water, followed by vortexing and centrifugation.
The bottom chloroform phase containing the ion-paired complex was collected and the solvent
was evaporated. The amount of complexed OND was evaluated indirectly from the aqueous phase

measuring fluorescence of non-io n-paired OND.

Physical mixtures of cationic lipids and OND were prepared by mixing a bulk lipid with
a bulk OND at the charge ratio 3:1.

6.1.2 Characterization of ion-paired complexes

Morphological features and size of OND and its complexes with cationic lipids were

evaluated using atomic force microscopy (AFM). Samples were deposited on mica substrate.

Differential scanning calorimetry (DSC) was performed with bulk cationic lipids,
cationic lipid-OND complexes and physical mixture of OND and a cationic lipid. The samples
were subjected to the analysis at a heating rate of 10 K/min from -50 to 150°C.

Attenuated total reflectance-Fourier Transform Infrared spectroscopy (ATR-FTIR) was
recorded from solid samples applied over ATR crystal. Samples included OND, bulk lipids,

OND-cationic lipid complexes in three charge ratios and physical mixtures.
6.1.3 Loading of the ion-paired complexes into SEDDS

SEDDS were prepared by stirring of all excipients (Table 10) with a magnetic bar
overnight at 37°C. The composition was previously described by Ramakrishnan
Venkatasubramanian et al. (data not published, manuscript in preparation). The SEDDS were

loaded by dissolving the payload under stirring at 37 °C overnight, as summarized in Table 11.
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Table 10: Composition of utilised SEDDS (self-emulsifying drug delivery system)

Captex  Labrasol Lipoid S Citrem Maisine Peceol
SEDDS 300 LPC 80 CC
(Yow/w) (Yow/w) (Yow/w) (Yow/w) (Yow/w) (Yow/w)

Citrem
(negatively 20 40 20 20 - -
charged)
standard 20 40 20 . 10 10
(neutral)
Table 11: Loading SEDDS
Name of formulation Payload Loaded amount
DDAB-OND in SEDDS Complex of DDAB and OND 100 nmol of OND/g
at the charge ratio 3:1 SEDDS
DOTAP-OND in SEDDS Complex of DOTAP and OND 100 nmol of OND/g
at the charge ratio 3:1 SEDDS
DDAB in SEDDS DDAB 3.8 mg/g SEDDS
DOTAP in SEDDS DOTAP 4.2 mg/g SEDDS
SEDDS + Orlistat Orlistat (lipase inhibitor) 0.25%(w/w)

Size and zeta potential were evaluated upon dilution 1:100 (w/w) in DI water and MES-

HBSS buffer using dynamic light scattering and laser Doppler electrophoresis, respectively.

Dispersed SEDDS were imaged using cryogenic transmission electron microscopy (cryo-
TEM) in fasted-state simulated intestinal fluid at dilution 1:100 (w/w). Non-loaded and complex-
loaded SEDDS, both Citrem and Standard SEDDS, were imaged.

The protective ability of both SEDDS against nuclease degradation was assessed.
Experiments were performed with a nuclease specific for single strand nucleotides, S1 nuclease.
The S1 nuclease assay was performed according to the manufacturer’s instructions for 30 min
and subsequently intact OND was precipitated using ethanol precipitation and centrifuged. The
pelleted intact OND was dissolved in the mobile phase and analyzed with a previously described

HPLC method [207].

Lipolysis of the SEDDS was conducted in fasted-state simulated fluid under dynamic
conditions over 60 min [134,208]. In addition to the non-loaded Citrem and Standard SEDDS,
these formulations were subjected to lipolysis when loaded with 0.25% (w/w) orlistat, a lipase

inhibitor.
6.1.4 Caco-2 cell monolayer permeability and cytotoxicity study

The permeability study was performed using Caco-2 cell monolayer grown on permeable
filters for 120 min with following samples: OND solution, DDAB-OND in the SEDDS, DOTAP-
OND in the SEDDS, DDAB in the SEDDS dispersed in OND solution, DOTAP in the SEDDS
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in dispersed OND solution, and non-loaded blank SEDDS dispersed in OND solution for both the
Citrem and Standard SEDDS.

