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Abstract

Previously non-viral delivery of therapeutic nucleic acids (NAs) has been
achieved for the treatment of liver disease and in the case of the COVID-19 vaccine.
The delivery vector in both applications was a lipid-base nanoparticle (LNP). To
expand the therapeutic application of NAs to treat more complex chronic diseases,
such as cancer, delivery systems with wider biodistribution capable of going beyond
the vaccine and the liver are required. This thesis aims to investigate the potential of
modified cyclodextrins (CDs) as alternative biomaterials for sSiRNA delivery and to

identify the optimum functional groups to maximise safety and efficacy.

To help reduce the overall cationic charge and the potential for in vivo toxicity
a co-formulation approach using a blend of an anionic and cationic amphiphilic CDs
was investigated. The co-formulation was characterised and a reduction in the positive
charge was achieved. The NPs were evaluated in vitro in HL-60, a leukaemia cell line,
and results indicate that endosomal escape was a limiting factor to gene silencing with

the siRNA.

Structural modification of amphiphilic cationic CDs was investigated as a
second approach to enhance the efficacy of CD NPs. The structural changes included

varying the terminal amine, the linker, and the CD type, B versus y.

Primary amine proved to be more successful compared to tertiary amine in -
and y-CDs. However, neither CD type was superior to the other, containing the
primary amines. The exhaustive derivatisation of the secondary side of y-CDs
increased charge density and led to better transfection efficiency compared to O2-
modified y-CDs. Finally, the exchange of the linker group from triazole to thiopropyl

increased the efficiency further in primary amine O2- and O3-substituted y-CD. The
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optimum cellular uptake and gene silencing, in a lung cancer cell line (A549), was
achieved with an O2- and O3-substituted y-CD with a thiopropyl-linked primary

amine.

Finally, the potential ability of CD polymers to deliver siRNA was studied.
Two cationic 3-CD-polymers one functionalised with a primary amine and the other
with a quaternary ammonium were used to formulate NPs containing SiRNA. Both
polymers formed NPs with sizes in the range of 150 to 200 nm. The primary amine
functionalised polymer was taken up into the cells (A549) and produced 40% gene
silencing. In contrast, the quaternary ammonium polymer failed to show any cellular
uptake. The superior delivery effect achieved with the primary amine functional group

agreed with the previous results from the monomer CD.

In conclusion, modulation of the physicochemical characteristics of SIRNA-
NPs was achieved by changing the chemistry of the incorporated CD. The chemical
structure significantly influenced the degree of gene knockdown. The primary amine
showed superior efficiency in both monomeric amphiphilic cationic CDs and
polymeric cationic CDs. Results indicate that further functionalisation of the CD is
possible, and the potential exists to fine-tune the structure to achieve more specific

biodistribution.
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1. Chapter: Introduction

1.1. General introduction
1.1.1. RNA interference — an ancient mechanism

RNA interference (RNAI) is a new therapeutic approach in the field of medicine.
However, RNAI discovery dates back 25 years when Fire et al. uncovered the ability
of double-stranded RNA to interfere with the activity of certain genes in plants and C.
elegans (Fire et al. 1998). Later, the knockdown of endogenous messenger RNA
(mRNA) was confirmed in vitro and in vivo with double-stranded short interfering
RNA (siRNA) consisting of 20-25 base pairs (bp). Externally introduced siRNA must
be fully complementary to the indigenous mRNA of the protein of interest (Friedrich
and Aigner 2022). siRNA that interacts with the RNA-induced Silencing Complex
(RISC) leads to activation of the complex. Subsequently, the sSiRNA-RISC associates
with the mRNA, resulting in mRNA degradation and preventing translation into

protein (Rehman et al. 2022).

The therapeutic potential of sSiRNA in mammalian cells was first discovered by
Elbashir et al. The optimal length of sSiIRNA was determined to be 21 bp, which created
the basis for companies to create algorithms in siRNA design. These innovations
opened the door for the development of sSiRNA therapeutics. Nevertheless, considering
the complexity of the human body and diseases, the successful and sufficient delivery
of siRNAs continues to be challenging (Elbashir et al. 2001; Friedrich and Aigner

2022).

Several obstacles must be overcome to elicit a desired therapeutic effect with
nucleic acids (NAs). NAs include siRNA (RNAI), mRNA (increases the production

of a dysfunctional or missing protein), and plasmid DNA (pDNA) (introduction of a

1



gene to produce a specific protein). Natural barriers for NAs include extracellular and
intracellular barriers. The harsh extracellular environment can result in the loss of
therapeutic NAs by enzymatic degradation, immune recognition, or renal and hepatic
clearance. At the cell surface of the tissue of interest, the NA may fail to cross the cell
membrane due to challenging physicochemical properties including high molecular
weight, negative charge, and the hydrophilic nature of NAs. Even NAs that enter the
cell may fail to rapidly escape the endo-lysosomes and release into the cytoplasm (Hu
et al. 2020) (Figure 1-1). Chemical modifications of the NA cargo and/or delivery
vectors are necessary to facilitate and enhance RNAI activity by overcoming the
natural barriers.

B) CD-siRNA-NP Uptake following NP-

T cell-interaction
—_—

Endosome

A) free siRNA \
recognition of mRNA
complementary cleavage

escape
,,,r"m\\ yi P
LA
i @ risc B
RePUISIOn ,""\‘ antisense ‘k w
o

Nuclease \(/ [T
degradation o
I ™ release

Figure 1-1 Intracellular fate of (A) free siRNA versus (B) siRNA encapsulated in CD
delivery vector. mRNA degradation upon successful NP cargo release.



1.1.2. RNAi application in cancer

Cancer is the uncontrolled growth of abnormal cells in any organ which then can
evolve and metastasise. It is a major cause of death globally with 10 million cases in
2020 (Sung et al. 2021). There are many small-molecule drugs available for the
treatment of cancer. Other therapy options, such as surgery and radiotherapy, can be
applied separately or in combination with anticarcinogenic drugs. The treatment plan
is developed based on the type and stage of cancer. Notwithstanding, many cancer
patients suffer severe side effects due to the action of treatments on healthy tissues.
Further, patients may relapse following treatment due to the inability of current

approaches to eliminate all diseased cells from the body (Debela et al., 2021).

The treatment with siRNA in cancer therapy offers many advantages over
traditional therapeutic modalities. Conventional therapies are very efficient, especially
in the early stage of the disease. However, because of the lack of target-specificity, it
is impossible to prevent damage to healthy tissue which impacts patients’ quality of
life. Another problem associated with traditional therapies is drug resistance (low
uptake, high efflux) (Debela et al. 2021). RNAI enables the specific elimination of
disease-causing factors at the gene level rather than treating at the protein level. Due
to its mechanism of action at the post-transcriptional level that cleaves the mRNA
preventing protein expression, it provides a promise of treatment for what might
previously be seen as ‘undruggable’ diseases. Despite the potential benefits,
challenges associated with the use of SIRNA as a medicine include delivery difficulties
because of the large size and polyanionic charge, susceptibility to nuclease
degradation, faulty recognition of the exogenous siRNA by the innate immune system,
and off-target effects due to unspecific binding of activated RISC with mRNA
(Friedrich and Aigner 2022; Hu et al. 2020). Yet, it is important to mention that the
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RISC machinery is a catalytic system that ‘recycles’ the incorporated siRNA. Thus,
relatively low siRNA release into the cytoplasm is necessary to achieve efficient gene
knockdown (Friedrich and Aigner 2022; Haley et al. 2020).

Cancer diseases can be divided into two groups: solid cancers and blood
cancers. Solid cancers have locally growing tumours with high vascularity and,
therefore, high permeability, to provide the tumour with sufficient oxygen and
nutrients. From a blood supply perspective, the blood vessels produced by the
dysregulated angiogenesis around the tumour have less frequent but larger fenestrae
when compared to surrounding healthy tissue. This facilitates drug entry into the
tumour. On the clearance side, the lymphatic system may be less well developed
around the tumour and therefore drugs are less likely to be transported away. This
passive targeting of drugs is called the enhanced permeability and retention effect
(EPRE) and is a fundamental concept for the development of anticancerogenic drugs
in solid cancers (Hu et al. 2020; Wu 2021). However, this concept is currently under
debate as some groups reported that there is rather an active transport involved than a
passive transport of NPs into tumour tissue (Sindhwani et al. 2020). Blood cancers
cannot benefit from EPRE because the diseased cells are in motion in the blood
circulation and are consequently more difficult to reach. A second barrier to the
eradication of blood cancer is diseased stem cells. Stem cells are in a quiescent
condition and remain in the circulation or bone marrow. As conventional therapies
only target dividing cells, stem cells can cause the deadly relapse of blood cancers

(Guo et al. 2017; Whiteley et al. 2021).

Due to the overall unsatisfactory outlook of small molecule anticancerogenic
drugs, RNAI presents a very promising alternative to treat previously ‘undruggable’

cancers. In particular, the chemical modifications of delivery vectors with targeting



ligands or functional groups providing cell and/or tissue specificity equip RNAI
therapeutics to drug difficult-to-access sites. It is envisaged that the combination of
both treatments (small molecule drug and RNAI) will be synergistic. RNAI might
allow the dose of toxic small-molecule chemotherapy drugs to be reduced while
maintaining therapeutic success. The application of multiple therapy options

simultaneously can prevent chemo-resistance (Haley et al. 2020).