Before the initiation of the experiment and after its termination, trans-epithelial electrical
resistance (TEER) was measured with Endohm chamber. In the course of the experiment, TEER
value was monitored ever 30 min with chopstick electrodes. The experiment was initiated by
application of the samples into the basolateral compartment. At 15, 30, 45, 60, 90 and 120 min
samples from the basolateral compartment were withdrawn and replaced with the same amount
of preheated fresh medium. The amount of permeated OND was evaluated with fluorescence

spectroscopy.

Cytotoxicity was assessed subsequent to the permeability experiment using lactate
dehydrogenase (LDH) assay to evaluate level of membrane perturbation [209]. The cytotoxicity

study was conducted according to manufacturer’s instructions.

6.2 Results and Discussion

6.2.1 Preparation of hydrophobic ion-pairs

In order to reduce hydrophilicity of OND, we used hydrophobic ion pairing between the
negatively charged OND backbone and a cationic lipid, either DDAB or DOTAP. Utilising Bligh-
Dyer extraction method, complexation efficiency over 95% for both cationic lipids was reached
at molar ration cationic lipid: OND 60:1, which equals charge ratio 3:1 (Table 12). Higher CE
achieved with DOTAP compared to DDAB at all ratios is likely to be attributed to higher
flexibility of unsaturated C18 chains of DOTAP [210].

Table 12: Complexation efficiency (%) of OND with a cationic lipid (DDAB or DOTAP) using the Bligh-Dyer
extraction.

molar ratio charge ratio complexation efficiency (%)
cationic lipid: N*: POy
OND : DDAB DOTAP
20:1 1:1 58.3+0.7 84.6+1.4
40:1 2:1 84.0+2.8 100.1 £0.1
60:1 3:1 96.5+2.0 100.4£0.1

Results are presented as mean + SD (n=3).

6.2.2 Characterization of ion-paired complexes

Size of complexes was evaluated using AFM. Solid state of formed complexes and

prepared physical mixture was characterized with DSC and ATR-FTIR.

The size to DDAB-OND and DOTAP-OND complexes was estimated by atomic force
microscopy to be 31.6 — 63.4 nm and 75.4 — 128.2 nm, respectively (Figure 32BC). In addition,
the size of OND was measured to be around 1 nm in height (Figure 32A). The shape of images
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structures reminded of a disc of lipids flatten around the core consisting of OND. This shape

indicated formation of inverted micelles, as reported previously [183].
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Figure 32: Atomic force microscopy (AFM) images. (A) OND, the height profile corresponds to three coloured
sections in the graph below the image; (B) DDAB-OND complex; (C) DOTAP-OND complex

Formation of ion-paired complexes was further confirmed with DSC and ATR-FTIR

spectroscopy, and major differences between complexes and the physical mixture were observed

using both methods. As show in Figure 33, DSC analysis showed that the position and shape of

the endothermal events differed in the bulk lipids, physical mixtures and complexes.
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Figure 33: Differential scanning calorimetry thermograms of the bulk lipids, physical mixtures and complexes of (A)
DDAB and (B) DOTAP
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ATR-FTIR revealed complex-specific bands that could not be observed in respective
physical mixtures. The complex-specific bands (as summarized in Table 13 and marked in Figure
34 in bold) could be found mainly in the phosphate-deoxyribose region indicating direct
involvement of this part of the OND molecule in complex formation process. This is in agreement

with suggested shape of inverted micelles as mentioned above.

Table 13: A list of complex-specific bands assigned to specific functional groups of OND.

Complex-specific Marker bands Assignment Reference
bands characteristic for
(cm™)
Phosphate-deoxyribose  Organic phosphate P=0, [211-214]
1257 backbone vibrational asymmetric
band
1095 DDAB-OND Phosphate-deoxyribose ~ Organic phosphate P=0, [211,213,214]
1088-1080 DOTAP- backbone vibrational symmetric
OND band
1018 Phosphate-deoxyribose P-O-C aliphatic [212]
backbone phosphate
Deoxyribose N-type (C3'-endo) [213]
802 . .
conformation puckering mode

1057

(A)]

1211

D
£ o
['s]

1474
1412
1373

Absorbance
Absorbance

— 1 — 1

L T T T 1
1800 1600 1400 1200 1000 800 600 1800 1600 1400 1200 1000 800 600
wavenumber (cm™) wavenumber (cm™)

Figure 34:ATR-FTIR absorbance spectra of OND, physical mixture, complexes at tested charge ratios and a cationic
lipid for (A) DDAB (B) DOTAP. The depicted region 1800-600 cm-1 is of interest when analysing OND spectra [213].
Complex-specific peaks are in bold.
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6.2.3 Loading of the ion-paired complexes into SEDDS

SEDDS are lipid-based drug delivery system well-established in systemic oral delivery
of poorly-water soluble drugs. In this study we intended to employ this delivery system for local

delivery into lamina propria of the intestine for treatment of intestinal inflammation.