1.1.3. Modulation of nanoparticle properties for successful RNAI

Safe and effective non-viral delivery of NAs is the key to the success of gene
therapy. Approaches to improve the effectiveness of NA delivery involve chemical
modification of the NA and/or the tuning of the delivery vectors. Changes in siRNA
structure encompass phosphonate, ribose, and base modifications to evade activation
of the immune system (sugar modifications, e.g. 2’-O-methyl, 2’-fluor, and/or
nucleobase modifications, e.g. 5'-methylcytosine), improve specificity (sugar
modifications and/or nucleobase modifications), reduce off-target effects (nucleobase
modifications), reduce enzymatic degradation (backbone modification, e.g.
phosphorothioate and/or sugar modifications) and consequently increase both potency

and efficiency (Hu et al. 2020; Mendonga et al. 2021) (Figure 1-2A).

The negative nature and big size of NAs necessitate a delivery vector to further
protect and compact the NA, and to facilitate crossing the negatively charged bilayer
cell membrane. Delivery vectors should contain lipophilic components to engage with
the bilayer membrane and promote cellular uptake. Functional groups on the delivery
vector should ideally encourage interaction with endosomal membrane proteins and

consequently release the NA cargo into the cytosol (Mendonca, Kont, et al.,2021).
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Figure 1-2 Schematic representation of a CD-NP carrying siRNA. Highlighting
modification sites on (A) nucleotide and (B) CD-ring.

While chemical modifications on NAs can overcome some delivery challenges,
such as protecting against nuclease degradation or increasing circulation half-life;
delivery vectors remain necessary to facilitate intracellular uptake and endo-lysosomal
escape. The combination of chemical alteration of the NA and utilising a delivery
system led to the first U.S. Food and Drug Administration (FDA)-approved lipid
nanoparticle (LNP)-system for sSiRNA delivery, ONPATTRO®, on the market (Hu et
al. 2020). This product consists of i) sSiRNA against mutated transthyretin (TTR) gene
that causes polyneuropathies as a result of hereditary transthyretin-mediated (hATTR)
amyloidosis; ii) DLINMC3-DMA, an ionizable cationic lipid with pKa ~6.4 which is
mostly neutral in circulation (low toxicity and immunogenicity) and mostly positively
charged at low pH during preparation for successful RNA encapsulation; iii) DMG-c-
PEG that maintains stability during storage but is exchanged in circulation with serum
protein ApolipoproteinE (ApoE); iv) cholesterol which promotes structural integrity

and interaction with ApoE and consequently accumulation in liver; v) and DSPC,
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helper lipid, facilitating membrane fusion and hence, endosomal release of lipid NP

cargo (Akinc et al. 2019; Mendonca, Kont, et al. 2023; Setten, Rossi, and Han 2019).

In the early 2000s the first in-human phase I clinical trial with a cyclodextrin (CD)-
based nanoparticle (NP) containing siRNA against ribonucleotide reductase M2, an
accepted anti-cancer target, was conducted (Davis et al. 2010). Cysteamine-B-CDs
were crosslinked in a condensation reaction with another amine-containing
comonomer, dimethyl superimidate, resulting in a short linear polymer. This polymer
was incubated with adamantane-polyethylene glycol (PEG) and adamantane-PEG-
transferrin to formulate the NP. PEG is a stabilising and protective compound, while
transferrin (Trf) is a targeting ligand (Trf receptors are overexpressed on malignant
cells compared to healthy cells). Due to dose-limiting toxic events, the trial has
terminated (Zuckerman et al. 2014), however, the overall potential of this study

intensified investigations of NA delivery and CDs as delivery vectors.

1.2. Cyclodextrins: scaffold for functionalisation

CDs are cyclic oligosaccharides derived from the enzymatic degradation of starch.
The CD-ring consists of different numbers of glucose units attached via o-1,4
glycosidic bonds (a-CD = 6 units, B-CD = 7 units, y-CD = 8 units). The lining up of
a-glucoses in a closed ring results in the outwards orientation of the hydroxyl groups
creating a hydrophilic surface and a relatively hydrophobic cavity (Figure 1-2B). The
primary alcohols are located on the primary site, whereas the secondary alcohols at
positions 2 and 3 are on the wider secondary side. Increasing the number of glucose
units leads to increased cavity size, which determines the size of the molecules that

can be accommodated, and additionally provides greater space for chemical



functionalisation (Liu et al. 2021; O’Mahony, O’Neill, et al. 2012; Sandilya,

Natarajan, and Priya 2020).

CDs are traditionally used in pharmaceutical formulations as excipients to
improve the stability, bioavailability, and solubility of small-molecule drugs. In
particular, poorly water-soluble drugs can be accommodated within the hydrophobic
cavity of the CD. This property, of inclusion complex formation, allowed B-CD-
dimers to be used as an active ingredient in atherosclerosis and age-related macular
degeneration (AMD) where 7-ketocholesterol (7-KC) accumulates in cells and can

selectively be removed by the CD (Anderson et al. 2021).

Over the years, the hydroxyl groups on both faces of the CD were utilised for
chemical modifications, where each position possesses a different degree of
accessibility for functionalisation. The 6’-position OH-group is the most reactive
followed by the 2’-OH and finally 3°-OH. The understanding of this reactivity is
important to direct the reaction to the desired product with specific characteristics for
NA delivery (O’Mahony, Ogier, et al. 2012). The flexibility of the CD ring and the
ease of functionalisation have provided opportunities to use the material for NP

formulation and delivery of therapeutic NA.

1.2.1. Solubility of cyclodextrins

a- and y-CDs show preferable solubility in water, while B-CD is ten times less
soluble. It is hypothesised that the highly stable intramolecular bonds of B-CDs
produce rigidity and consequently low water solubility (Paduraru et al. 2022; Sandilya
et al. 2020). B-CD is the most commonly used CD, despite its low aqueous solubility,

because of its high availability and low cost (Mavridis and Yannakopoulou 2015). To



overcome this solubility issue, methylation, or hydroxy-alkylation of the f-CD in 2’-
OH or 6’-OH position was performed. 2-Hydroxypropyl-B-CD is a widely used
pharmaceutical excipient to improve the water solubility of poorly water-soluble drugs
(Sandilya et al. 2020; Uekama, Hirayama, and Irie 1998) and is “generally recognised
as safe” (GRAS). Other GRAS-listed CDs are the sulfobutylether of p-CD and

randomly methylated -CD.

1.2.2. Cationic cyclodextrins for therapeutic nucleic acid delivery

The chemical structure of CDs presents a platform for many possible
modifications. Primarily, the 6’-OH position of a B-CD has been investigated to create
cationic and amphiphilic cationic CDs. Given the sterically easy access and high
reactivity of this hydroxyl group, various polycationic groups were tested, such as
pyridylamino, alkyl imidazole, methoxyethyl amino, or primary amine groups. The
fundamental need of cationic groups for NA complexation (and hence gene delivery)
was demonstrated by comparing cationic CDs with their neutral counterparts. It was
found that neutral CDs were unable to form stable NP with pDNA and therefore

showed poor in vitro activity (Cryan et al. 2004).

The copper(l)-catalysed ‘click’ chemistry approach expands the possibilities
for secondary side modifications at the lesser reactive 2’-OH rather than the 6’-OH on
the primary face, with relative ease and high yield. Firstly, the primary hydroxyl group
at the 6’-position was protected with tert-butyldimethylsilyl chloride. The 2°-OH was
alkylated with propargyl bromide. Subsequently, the 6’-position was deprotected and
brominated. The obtained bifunctional CD was ready for copper-catalysed ‘click’

reaction. The alkynylated 2’-position was reacted with tert-butyl 3-



azidopropylcarbamate to form the intermediate for ‘click’ propylamine; a triazole with
boc-protected terminal propylamine. The brominated 6’-position was reacted with a
thioalkyl (SC12H2s5) to attach lipophilic chains on the primary site. The deprotection of
the primary amine was conducted to obtain ‘click’ propylamine B-CD (O’Mahony,
Ogier, et al. 2012) (Figure 1-3A). The resulting ‘click’ propylamine B-CD is
amphiphilic due to the coexistence of cationic and lipophilic groups and has been

widely used for therapeutic NA delivery.

This ‘click” propylamine 3-CD has been used to formulate NP with SiRNA and
produced a 68% decrease of luciferase signal in immortalized hypothalamic neurons,
and 40% GAPDH knockdown was observed in mHypoE N41 and primary rat (E18)
hippocampal cells. The NPs demonstrated stability upon incubation with serum which
is an indication that the NA is protected against nuclease degradation (O’Mahony,
Godinho, et al. 2012). In vivo proof of gene silencing activity has been reported, with
this CD in a mouse model (R6/2 mice) of Huntington’s Disease (HD), where delivery
of siRNA against mutated Huntingtin (HTT) protein reduced HTT expression by
approximately 85% after local injection into the brain (Godinho et al. 2012). The
‘click’ propylamine B-CD also showed in vivo potential as a treatment for
inflammatory bowel diseases. After rectal administration to a Dextran Sodium
Sulphate (DSS) mouse model reduced mRNA expression of Tumour necrosis factor-
a by 73% and 58% for Interleukin-6, relative to controls was reported (McCarthy et
al. 2013). This CD has also shown great promise for the pulmonary delivery of NAs

via nebulised formulations (Hibbitts et al. 2014).

Polycationic -CDs with the cationic charge facing the primary face and acyl
lipid chains on the secondary face have also been explored as delivery vectors.
Attached was thiourea resulting a polycationic head. This study proved the power of
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thiourea over simple cysteamine because it bio-mimics histone-DNA-complexation.
Increasing the charge density by modifying thiourea with the attachment of a further
amine (increasing number of cationic functional groups from seven to fourteen)
improved transfection further. The polycationic/polyamine face might be able to
promote endosomal escape via proton sponge effect (Diaz-Moscoso et al. 2008)
(Figure 1-3B). A subsequent study investigated the functionalisation of the secondary
site with alkylthiourea and underlined once again the importance of the thiourea group
(Ortega-Caballero et al. 2008). One key difference between these two studies is that
cysteamine directly attached to the primary site of the CD was able to promote
transfection while the same amine directly attached to the secondary site did not show
any transfection unless the secondary side was modified with a thiourea linking group

(Ortega-Caballero et al. 2008) (Figure 1-3C).
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Figure 1-3 Chemical structures of amphiphilic cationic f-CDs. (A) ‘click’ propyl
amine [-CDs (O’Mahony, Ogier, et al., 2012), (B) tetradecaaminothiourea [-CD
(Diaz-Moscoso et al., 2008), (C) p-CD with secondary site alkylthiourea (Ortega-
Caballero et al., 2008).
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Similarly, Diaz-Moscoso et al. conducted a structure-activity-relationship
(SAR)-study confirming the suitability of polycationic B-CDs with finely tunable
chemistries as optimised vectors for pDNA delivery (Diaz-Moscoso et al. 2009). They
showed that the charge density of cationic functionalities reaches a plateau in terms of
transfection efficiency. The presence of protonatable amine groups was increased
from 7 to 14 and to 21. The polycationic CD with 14 protonatable amines showed
superiority over the other two polycationic CDs. It was implied that the arrangement
of the cationic heads played also an important role in the complexation of the pDNA.
Similarly, as the spacer between the cationic groups and the CD core increased the
transfection efficiency in vitro decreased. The carbonyl chain varied from C; to Ce,
expanding the distance between thiourea and terminal amine (Diaz-Moscoso et al.
2009). The biomimetic behaviour of thiourea groups interacting with the phosphate
groups of the NA has repeatedly been shown to be of significant importance
(Fernandez, Benito, and Mellet 2013). Having ascertained the effect of this functional
group, another study investigated the ’click’ chemistry route to attach a thiourea group
to the primary hydroxyl rather than the isocyanate intermediate which impedes higher
yields. This study aimed to find a more cost-effective way to establish a library of
vectors. However, the introduction of a triazole led to a more rigid structure and
reduced transfection efficiency. A way to compensate for this loss was to introduce a
nitrogen on the 4’-C of the triazole which enabled the attachment of two thiourea
groups extended with terminal amines. This hyperbranched structure was superior to
all reported vectors for the delivery of pDNA in this study, resulting in a 10-fold
increase compared to a well-performing commercial polymer control (JetPEl).
Remarkably, this structure also showed reduced toxicity relative to its competitors

(Méndez-Ardoy, Guilloteau, et al. 2011) (Figure 1-4A).
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In the following study, amino thiourea was repeatedly demonstrated to be the
preferred cationic head group (Gallego-Yerga, Lomazzi, et al. 2014). The SAR study
revealed that the presence of primary amine groups at the tail end is necessary for in
vitro transfection, possibly due to the proton-sponge effect enabling endosomal
escape. ‘Click’ chemistry utilising triazole is a relatively easy and affordable approach
to create a library of cationic group modifications on CDs. However, these CDs
performed less effectively compared to CDs with amides as cationic group connectors.
It is speculated that the rigidity and the possible direct electrostatic interaction of the
triazole with the NA may have an impact on the transfection behaviour (Gallego-
Yerga, Lomazzi, et al. 2014). The influence of triazole and thiourea was further tested
using a charged linear tail such as oligo ethyleneimine (OEI). The thiourea showed
superior delivery of pDNA; however, the amphiphilic OEI-B-CD triazole cluster
showed lower toxicity (ratio of amines in delivery vector/phosphates in NA (N/P) 10,

>95% compared to 75% for its thiourea counterpart) (Martinez et al. 2013) (Figure

1-4B, C).
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Figure 1-4 (A) ‘click’-attached thiourea B-CD (Méndez-Ardoy et al., 2011), (B)
Thiourea-attached OEI p-CD (Martinez et al., 2013), (C) ‘click’-attached OEI
(Martinez et al., 2013).
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Later, amphiphilic f-CDs with lipid chains on the secondary site and triazole-
attached polyethyleneimine (PEI) with terminal amines on the primary site were
investigated. The effect of the extension of the PEI from four to five protonatable
amines was tested for the delivery of siRNA to glioblastoma and prostate cancer cell
lines. It was seen that increasing the charge density eliminated the activity of the NP
because of the strong binding between the vector and siRNA (Manzanares et al. 2017).
By synthesising a thiourea analogue of the shorter PEI-B-CD, the levels of two
oncogene proteins were reduced by up to 75% in human prostate cancer, human
glioblastoma, and rat glioblastoma cell lines. Additionally, a 65% reduction of these
proteins was achieved in rat astrocytes, a primary cell culture that is extremely difficult
to transfect. This B-CD also increased the therapeutic effect of docetaxel in these cell
lines following a co-delivery approach with two siRNAs (Rheb and p42-MAPK) that
are involved in the signalling pathway for the survival and proliferation of cancer cells

(Torre et al. 2022).

1.2.3. Amphiphilicity bestowing supramolecular self-assembly

Natural CDs form transient assemblies in aqueous solutions (Ryzhakov et al.
2016). Introducing lipophilic tails onto one of the faces leads to more stable self-
assembled structures. The coexistence of polar and non-polar features in a CD-
molecule confers amphiphilicity. Depending on the nature of the attachment,
monolayers, bilayers or micelles can be formed in aqueous media (Donohue et al.
2002; Villari et al. 2013). B-CDs modified with cationic functionalities on the
secondary phase and lipophilic tails on the primary face form bilayers if the lipophilic
chain contains Cie but rearranges in multilayers when in the presence of NAs. CDs
with Ci2, however, form micelles in solution and following the addition of NA form
clusters (Villari et al. 2013). These alterations of structures, when examined using
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small-angle X-ray scattering (SAXS), showed that the interaction with amphiphilic
cationic CDs preserved the A-form of the secondary structure of the siRNA which is

essential for gene silencing (Singh et al. 2019; Villari et al. 2013).

Earlier research established that the conjugation of a lipid tail to the primary
face influenced the transfection efficacy of polycationic CDs, extending the lipidic
attachment from Cs to Ci6 leading to increased transfection efficiency (Cryan et al.
2004; McMahon et al. 2008). A series of 'inverted” amphiphilic cationic CDs have also
been synthesised, where the 6’-OH-position contains the cationic groups, whereas the

2’-OH-position entails the lipophilic moiety (Figure 1-5).
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Figure 1-5 Amphiphilic cationic CDs with switched face modifications. (A) regular
CD: lipophilic groups face the face while charged groups are attached to the
secondary face. (B) Applying a different chemistry will result in an inverted CD where
the functional groups (cationic and lipophilic) are switched in comparison to the
regular CD.

The chemistry implemented (photochemical addition of thiols of lipids)
allowed a controlled substitution of the secondary face with lipophilic tails on the 2’-
OH rather than simultaneous substitution of 2’- and 3’-OH positions (seven tails rather
than fourteen) that endows water solubility while maintaining self-assembly in
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aqueous media (Byrne et al. 2009). A second chemical alteration to the inverted CD
structure was the introduction of biologically labile functional groups before the
attachment of the cationic functional group. Biologically labile groups include esters,
which hydrolyse in acidic environments (endosomal pH 5.5), or disulfides that can be
reduced in the cytoplasm upon cellular uptake (Byrne et al. 2009). An inverted CD
was synthesised with a primary face containing cysteamine as cationic functions and
octyloxycarbonyl on the secondary site. NP formed at mass ratio (MR) 10:1 (cationic
CD:siRNA), demonstrated no difference in physicochemical characteristics nor in
vitro transfection ability in caco-2 cells compared to a previously reported CD with
the opposite orientation (O’Neill et al. 2011). In contrast, when the inverted structure
was investigated in murine neuronal cells a higher level of gene silencing was reported
(O’Mahony, Doyle, et al. 2012). A possible explanation for this might be the minor
differences in the structure (Figure 1-6): where the C-chain connecting the primary
amine with the CD core in the inverted CD is shorter compared to the other CD. This
difference alters the hydrophilic-hydrophobic balance and again emphasises that
changes in the chemistry can have an impact on in vitro performance (O’Mahony,
Doyle, et al. 2012). Pflueger et al. further corroborated that the hydrophilic-
hydrophobic balance is of immense importance for transfection ability of CD-NPs by
creating a library of CDs with varying numbers of ionizable amino groups (7 and 21)
on the primary face and different lengths of lipid chains on the secondary face. It
appears that this balance strongly depends on the chemistries applied and hence

presents the possibility of making conclusions on SAR (Pflueger et al. 2016).
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Figure 1-6 (4) inverted CD, (B) regular CD reported in O’Mahony, Doyle, et al.,
2012.