We worked with two SEDDS of a similar composition developed by Ramakrishnan
Venkatasubramanian et al. (data not published, manuscript in preparation). Both SEDDS were
based on medium chain fatty acids that are known as permeation enhancers. The SEDDS formed
nanostructures of about 200 nm upon dispersion, differing in surface charge- being negatively

charged (Citrem SEDDS) and neutral (Standard SEDDS).

The size of and PdI were evaluated both in DI water and in MES-HBSS buffer of pH 6.5,
which mimics the pH of the small intestine (Table 14). No significant difference in size of Citrem
SEDDS was observed, independent of loading and the medium. In Standard SEDDS, DDAB-
OND in MES-HBSS and DOTAP-OND in DI water were larger than their respective non-loaded
controls. Pdl varied between 0.125 and 0.360. Lipid-based carriers are considered as
homogeneous when the PdI is below 0.3 [188]. Even though PdI, an indicator of long-term
stability, is not of major concern as SNEDDS disperse upon administration, PdI of the tested

formulations was found close to this value.

Table 14: Size and PdI of tested SEDDS in DI water and MES-HBSS medium.

Size (nm) PdI

SEDDS payload DI water MES-HBSS DI water MES-HBSS
Citrem non-loaded 201 +£11 207 £ 16 0.36 0.27
(negatively DDAB-OND 209 + 14 237+ 11 0.30 0.23
charged) DOTAP-OND 195£19 21345 0.30 0.22
Standard non-loaded 223+ 10 213 + 41* 0.17 0.22
(neutral) DDAB-OND 256 +£22 267 £ 10 0.28 0.12
DOTAP-OND 240 £ 9* 183 £27 0.23 0.25

*p<0.05 statistical difference relative to non-loaded Standard SEDDS in DI water, ***p<0.001 statistical
difference relative to non-loaded Standard SEDDS in MES-HBSS buffer. Results are presented as
mean = SD (n=3).

SEDDS composition influenced zeta potential of the formulations measured in DI water
(Table 15). Zeta potential of SEDDS loaded with ion-paired OND complexes significantly
increased compared to the respective non-loaded SEDDS. This is likely due to the excess of the
cationic lipid used for the complexation with OND. In contrast, this increase was not observed in
MES-HBSS buffer of pH 6.5 as the ions present in the buffer seem to mitigate the differences in
surface charge upon SEDDS loading.
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Table 15: Zeta potential of tested SEDDS.

Zeta potential (mV)
SEDDS payload DI water MES-HBSS

Citrem non-loaded -355+ O.S## -10.9+0.7
(negatively charged) DDAB-OND -24.1+0.8 99+0.7
DOTAP-OND -26.5 4+ 1.2%# 94+0.5

non-loaded -5.2+2.1 -1.2+0.5

Standard (neutral) DDAB-OND 13.0 + 1.3%# 0.2+0.5

DOTAP-OND 14.0 + 0.9"# 0.3+0.3

###p<0.001 statistical difference relative to respective non-loaded SEDDS. Results are

presented as mean = SD (n=3).

Under cryoTEM (Figure 35) we observed formation of oil droplets as well as vesicular
structures, mainly in the size range 100 -300 nm. Moreover, complex multilamellar spherical and
elongated structures over 300 nm were also present. The dispersed nanostructures of Citrem and
Standard SEDDS were similar, no difference was apparent between non-loaded and loaded
formulation. Previous studies that observed SEDDS under cryo-TEM, showed prevalence of oil
droplets [158,215]. Citrem and Standard SEDDS contain higher fraction of lipophilic surfactants

that might cause formation of larger number of vesicular structures.

Figure 35: Cryo-TEM images of SEDDS, dilution 1:100 (v/v) in FaSSIF. (A) non-loaded Citrem SEDDS (B) DDAB-
OND loaded Citrem SEDDS (C) DOTAP-OND loaded Citrem SEDDS (D) non-loaded Standard SEDDS (E) DDAB-
OND loaded Standard SEDDS (F) DOTAP-OND loaded Citrem SEDDS. Full arrows indicate uni-and multilamellar
vesicles, dashed arrows indicate more complex vesicular structures and open arrows indicate oil droplets.

In the study with the enzyme specifically cleaving single strand oligonucleotides, S1
nuclease, we showed that SEDDS enabled protection of OND against nuclease degradation after
loading of the OND complexes into SEDDS. Subjecting OND solution to S1 nuclease for 30 min
resulted into degradation of the entire amount of OND. The SEDDS had no impact on the activity
of the enzyme. The neutral Standard SEDDS fulfilled their protective role better, protecting more
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than 3-times more OND, as depicted in Table 16. This fact could be ascribed to negative surface

charge as it might lead to destabilization of ion pairing between the OND and cationic lipids.

Table 16:The amount of OND (%) protected from degradation in the presence of specific nuclease for 30 min

SEDDS Intact OND (%)
DDAB-OND in SEDDS  DOTAP-OND in SEDDS
Citrem (negatively charged) 16.0£1.5 157+£1.0
Standard (neutral) 59.9 &+ 3.4 *F** 57.1 & 3.0%**

*** p<0.001 statistically significant difference between Citrem and Standard SEDDS. Data are presented as
mean + SD (n=3).

In addition, in order to prolong protection of OND over passage through the GI tract,
orlistat, a lipase inhibitor, was added to the formulations. As little as 0.25 % orlistat in SEDDS
was sufficient to inhibit lipolysis of both dispersed SEDDS to about 10% (Figure 36). Previously
published data excluded interference of orlistat with permeation enhancement effect of MCFA -

based excipients [153,216].

S 500+ ;
E -o- Citrem SNEDDS
é’ 400 -o- Standard SNEDDS
‘5
T 3004 -0~ Citrem SNEDDS + Orlistat 0.25%(w/w)
fg 200~ o Standard SNEDDS + Orlistat 0.25%(w/w)
(1]
£
o 100 sk
2
] T
= I 7T 7 71
= 0 20 40 60
time (min)

Figure 36: Dynamic in vitro lipolysis of SEDDS without and with the addition of orlistat for 60 min. Data are presented
as mean + SD, (n=3). *** p<0.001- significant effect of orlistat on SEDDS lipolysis

6.2.4 Caco-2 cell monolayer permeability and cytotoxicity study

Finally, DDAB-OND and DOTAP-OND loaded in both neutral and negatively charged
SEDDS were tested in vitro in Caco-2 cell intestinal monolayer. Caco-2 cells grown on filters as
a monolayer are a common static model and are considered the golden standard in in vitro
prediction of intestinal permeability [217,218]. Under standard culture conditions they polarize
into apical and basolateral side with TJs and brush border with microvilli on the apical side [219].
TJs are protein complexes between enterocytes in the small intestine that regulate the paracellular
route of permeation into the basolateral compartment [220]. The integrity of TJs can be reliably
measured by TEER as a function of electrical resistance across the monolayer. This parameter
depends on the temperature and measurement technique, so the results can be compared only if it

is monitored under the same experimental conditions [221].

OND as hydrophilic macromolecules use predominantly paracellular transport, therefore

its permeability under physiological conditions is very limited [222]. Permeation enhancers based
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on MCFA were found to open TJs in a reversible manner by interaction with cytoskeleton
[146,152]. Even though at higher concentrations their action might be supported by transcellular
permeation as a result of cell membrane alteration [209]. Permeation is limited by molecular
weight of the macromolecule, not allowing 70 kDa dextran to pass across, neither much larger

bacteria [153].