Diaz-Moscoso et al. have also investigated inverted CDs and have reported
that lipid chain length can be a limiting factor in gene knockdown efficiency. The
attachment of fourteen hexanoyl chains on the secondary face was superior in pDNA
condensation compared to myristoyl groups, which irreversibly self-assemble into
CD-aggregates in aqueous media, preventing the formation of NPs (Diaz-Moscoso et
al. 2009). However, the attachment of myristoyl carbon chains on the primary face did
result in pPDNA condensation and increased transfection efficiency (Ortega-Caballero

et al. 2008).

1.2.4. Blending CDs: tuning physicochemical characteristics

Another method to alter CD-NP characteristics is the co-formulation of two or
more CDs with each other. In this case, each CD is synthesised separately, and each
can serve a different purpose: cationic CD for NA complexation, neutral CD for charge

shielding, and charge reduction.
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Charge modulation: decreasing toxicity, increasing stability

The negative charge of NAs requires positively charged delivery vectors for
successful complexation. In many cases, an excess of the cationic CD is used, and
such NPs display a positive surface charge. While this cationic charge may be
preferred in terms of enhancing cellular uptake through the negatively charged cell
membrane, in vivo toxicity is likely. In circulation, the positive charge can attract
negatively charged proteins and lead to aggregation, and/or can be recognised and
eliminated by the immune system. Therefore, the reduction of NP charge while

maintaining its transfection ability is crucial.

One method for charge alteration is the introduction of PEGylated CDs. NPs
covered with PEG chains are called ‘stealth’ particles (Zalba et al. 2022). A “click’
chemistry approach has been employed as an easy and efficient method to attach
cationic moieties to the secondary face of amphiphilic CDs. This approach can also be
applied to PEG chains, obtaining amphiphilic neutral PEGylated CDs. A PEGylated
CD (CD-PEG500) was mixed with an amphiphilic cationic CD and siRNA to achieve
reduced surface charge. While shielding against salt-containing media was observed,
full protection in serum was not achieved. The same NPs showed reduced transfection
efficiency in caco-2 and neuronal cells due to the hydrophilic charge-shielding through
PEG groups and consequently reduced cell interaction (O’Mahony, Ogier, et al. 2012,
2013). This unintended consequence can be rectified with the potential for the addition
of a targeting ligand at the end of the PEG chain (Guo, Ogier, et al. 2012; Symens et
al. 2012). In another study, Guo et al. was able to synthesise a pH-sensitive reversible
PEG attachment that is cleaved in the extracellular tumour environment and
consequently releases PEG. This example could present a another possible method to
overcome the negative effects of PEG-shielding (Guo, Cheng, et al. 2012). In a further
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approach, neutral PEGylated CDs with extended lengths were synthesised (PEG500,
PEG 1000, and PEG2000) to further stabilise CD-NP in vitro and ultimately in vivo.
Co-formulated NP showed extended circulation time of siRNA compared to free
siRNA, however, the difference was statistically nonsignificant compared to NP with
only the amphiphilic cationic CD. Higher molecular weight (MW) PEG attachment
might increase stability and protection but can lead to immunogenicity which can
cause problems for re-administration. Generally, a precise balance of stability,

protection and immunogenicity needs to be achieved (Godinho et al. 2014).

1.2.5. Cell-specific targeting

Most NPs are administered intravenously (1V) to bypass the many barriers of
the gastrointestinal tract, such as pH changes and mucous. The first contact in the
circulation is with different proteins, depending on the surface characteristics of the
NP. These interactions affect the biodistribution. A positive charge will lead to
electrostatic contact with negatively charged proteins or immune recognition by
macrophages. Lipophilic NPs may interact with lipid trafficking molecules, for
example, ApoE that can serve as an endogenous targeting ligand for liver cells

(Mendonga, Kont, et al. 2023; Rizvi and Saleh 2018).

There are two key reasons for the use of targeting groups in NP development.
Firstly, certain NPs including LNPs accumulate primarily in the liver upon IV
administration. Suitable targeting of NPs may achieve wider biodistribution to specific
disease sites beyond the liver. Furthermore, targeting ligands bestow the ability to
reduce dose, and consequently side effects (Evans, Malhotra, Guo, et al. 2016;

Gallego-Yerga et al. 2018; Mendonca, Kont, et al. 2023). Employing CDs as NA
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delivery vectors gives multiple formulation opportunities for cell-specific targeting as

described below:

1.2.5.1. Covalently attached targeting ligand - targeted CDs

One study employed a co-formulation approach of an amphiphilic cationic and
an amphiphilic targeted CD. The cationic and targeted moieties are connected at the
6’-OH of the B-CDs. This co-formulation targets asialoglycoprotein receptor-bearing
HepG2 cells utilising the galactosyl group as a targeting ligand. Chemical fine-tuning
of the linker lengths proved to be of high importance: transfection levels increased
with an increase in linker length from 7 atoms to 15. The increase in pDNA delivery,
with targeted CDs was further improved with the inclusion of the fusogenic lipid 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), known to enhance endosomal

escape (McMahon et al. 2012).

Gooding et al. studied a similar approach of co-formulation with CDs
containing Ci2 lipid chains on its primary site and ‘click’-attached functionalisation
on its secondary site. Three CDs were co-formulated: CD modified with a primary
amine (to complex siRNA), CD with PEG500 chains (to convey stability), and a CD
containing PEG500-amine occasionally modified with a targeting ligand (rabies virus
glycoprotein (RVG)). The co-formulation diminished the negative impact of PEG-
shielding on cellular uptake. After co-formulation of aminated and targeted CD
(Figure 1-7A, B), cellular uptake and gene knockdown were tested in neuronal cells.
Although enhanced cellular uptake of targeted formulation versus untargeted was
observed, gene knockdown was only 27% (half of ‘only’ amphiphilic cationic CD-

siRNA formulation). This does not conclude that this approach has failed but that
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mechanisms after cellular uptake, such as NA cargo release into cytoplasm, might
have an impact (Gooding et al. 2015). The high positive charge of the unmodified
formulation boosts endosomal escape but NPs with positive surface charge have
proven to be toxic in vivo (Knudsen et al. 2015). Therefore, the improved uptake
(because of RVG-targeting) and reduced charge (because of PEG) demonstrated by
this formulation, while maintaining its ability to complex siRNA, presents potential
for in vivo studies (Gooding et al. 2015). Guo et al. used the same approach on the
secondary side with anisamide (Figure 1-7C), a ligand against sigma-receptors that are
associated with most cancers, especially prostate cancer. The primary face contains
the positive charge to complex the NA. This targeted CD-NP showed excellent gene
knockdown ability in vitro (~80% reduced mRNA levels of reporter gene luciferase).
Following IV administration to an in vivo tumour mouse model, a 5-fold reduction of
vascular endothelial growth factor compared to the control group was reported,

highlighting the potential of such formulations (Guo, Ogier, et al. 2012).
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Figure 1-7 (A) Amphiphilic, PEGylated, cationic CD, (B) amphiphilic, PEGylated,
cationic, RVG-targeted CD. (A) and (B) were co-formulated in Gooding et al., 2015.,
(C) an anisamide-targeted cationic CD (Guo, Ogier, et al., 2012).

The use of sugar monomers as targeting ligands (Figure 1-8) is a common
approach to direct NPs to macrophages and non-parenchymal liver cells. An
amphiphilic polycationic CD was decorated with mannopyranose to deliver pDNA to
cells that overexpress fucose-mannose receptors. The sugar monomer was conjugated
to the multi-cationic head on the primary face. This has the additional benefit of
reducing the number of cationic amine groups, thereby diminishing toxicity while
maintaining transfection efficiency in RAW 264.7 (expressing mannose receptors). It
was also proven that the uptake depends on ligand-receptor recognition (Diaz-

Moscoso et al. 2011). Mendez-Ardoy et al. further elaborated on this technique to
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assess the effect of the saccharidic antennae on physicochemical characteristics and
the variation of glycotope density on gene delivery capabilities. While preserving the
electrostatic interaction of the CD with pDNA, it was evident that the compaction was
impeded. The size increase of NPs with increased mannose-conjugation was very
subtle, however, charge decrease was detectable even at low mannose occupancy. A
stability study confirmed that the mannose coating has a protective role against saline
stress. In terms of pDNA delivery, mannose-CD-NPs showed cell selectivity towards
the mannose-recognising cell line RAW 264., incorporating 15% mannose (Méndez-
Ardoy et al. 2015). In another study, tri-antennary galactose was chosen to decorate
the primary face of B-CD for the delivery of mRNA to asialoglycoprotein receptor
(ASGPr) in HepG2 cells. 31% of green fluorescent protein (GFP)-positive cells were
detected, outperforming jetPEI-Hepatocyte complexes (positive control) (Symens et

al. 2012).
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Figure 1-8 Amphiphilic f-CD with cationic and targeting ligands on primary face
(purple circles). Green box: linker groups such as triazole or thiourea.
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1.2.5.2. Adamantane inclusion complex