Firstly, TEER was evaluated as an indicator of permeation enhancement. TEER inversely
correlates with permeation enhancing effect, so the lower TEER value, the higher permeation can
be expected. In our study, TEER was evaluated at the beginning and at the end of the experiment
by the more precise Endohm chamber. We observed that the more pronounced drop in TEER was
caused by neutral Standard SEDDS. Namely TEER decreased to about 70% and 35 % of the
initial TEER values of Citrem and Standard SEDDS, respectively (Figure 37A). In addition, we
monitored TEER throughout the experiment by chopstick electrodes and related the changes to
the first time point measured at 30 min. The neutral Standard SEDDS reached a plateau after
60 min unlike the negative Citrem SEDDS, in which the final TEER was reached already at 30
min (Figure 37CD). This phenomenon had translated into the permeated amount of OND.
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Figure 37: (A) % of initial TEER measured by Endohm chamber after 120 min of incubation at 25°C in both Citrem
and Standard SEDDS. ** denotes a significant difference of TEER decline (p <0.01) between Citrem and Standard
SEDDS. All SEDDS-incubated cells showed significantly lower TEER relative to respective CTRL (buffer) and OND
solution. (B) % viability by LDH assay after 120 min of incubation with Citrem and Standard SEDDS. * and ** denotes
a significant difference in viability between different SEDDS (*p <0.05 and **p<0.01). In (C) and (D), relative TEER
values measured by chopstick electrodes at 37°C for Citrem SEDDS (C) and Standard SEDDS (D). In (D), *#represents
a significant difference of relative TEER values of SEDDS-treated cells relative to CTRL and OND solution (p <0.001).
Results are presented as mean + SD (n=5-6).

The slope of the flux curves of the neutral Standard SEDDS became steeper after
60 minutes. In contrast, in the negatively charged Citrem SEDDS, the profile of the flux curves
was more stable over the entire time of the experiment (Figure 38AB). In the presence of any
SEDDS, permeation of OND was significantly enhanced (Figure 38CD). Moreover, in neutral
SEDDS, permeation of OND in solution in the presence of non-loaded SEDDS showed better
permeation in comparison to OND complexes in this SEDDS. Due to complexation with a
cationic lipid, OND is associated within the dispersed SEDDS and not readily available for
permeation. However, co-delivery of permeation enhancers and permeating OND is crucial and

cannot be ensured under dynamic in vivo conditions without the formulation process [209].
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intervals in Standard SEDDS is denoted as * (p<0.05). Results are presented as mean + SD (n=5-6).

Viability of Caco-2 was evaluated after the 2-hour long permeability study using LDH
assay (Figure 37B). All lipid excipients used for formulation of the SEDDS are GRAS and/or
approved by European and US Pharmacopeia [149,155,159]. Lower viability in presence of the
neutral Standard SEDDS might be explained by more frequent interactions with the SEDDS
resulting in membrane disturbance. As cell surface is negatively charged, negative surface charge
of a formulation seems to act as a protective factor resulting in negligible impact of the negatively
charged SEDDS on Caco-2 cells. Changes in viability caused by MCFA-based excipients were

described to be reversible and less pronounced in in vivo models with higher repair capacity [153].

74



7 CONCLUSION

The application of nanotechnology to drug delivery is a promising approach to make drug
therapy more effective and targeted. From a wide range of nanomaterials, this work utilised
biodegradable and biocompatible polymeric and lipid carriers to address three challenges:

sustained release, poor water solubility and oligonucleotide delivery.
e Formulation of polymeric nanocarriers with sustained release

Two different preparation methods, NPM and ESE, were employed and optimized for
preparation of monodisperse NPs of size up to 300 nm and negative surface charge in order to
achieve sustained intracellular delivery of a model fluorescent trace RhB. Polymeric NPs were
prepared from experimental polymers, linear PLGA 5/5 and PLGA 7/3, and branched PLGA A2.
The polymers were combined with low concentrations of surfactants (0.1-1%), namely Pluronic

F127, Kolliphor P188, Tween 20 and PVA.

NPM vyielded NPs of narrow size distribution of around 200 nm independently of the
polymer and kind and concentration of surfactant used. The prepared NPs had negative surface
charge and zeta potential was sufficiently low to assume colloidal stability. Out of the tested
surfactants, only PVA increased zeta potential with its increasing concentration. The amount of
loaded Rhodamine B was about 20% and was independent of both the utilised polymer and
surfactant. In ESE, the amount and type of surfactant played a crucial role in size control.
Increasing concentration of a surfactant resulted in size decrease of formed NPs, increasing
surfactants from 0.1 to 1% resulted into size decrease from 200 to less than 100 nm. In Pluronic
F127 and PV A, the concentration of surfactant also influenced zeta potential in the same manner

as PVA in NPM, the higher concentration of surfactant, the higher zeta potential.