Adamantane is a lipophilic molecule that fits effectively into the hydrophobic
B-CD cavity. It is commonly conjugated with a targeting moiety via a PEG chain.
When this adamantane-PEG-ligand construct is incubated with the CD, an inclusion
complex is formed. Fitzgerald et al. reported targeted CD-NP with divalent anisamide
ligands (Figure 1-9) aimed at the sigma-1 receptor, which is overexpressed in prostate
cancer. The inclusion complex was tested in three prostate cancer cell lines (DU145,
PC3, VCaP), achieving 30% gene knockdown of Polo-like kinase 1 (PLK1) relative
to the untargeted formulation (Fitzgerald, Malhotra, et al. 2016). Similarly, Mendonca
et al. utilised adamantane to include RVG into an amphiphilic cationic CD for the
delivery of siRNA against HTT in a novel HD model co-culturing hCMEC/D3 BBB
cells and ST14A striatal cells, reducing HTT-mRNA levels by 65% (Mendonca et al.
2021).
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Figure 1-9 Illustration of adamantane-inclusion complex with a CDs (Fitzgerald et
al., 2016).

1.2.5.3. Post-insertion utilising DSPE-PEG

Another approach to decorate CD-NPs with targeting ligands involves

attaching the targeting ligand via a PEG chain to a lipid, for example, DSPE. This
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targeting construct is then incorporated into pre-formed NPs using the ‘post-insertion’

technique.

O’Mahony et al. targeted neuronal cells with CD-SIRNA-complexes post-
modified with octa arginine (R8)-PEG2000-DSPE. This formulation decreased the
cationic charge, increased the salt stability and the level of cellular uptake, and
consequently reduced the mRNA levels of two target proteins (O’Mahony,
Desgranges, et al. 2013). A folate-targeted amphiphilic cysteamine-CD-NP was
screened in different prostate cancer cell lines expressing the Prostate-Specific
Membrane Antigen. The targeting ligand was conjugated to DSPE-PEG5000.
Increased uptake was detected compared to the untargeted formulation. RelA
(transcription factor p65) was reduced in VCap cells (44%) and LNCaP cells (22%).
Additionally, siRNA protection was assessed in vivo in mice after IV bolus injection,
expressing an 8-fold increase of siRNA half-life upon incorporation of PEG (Evans,
Malhotra, Guo, et al. 2016). Similarly, a folate-targeted formulation was tested in a
3D Matrigel™ system. Knockdown of tumour-associated genes, ZEB1 and NRP1, at
gene and protein levels were confirmed, and reduced infiltration through the Matrigel
was imaged. This study highlighted the efficiency of targeted formulations in SIRNA
delivery in different models (Evans et al. 2017). A novel 3D model was developed to
imitate bone metastasis in prostate cancer and used to test CD-siRNA-NP post-
modified with DSPE-PEG5000-anisamide. This formulation showed enhanced uptake
and endosomal release in PC3 and DU145, and successful gene knockdown for PLK1

was reported (Evans, Malhotra, Fitzgerald, et al. 2016).

The post-insertion technique was further advanced by conjugating DSPE-PEG
with a fragment antibody (Fab) recognising IL-3Ro/CD123, a therapeutic target in

acute myeloid leukaemia (AML). CD123 is an overexpressed surface antigen in AML

25



stem cells, which are responsible for disease relapse with high mortality rates. Fab was
conjugated with DSPE-PEG-maleimide, where maleimide served as an active
conjugation site. The formulation was tested both in vitro and ex vivo in AML patient
blood samples. The targeted NP significantly reduced the expression of mRNA and
protein levels of Bromodomain-containing protein 4. Furthermore, it was possible to
detect myeloid differentiation, apoptosis, and reduced blast proliferation. This Fab-
targeted NP produced a synergistic effect when combined with the clinically used
chemotherapeutic agent, cytarabine (Guo et al. 2017). A similar synergistic effect in
colorectal cancer was reported by Zou et al. DPSE-PEG-folate-targeted NPs were
prepared with siRNA against nuclear factor kappa B (NF-kB). The knockdown of NF-
kB sensitizes the cells to docetaxel and consequently increases the therapeutic effect
of the small molecule drug. In vitro studies showed an 85% reduction in mMRNA levels
of NF-xB and a 75% reduction at the protein level. The inhibition of tumour growth
was observed for the targeted combination therapy in vivo (Zou et al. 2021). The post-
insertion method can also be expanded to antisense oligonucleotide (ASO)-cell-
specific delivery. The targeting ligand was synthesised by utilising DSPE-PEG-
maleimide for the conjugation of RVG, a central nervous system-targeting (and cell-
penetrating) peptide. The post-modified CD-ASO-complex accomplished 37%
downregulation of possess single-nucleotide polymorphism1 mRNA in co-culture of

hCMEC/D3cells (HD related cell lines) (Mendonca, Sun, et al. 2023).

This approach has also been used in immunotherapy directed at tumour-
associated macrophages (TAM). M2 macrophages are a type of TAM that depend on
colony-stimulating factor-1 (CSF-1) downregulation to reprogram into M1
macrophages which are responsible for stimulating the immune system. Therefore,

CSF-1 is an attractive therapeutic target for RNAI. Siglec-1/CD169 is overexpressed
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on M2 macrophages and serves as a target for ligand-modified CD-NP. Sialic acid was
conjugated to stearic acid-PEG-carboxyl and incubated with pre-formed CD-siRNA
complexes. In vitro human and mouse-derived prostate cancer cell lines were used to
investigate the efficacy of this formulation. The significant reduction of CSF-1 with
the targeted formulation led to the reprogramming of M2 to M1 macrophages in both
cell lines. The reprogramming with targeted formulations resulted in an increase in
apoptosis, measured with flow cytometry, in a prostate cancer cell Trans well model
consisting of PC3 and TRAMP C1 prostate cancer cells (apoptosis: 49% and 69%

respectively) (Sun et al. 2023).

A summary of the post-inserion approach in CDs for cell specific targeting is

summarised below (Table 1-1).

Table 1-1 Summary of cell specific targeting using a post-insertion approach.

Lipid-PEGx- ligand Cell type Reference
(O’Mahony, Desgranges,
DSPE-PEG2000-R8 Neuronal cells
etal. 2013)

(Evans et al. 2017; Evans,
DSPE-PEGsooo-folate
Malhotra, Guo, et al.

2016)

(Evans, Malhotra,
DSPE-PEGsoo0-anisamide

Prostate cancer cells Fitzgerald, et al. 2016;

Fitzgerald, Malhotra, et al.

2016)
DSPE-PEG2oo0-folate
(Zou et al. 2021)
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DPSE-PEG2000-mal-Fab Leukaemic cells (Guo et al. 2017)

(Mendonca, Sun, et al.
DPSE-PEG2000-mal-RVG Neuronal cells
2023)

Stearic acid-PEG-COO-
Prostate cancer cells (Sun et al. 2023)
Sialic acid

R8= Octa arginine, RVG= rabies virus glycoprotein
1.3. CD-based dimers

CD-dimers consist of two identical molecules linked together and present an
alternative delivery system for NAs. Generally, they can be divided into two groups:
non-covalent and covalent dimers. Dimerisation can occur through interaction of the
lipophilic attachments on CD monomers (aromatic structures (Figure 1-10): m-
stacking, inclusion complexes of monomers with for example bis-adamantane (Figure

1-11)), or direct covalent conjugation of CD monomers.

Gallego-Yerga et al. attached a xylene moiety to a single glucose unit at 2°- and
3’- positions on the secondary face (Figure 1-10, ‘previous work”). This chemical
modification enabled self-assembly and is thus a suitable alternative to substitution
with lipid chains. The self-assembling mechanism depends on the non-covalent
dimerization of two CDs in which the xylene acts as a guest molecule in the CD cavity.
The pre-organised structure leads to a controlled snake-like NP in the presence of
pPDNA (confirmed with transmission electron microscopy). Interestingly, these dimer
structures are labile in acidic environments. This is an indication that the NP cargo
will be released at endosomal pH, which has been corroborated with in vitro data in
COS-7 cells where CD-NPs were as competent as PEI, a polyplex positive control

(Gallego-Yerga, Gonzélez-Alvarez, et al. 2014).
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The possibility of linking one xylene molecule to two neighbouring glucose
units in a B-CD (2’-OH and 3’-OH, one position at a separate glucose unit, Figure
1-10, ‘current work’) has been explored to optimise the inclusion and self-assembly
properties of the CD. Two kinds of xylene were utilised: o- and m-xylene. While o-
xylene was able to maintain the conformation of B-CD (circular topology), the
attachment of m-xylene initiated a conformational change (ellipsoidal topology).
These changes impact the assembly of the CDs in aqueous solution and also the
selective inclusion of guest molecules due to changes in cavity shape as a result of the
attachment of aromatic groups on the secondary face (Neva et al. 2018). It is known
that NP shape impacts biodistribution. The attachment of aromatic moieties that
impose restrictions at a molecular level was further tested in vitro to evaluate shape-
dependent transfection ability. In this study two factors were changed: the CD core
and the aromatic clip. The CD type dictates the size of the cavity, while the aromatic
moiety defines the conformational change. Both impact the NP morphology. (Figure
1-10). The library of CDs generated in this study was tested in COS-7 and HepG2 cell
lines. Results showed that certain shapes of the NPs (rod, worm, and toroidal) are cell-
selective. Bilayer CD complexes, however, were successful in both cell lines
regardless of charge density and CD type, highlighting the importance of NP
morphology. These results suggest that the design and chemistry of CDs can be tuned

to target specific sites (Neva et al. 2020).
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previous work: Hinge-type CD-aromatic hybrids afford transfection-competent
spherical CDplexes upon plasmid-templated supramolecular dimer formation

hinge-type
_~'aromatic module

spherical CDplexes

current work: Clip-type CD-aromatic hybrids can be tailored to tune their
supramolecular properties and encode varied topological information

? ? single molecules
self-assembly dimers
micells
vesicles
MeO" & 9 OMe el l pDNA
3134A
‘ — 7;_\ >55A spherical
\ / L N globular
T rod-like
clip-type worm-like
aromatic module OO toroidal CDplexes

Figure 1-10 Adapted from Neva et al., 2020. Aromatic-modified CDs. ‘previous’ work
presented in Gallego-Yerga, Gonzalez-Alvarez, et al., 2014 describes f-CDs modified
with aromatic functions on secondary site attached to one single glucose in CD-ring.
‘current’ work describes work from Neva et al., 2018 and Neva et al., 2020 where
aromatic structures are attached to adjacent glucose molecules in one ring.

Another strategy to obtain self-assembling cationic CDs (primary face
cysteamine-modified) was conducted by taking advantage of the adamantane-CD-
inclusion complex approach. Bis-adamantanes (Figure 1-11) with different lengths of
amide and thiourea-linker were synthesised and tested both in vitro and in vivo. Results
showed that the distance between the two adamantanes should be at least the length of
three carbons for successful pDNA condensation. Formulations with these guest
molecules also showed better stability in serum. Bis-adamantanes with six or more

atoms did not show any major improvement (Gallego-Yerga et al. 2015).
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Figure 1-11 Schematic of bis-adamantane employed to bestow self-assembling
characteristics to cationic CDs via inclusion complex without the covalent attachment
of lipid chains.

The chemistry can be further advanced by covalently conjugating two B-CDs
with each other either at their primary (6-6-dimer) or secondary face (2-2-dimer)
(Figure 1-12). This also enables control of the shape of formulated NPs and creates
NPs that can target organs selectively. The transfection properties in vitro were shape-
dependent and differed depending on the cell line, which was confirmed through
tissue-selective pDNA delivery of ellipsoid NP to the spleen in vivo in a mice model

(Gallego-Yerga et al. 2018).

6-6-dimer

Figure 1-12 Schematic representation of covalently attached CDs either on primary
(6-6-dimer) or secondary (2-2-dimer) face. The CD-dimers are modified with a
polycationic head on primary face and lipophilic chains on secondary face, thus being
amphiphilic. The dimerisation is independent of attached functionalities.
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Non-amphiphilic covalently attached dimers were investigated as active
ingredients for the selective extraction of 7-KC. Investigations revealed that the linker
characteristics and modifications of remaining hydroxyl groups on CD-scaffold can

define the selectivity of the inclusion complex (Anderson et al. 2021).

In summary, these finding confirm the importance of applied chemistry at

molecular level and its biological functions.

1.4. CD Polymer-based nanoparticles

A second approach to utilise CDs for gene delivery is to synthesise polymeric
systems, either as monomers of the polymer or as building blocks for other polymers.
CDs can bestow distinct design features when incorporated into pre-formed polymers
such as acting as a host for the active ingredient, or the targeting ligand, or as a second
polymer to moderate the toxicity of the other polymers. CD-polymer networks in this
chapter can be classified into five main types (Escobar et al. 2023; Liu et al. 2021)
(Figure 1-13): A) Linear CD-Polymers, B) Polyrotaxane, C) CD grafted polymers, D)

star-shaped polymers containing CDs, and E) CD-cross-linked polymers.
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A) Linear CD-polymers D) Star-shaped polymers
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Figure 1-13 (A) Linear CD-polymers., (B) Polyrotaxane: CDs threaded along a linear
polymer that are end-capped with different molecules., (C) CD grafted polymers: CD
can confer reduced toxicity and solubility to linear polymers., (D) Star-shaped
polymers where CDs are either part of the ‘arms’ or build the ‘body’ of the polymer.,
(E) CD-cross-linked polymers. CDs are used to build the main structure of the
polymer.

CD-based polymers have potential as drug delivery vectors. Site-specific tumour
release can be achieved by in-built stimuli-responsive systems. They can be
biodegradable and may be decorated with organ-targeting ligands. Modulation of size
can allow the delivery vector to exploit the EPRE in solid tumours, and evade

clearance by the mononuclear phagocytic system, thus prolonging half-life. In
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addition, depending on the chemistry many polymers self-assemble into micelles,

vesicles, nano-sponges, or NPs (Liu et al. 2021).

1.4.1. Linear CD-polymers

The first CD based delivery system for siRNA to reach the clinic was CALAA-
01 (Figure 1-14), a linear-linked B-CD-based polymer (Zuckerman et al. 2014).
Firstly, the primary face of the CD was modified with cysteamines as building blocks
for water-soluble polycations. A condensation reaction with the cross-linking agent,
dimethyl suberimidate (homobifunctional amine-reactive imidoester (Hermanson
2013)), resulted in a linear polymer (Davis et al. 2004). Adamantane-PEG with and
without targeting ligand transferrin are used to form inclusion complexes with the
hydrophobic cavity of the CDs. PEG was employed to increase circulation time and
transferrin served as a targeting ligand to compensate for loss of uptake due to the
shielding effect of PEG (Bellocq et al. 2003). The ends of the polymer were capped
with imidazole to increase delivery efficiency (Davis 2009; Mishra et al. 2006). After
successful preclinical studies (Bartlett and Davis 2007) (Hu-Lieskovan et al. 2005),
the formulation was evaluated in non-human primates. The formulation achieved
siRNA delivery in monkeys and was well tolerated following multiple systemic dosing
(Heidel et al. 2007). Based on this data, the formulation proceeded to first-in-human
phase I clinical trial. NPs were prepared at the bedside (one vial containing the siRNA,
the second vial with the delivery compounds) and administered intravenously to 24
patients with stubborn solid cancers. The siRNA was designed to knockdown the anti-
tumour target, Ribonucleotide reductase subunit M2. Tissue samples showed that NPs
were localized in the tumour, showing a reduction in the expression of the targeted

gene at mRNA and protein levels (Davis et al. 2010; Zuckerman et al. 2014).
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Disappointingly, the study needed to be terminated early because trial participants
experienced dose-limiting toxicity in the form of fatigue and fever (Barata, Sood, and

Hong 2016)), even after changing the dosing regimen (Zuckerman et al. 2014).

Delivery components CALAA-01

Linear CD-Polymer of bi-cysteamine-functionalised
beta-CDs cross-linked with dimethyl suberimidate
(DMS) [

i _""--—..,__7___ . N ...L".
N |
e |

JO \

Targeting moiety

Imidazola-capping to o PEG—
increase delivery efficiency Stabilising agent Xy T
Adamantane—PEGJ//\PEG

KL

Figure 1-14 Components of CALAA-01.water-soluble, cationic, linear CD-polymer
(red cicle) to complex the siRNA, Imidazole-capping (green circle) to increase the
delivery efficiency, Adamantane-PEG as stabilsiing agent in blue, Adamantane-PEG-
transferring (orange) to target human trasnferrin. All delivery components come in
one vial and are mixed with a second vial containing the siRNA on the bed side.