Finally, NPs formulated from the three experimental polymers and 0.1% solution of
Pluronic F127 using NPM were loaded with RhB and subsequently subjected to release study. In
48 hours, the entire amount of RhB was released in the isosmotic HEPES buffer saline at pH 7.4,
mainly as the initial burst. In the isosmotic saline solution and acetate buffer saline, pH 4.0, up to
50% of RhB were released during the same time period. The rapid release in the HEPES buffer
saline is likely to be ascribed to spontaneous cyclic swelling that was observed only at neutral pH.
Swelling could enhance diffusion of RhB as a water-soluble compound resulting in its faster
release at pH 7.4 than at acidic conditions of the acetate buffer saline, pH 4.0. There was no
difference in release profiles between polymers in the saline solution and HEPES buffer saline.
In the acetate buffer saline, the release of RhB from PLGA A2 was significantly slower relative

to PLGA 5/5 and PLGA 7/3.
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e Formulation of lipid-based nanocarriers for delivery of a poorly water-soluble

drug

This study addressed an important limitation of poor water solubility of a commonly
administrated anti-inflammatory drug, IND. We utilised approaches based on organic solvents
with no need of any specific instrumentation. NLCs were formulated from SA and GMS as solid
lipids employing NPM and ESE, respectively. Using these non-complicated procedures, we
prepared SA-based NLCs (NPM) of about 175 nm as well as GMS-based NLCs (ESE) of about
140 nm. Both formulations are considered homogeneous (PdI~0.2) and of sufficient negative zeta
potential of about -35 mV and -45 mV, for SA-based NLCs and GMS-based NLCs, respectively.
In both preparation methods, a combination of a hydrophilic and hydrophobic surfactant was
necessary to form acceptable NLCs. The concentration of the hydrophobic surfactant had a more
pronounced effect on the particle size and the concentration of both surfactants had to be

optimised.

DSC showed irregularities in crystalline lattice of solid lipids likely caused by the
presence of the liquid lipid IPM. These irregularities created unstructured lipid matrix, which is

known to positively impact drug load capacity.

The composition of prepared SA- and GMS-based NLCs showed potential to enhance
solubility of IND 5 and 10-fold relative to water, respectively. This enhancement was
subsequently confirmed by evaluation of EE as the amount equal not only to 80% solubility of
IND in lipid excipients, but also to 200% solubility of IND were successfully loaded into both
NLCs. In order to better understand processes beyond IND encapsulation into NLCs, further
research should focus on detailed evaluation of EE in a wider range of IND concentrations as well

as evaluation of these formulations using X-ray powder diffraction.

e Formulation of lipid-based self-emulsifying drug delivery system for oral

administration of an oligonucleotide

In order to deliver OND locally across the intestinal monolayer into lamina propria, we
studied a well-established drug delivery system for oral delivery, SEDDS. To enable loading of a
hydrophilic OND into hydrophobic lipid-based drug delivery system, ion-paired complexes of
OND and DDAB/DOTAP were prepared by Blight-Dyer extraction method. The complexes were
formed at the charge ratio 3:1 (N*: POy’ as >95% of OND was complexed at this charge ratio.
Subsequently, the ion-paired complexes formed inverted micelles and were characterized in terms

of size: DDAB-OND being 31.6-63.4 nm in diameter and DOTAP-OND of about the double size.

Hydrophobized OND complexes were loaded into two permeation enhancing SEDDS,
both of them forming oil nanodroplets and vesicular structures. The SEDDS varied in their surface

charge- neutral and negatively charged SEDDS, however, both of size around 200 nm.
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The protective effect against nucleases was 3.5-times higher in the neutral SEDDS than in the
negatively charged one, namely 58% and 16%, respectively. In order to prolong the protective
effect of the formulations, orlistat was added in order to inhibit lipolysis of this lipid-based carrier

in the GI tract. Only 0.25% of orlistat was necessary to inhibit lipolysis to 10% of its initial level.

Permeability of OND formulated into the SEDDS was tested in Caco-2 cell monolayer.
Out of the two evaluated formulations, the neutral SEDDS enhanced OND permeability more. In
terms of viability, negatively charged SEDDS seemed to stress cells less. In addition, positively
charged proteins are known to be overexpressed in the inflamed tissue. Therefore, negative charge
could be suitable for passive targeting into inflamed areas of the GI tract. Finally, no difference
between cationic lipids used for hydrophobic ion pairing was observed, neither in permeability

enhancement nor OND protection against nucleases.
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