In another study, B-CDs were activated with 1,1’-carbonyldiimidazole to be
reacted with PEI2k. This simple conjugation resulted in CD-linked PEI (CP 2k). Li et
al. investigated this CD-cross-linked polymer for intranasal delivery of mRNA as a
vaccine against HIV-1 gp120. CP 2k successfully delivered mRNA in three different
cell lines and was significantly better than PEI25k. In vivo, intranasal administration
of the formulation in mice showed extended adhesion in the nasal mucosa, while
simultaneously infiltrating the epithelial barrier causing systemic and mucosal

immunity which was confirmed by antibody and cytokine titres (Li et al. 2016).
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1.4.2. CD-based polyrotaxanes

Polyrotaxanes (PR) are linear polymers that are decorated with CDs threaded
along the polymer string where the hydrophobic cavity of the CD builds an inclusion
complex with the linear polymer. The hydroxyl groups of the CDs can be chemically
modified with cationic functional groups. These modifications enable the use of PRs
in non-viral delivery of NAs. The interaction between PR and NA chemically mimics
histones, and morphologically imitates the nucleosome when complexed with double-
stranded DNA (Shibaguchi et al. 2019). Yokoyama et al. investigated the relevance of
the number of threaded CDs and concluded that increasing the number bestows a more
rigid structure and improved cellular uptake (Yokoyama et al. 2014). PRs are polymers
that have more than five CDs threaded along its axis. If less than five CDs are involved,
the structure is termed rotaxanes. Both ends of the linear polymer can be capped with
various functionalities that allow the CDs to move freely without de-threading and
facilitates optimised interaction with the NA cargo. The absence or presence of certain
structures determines the nomenclature of PRs. In the absence of end-caps, PRs are
called pseudo-PRs (Ooya et al. 2006; Poggetto et al. 2020). The blocking caps can
contain cleavable bonds which facilitate the breakdown of the polyplex, and hence,
the release of the cargo and clearance of the polymeric material out of the body
(Shibaguchi et al. 2019; Yamada et al. 2012). PRs possess low water solubility due to
the strong intramolecular hydrogen bonding of the threaded CDs. Chemical
modifications of the hydroxyl groups on either side of the threaded CD or the
introduction of functional groups at the ends of the linear polymer can increase water
solubility and additionally enhance the self-assembling character based on the

hydrophilic-lipophilic balance in the PR. The introduction of cationic groups on the
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CD additionally enables the complexation of NAs and also enables endosomal escape

(Li, Liu, and Qiu 2023).

In the early 2000s, PRs with Poly[(ethylene oxide)-ran-(propylene oxide)], a
linear system threaded with OEI-modified-a-CD, was utilised to deliver pDNA
encoding renilla luciferase. The cationic nitrogen of the ethylenimine groups on the
CD allowed for complexation with the polyanionic NA. The linear axis was capped
with bulky 2,4,6-Trinitrobenzene sulfonic acid (TNBS) groups. High transfection
efficiency was observed in various kidney cell lines (HEK293, COS7, BHK-21), and

cancer cell lines (ovary tissue SKOV-3; uterus MES-SA) (Yang et al. 2007).

A commercial non-ionic A-B-A-triblock copolymer, Pluronic, was employed
at different A/B ratios, where A represents the hydrophilic component, poly
oxyethylene, and B stands for the lipophilic component, the poly oxypropylene. 2-
hydroxypropyl-B-CD was threaded on the Pluronic chain and further modified with
dimethyl ethylene diamine (DMEDA) to enable siRNA complexation. The PR ends
were capped with cholesterol. Nanocomplexes delivered siRNA to HeLaand NIH 3T3
cells causing >80% gene knockdown with favourable cell viability (>90%) (Badwaik

et al. 2016).

PEGylated CD-based PRs combinations are widely used due to low toxicity
(Li et al. 2023). Kulkarni et al. synthesised PRs of different MW and showed that
higher MW PEG-based PRs show better transfection (PEG10 000 > 3500 > 2000). a-
CDs were threaded along a PEG-chain end capped with TNBS (Figure 1-15). The CD-
hydroxyls were modified with DMEDA to promote NA complexation. CHO-GFP and
NIH3T3-GFP cells were used to test the gene knockdown by the polymer NP. Gene

silencing was comparable to commercial controls (Lipofectamine 2000 and branched
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PEI (bPEI)). RNAI maximum was achieved at N/P 10. Toxicity profiles were >100-

fold lower than bPEI (Kulkarni, Defrees, et al. 2013).
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Figure 1-15 Poly rotaxane with linear PEG chain that carries o-CDs, modified with
N,N’-dimethylethylenediamine, and end capped with 2,4,6-Trinitrobenzene sulfonic
acid. As modified from (Kulkarni, Defrees, Schuldt, Hyun, et al. 2013).

Song et al. synthesised a PEG backbone decorated with an a-CD modified with
ethanolamine groups to complex pDNA, and a degradable polypeptide (poly(aspartic
acid)) conjugated to each end of the PEG. The breakdown of the polypeptide mobilises
the CDs and facilitates the release of the NA. In vitro experiments using C6 cells, a rat
glioma cell line, indicated that cell migration was prevented, apoptosis was boosted,
and cell proliferation was inhibited. This result was reflected in vivo, where successful

repression of tumour growth in mice was observed (Song et al. 2018).
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Similar to other nanomaterial systems, PRs can be modified with targeting
ligands such as folic acid (FA), commonly expressed on the surface of cancer cells.
PEG4000 was threaded with PEI600-modified a-CDs and end-capped with FA for the
delivery of p53 pDNA. These complexes showed superior antitumour effects in nude
mice compared to PEI-25k (Zhou et al. 2012). Researchers used a new approach where
the two terminal hydroxyls of PEG were modified with different functionalities. To
achieve a bifunctional PR, each site was attached to either polycaprolactone (PCL) or
folate, both in a one-step reaction. This PR was complexed with Nile red dye and
showed the ability to enter cells and the potential to deliver therapeutic NAs (Poggetto

et al. 2020).

PRs can also be used to generate hydrogels. This concept is based on the
development of a triblock polymer with a cationic end (PEI), a hydrophobic PCL
connector, and a PEG end (Figure 1-16). This linear triblock polymer can form
micelles due to its amphiphilic character and can condense pDNA into polyplexes.
These complexes outperformed PEI in terms of toxicity and transfection efficiency.
When added to the polyplexes, a-CDs act as a cross-linking agent. It threads along the
PEG-fragment creating a pseudo-PR, while the NA remains complexed to the PEI-
fragment. Hydrogel formation could also be achieved in situ at tumour site. An
advantage of this copolymer is its biodegradability. This strategy proved successful in
nude mice, where the hydrogel showed sustained release of the NA cargo and inhibited

tumour growth in vivo in chemotherapy-resistant cancer (Liu et al. 2017).
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Figure 1-16 Triblock polymer with a cationic end (PEI), a hydrophobic PCL-

connector, and a PEG end which builds a hydrogel when in contact with a-CD. The
CDs thread along the PEG axis. Modified from (X. Liu et al., 2017).

1.4.3. Grafted CD polymers

Grafted CD polymers are linear polymers that are decorated with pendant CDs
along its axis. The CDs can either be directly conjugated to the polymer or can form
an inclusion complex with a lipophilic compound previously attached to the polymer.
The incorporation of CDs modified with cationic groups allows the complexation and

delivery of NA (Li et al. 2023).

PEI is often used for nonviral delivery of NAs; however, its use is limited by
its toxicity. CDs mediate PEI tolerability which increases proportionally with the
percentage of CD-grafting. While CD grafted PEI condenses pDNA, CD cavities
allow inclusion complexes with adamantane-PEG, which significantly increases
stability in high salt media due to the shielding effect of PEG. The uptake of the
resultant NPs improved relative to unmodified PEI. The reduced toxicity with the
introduction of CDs was observed in vitro and in vivo. Pure PEI-containing particles
mainly accumulated in the lung, while CD-modified PEI localised in the liver (Pun et

al. 2004). In another study, PEG-bearing poly(vinyl alcohol) (PVA) chains that were
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grafted with lipophilic groups (e.g. adamantane (Kulkarni, Deng, et al. 2012) or
cholesterol (Kulkarni, Defrees, et al. 2012)) via an acid-sensitive linker, to facilitate a
host-guest interaction with amine-modified B-CDs. This construct was finally
complexed with pDNA or siRNA. The acid-sensitive linker was designed to be
cleaved in the endosome, triggering the release of the NA cargo. The grafted PVA had
lower toxicity in vitro with similar efficacy compared to commercial transfection
reagents such as bPEI and Lipofectamine 2000 (Kulkarni, Defrees, et al. 2012;
Kulkarni, Deng, et al. 2012). Finally, the effect of the lipophilic pendant group was
tested for the delivery of pDNA. Results showed that the binding affinity of the
pendant group to the CD influences the physicochemical properties and the release
profile in vitro. Stronger affinity led to more dense particles and stronger protection
against serum and heparin. While the release within the cell was slower, the highly
stable particles may result in advantageous longer circulation times in vivo (Kulkarni,

Badwaik, et al. 2013).

Early generations of grafted CD polymers were associated with issues such as
reproducibility and non-biodegradability. A new generation of polymers was
developed to tackle these issues. Ring-opening polymerisation resulted in well-defined
polymers. A library of diblock copolymers (methoxypoly(ethylene oxide) (MPEG)
and polycarbonate (PC)) with various pendant groups (cholesteryl-, adamantanyl-,
benzyl-, ethyl- esters) that have different affinities to the CD cavity were synthesised.
PC was chosen due to its favourable degradation products and time-controlled
degradation. Another major change was the modification of f-CD with PEI instead of
simple amines. To form complexes, B-CD-PEI was pre-complexed with pDNA and
subsequently added to the diblock polymer (MPEG-PC modified with pendant

groups), where a host-guest-interaction takes place between the B-CD and the
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lipophilic pendant of the copolymer. Sizes reported were below 250 nm and zeta
potential were in the range of 5-10 mV. All pendant groups (adamantane, cholesterol,
benzol) and different MWs of PC had a similar effect in vitro in HelLa cells
(comparable to Lipofectamine 2000). However, following previous studies from this
group, the pendant group with lower affinity to the CD cavity (benzyl) showed
moderately better in vitro performance. It was suggested that hydrolysis in the
endosome (pH 5.5) of ester-bound pendants is the main driver for transfection

efficiency (Wright et al. 2018).

Wong et al. constructed a multifunctional NP system that is stimuli-responsive
and cell-specific. This ensemble consists of three components: a 3-CD-grafted PEI, an
adamantane-end-capped 4-arm Tetronic-PR, and a ligand-functionalised CD to target
avPs receptors of U87 cells. The grafted PEI condensed the NA cargo and contributed
to the proton-sponge effect. Tetronic-PR releases its o-CDs in the endosomal
environment because of the decomposition of the adamantane-end-capping, leading to
endosomal disruption due to cholesterol extraction from the membrane by the released
CDs. Successful delivery of pPDNA and microRNA in vitro was reported. Toxicity data
showed improved viability compared to PEI polyplexes with enhanced transfection
efficiencies for both NAs. Experiments confirmed that stability in destructive
environments (high heparin and serum) did not alter the particle integrity, except for
low pH which led to the desired release of the NA because of the acid-sensitive
adamantane-PR. Cell-specific uptake was confirmed by competitive binding assays

(Wong et al. 2018).
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1.4.4. Star-shaped polymers containing CDs

This section includes systems that consist of multiple components, including
CDs, to build a construct that is shaped like a star (dendrimers), and some include CDs
as cores with polymeric arms (Figure 1-13D). Some polymers such as PEI, are very
efficient transfection agents, particularly at high MW. However, they are also
associated with high toxicity. Decreasing the MW can reduce the toxicity but usually
is accommodated with reduced transfection efficiency. The utilisation of CDs or other
core molecules enables the attachment of cationic polymer arms which results in
delocalisation of the positive charge, creating a star-construct and a way of improving
the transfection efficiency with reduced toxicity. Additionally, ‘stealth’ polymers can
be incorporated to further reduce toxicity and protect the NP from harsh environments

(Loh and Wu 2015).

A simple example is B-CD decorated with short OEI on its primary face. The
OEI was utilised to conjugate FA as a targeting ligand. This polymer was employed
in dual delivery of a small molecule chemotherapeutic and a pDNA to drug-resistant
tumours. A superior therapeutic efficacy with the dual approach was compared to the
monotherapy of each agent (Chen et al. 2016). Similarly, Loh et al. used B-CD as the
core to create a star-polymer with poly(2-dimethyl aminoethyl methacrylate)
(PDMAEMA)-arms to condense pDNA and poly(2-hydroxyethyl methacrylate)
(PHEMA) to endow stability. In this work, mouse embryonic cells were transfected,
as they represent an attractive target, especially to study the inhibition of
vascularization and tissue reorganisation. The PDMAEMA/ PHEMA ratio was varied,
with the ~50:50 ratio found to be comparable to or moderately better than
Lipofectamine in vitro delivery (Loh and Wu 2015). Another B-CD core star-shaped
delivery platform was synthesised in a three-step procedure. Caprolactone ring-
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opening was initiated by CDs. The CD was decorated with biodegradable and stable
PCL, presenting hydroxyl groups that are converted into macroinitiators by
bromination. Further decoration was conducted with PDMAEMA attachment. The
presence of hydrophobic (PCL) and cationic (PDMAEMA) components resulted in an
amphiphilic structure that self-assembled into micelles. This polymer condensed
pDNA more efficiently than PEI25k, with lower cytotoxicity. Transfection was
achieved in both HEK293T and HepG2, cell lines. The introduction of PCL proved to
be significant in terms of cytotoxicity, possibly because of the ability to form micelles.
The slow degradability of PCL also favours its use for prolonged delivery (Fan et al.

2018).

CD-based nano-delivery systems are often used for the co-delivery of small
molecules and NA. CDs have both a core that can accommodate small lipophilic
chemotherapeutic agents and hydroxyl groups that can be decorated with cationic
moieties to complex polyanionic NAs. One such NA delivery system has a “hairbrush”
structure. It is a dipolymer, consisting of PEG attached to poly-B-CD. This construct
was then further modified with 2-dimethyl aminoethyl methacrylate (DMAEMA) at
the CD-hydroxyls. This structure provides a high charge-to-surface area ratio, which
helps to reduce the amount of material needed and as a result can mitigate cytotoxicity.
This was confirmed by transfecting kidney-derived cells, COS-7 and 293T, with
pPDNA coding for luciferase. Even at low N/P ratios, such as 4, the formulations
showed strong transfection efficacy (Zhang et al. 2014). Chen et al. investigated the
co-delivery of doxorubicin and p53-encoding pDNA to MCF-7 cancer cells using the
same concept. The synergistic effect of both drugs enhanced the level of apoptosis and

suppressed cell proliferation (W. Chen et al. 2019).
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Another study investigated the dual delivery of doxorubicin and a short hairpin
RNA (shRNA) plasmid (Zhou et al. 2018). A hyperbranched polyglycerol was
initially modified with PCL and afterwards with benzimidazole. This construct was
mixed with PEI600-modified B-CD (Figure 1-17). The terminal benzimidazole was
hosted by the CD cavity to build the star-shaped polymer. The rationale behind this
system was to exploit the favourable low toxicity of PEIG00 and improve its
transfection efficiency by introducing a multifunctional core. The host-guest-
interaction is pH-dependent and disassembles at low pH such as in the endosome,
allowing the escape of the NA cargo. Doxorubicin was loaded onto the hydrophobic
core; PEI60O0 in the termini of the star-polymer complexed the NA. This polymer was
compatible with blood and serum; moreover, it showed better transfection efficiency
in vitro in the presence of serum. The authors propose three reasons for this: i)
hyperbranched polyglycerol and its abundant hydroxyl groups on the polymer surface
prevent recognition by macromolecules and serum, ii) low molecular weight of
PEI600 which is composed of less charged amines, iii) pH-dependent release of NA
cargo which increases the chance of successful transfection. The co-delivery of both
drugs was tested in MCF-7 tumour cells (breast adenocarcinoma) and resulted in
superior inhibition of cell proliferation and migration in vitro and in vivo compared to
monotherapy of each drug. The low toxicity (<20%) and high stability in blood were
also remarkable (Zhou et al. 2018). A very similar approach was successfully
conducted by Mohammed et al. with folate-PEG-appended dendrimers conjugated to
glucuronylglucosyl-B-CD as a co-delivery vector for siRNA and doxorubicin in vitro

(KB-cells) and in vivo (in mice) (Mohammed et al. 2019).
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Figure 1-17 Star-shaped polymer end-modified with OEI-CDs that built an inclusion
complex with the benzimidazole in the termini of the hyperbranched polyglycerol. As
modified from (X. Zhou et al., 2018).

In another study, a poly(amidoamine) (PAMAM) dendrimer modified with a-
CDs, PEG, and lactose as targeting ligands against hepatocytes (ASGP-receptors) was
investigated. This dendrimer was complexed with siRNA against the TTR gene (a
similar therapeutic target to ONPATTRO®). These polyplexes showed high cellular
uptake, serum resistance, successful endosomal escape due to the proton-sponge effect
of PAMAM, no cytotoxicity, and as a result the potent gene silencing effect in vitro.
Gene silencing was also observed in vivo after 1V administration into mice with no

side effects (Hayashi et al. 2019).

1.4.5. CD-crosslinked polymers

Another category of CD-based polymers are polymers that are cross-linked
with CDs as cross-linking agents. Chemical modifications of the CD-scaffold and the
ability to build inclusion complexes opens possibilities for the co-delivery of

chemicals and biologicals where necessary.
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The co-delivery of a small molecule chemotherapeutic (monensin) and pDNA
using a low-MW PEI and sulfhydryl-p-CD was investigated, in which the CD served
as a cross-linking agent, and as a host for the poorly water-soluble drug. PEI
complexed the pDNA, which was released in the tumour environment through the
redox-cleavable disulphide (S-S) bond within the crosslinked copolymer. A dual-
targeting approach using polyglutamic acid (y-PGA) and a tumour-homing RGD-
modified y-PGA were used as ligands to target the tumour-associated y-glutamyl
transpeptidase (GGT) and integrin receptors respectively. The polyanionic nature of
the y-PGA was thought to reduce toxicity in blood circulation. The interaction between
the polymer (PEI- sulfhydryl-B-CD) and y-PGA was pH-mediated to enable targeting
ligand disassembly in the tumour microenvironment, allowing PEI to pursue its
proton-sponge-effect. Drug-loaded complexes were tested in human colon
HCT8/ADR cells (overexpressing GGT). The mono-targeted (y-PGA only)
formulation showed superior behaviour compared to non-targeted counterparts and
PEI25k. The inclusion of a second targeting ligand was tested in vivo and efficiently

inhibited chemo-resistant tumour growth (Xu et al. 2018).

Ping et al. also reported a redox-sensitive gene vector using a 3-CD cross-
linked low-MW PEI. This construct was subsequently conjugated with a MC11
peptide, targeting fibroblast growth factor receptors, that are expressed on
proliferating cancer cells, for the delivery of pDNA. A stealth component was
introduced via S-S conjugation of adamantane and PEG, where adamantane forms an
inclusion complex with the CD. This redox-sensitive connection reduces the risk of
PEG-impeded transfection while still successfully protecting against salt or bovine
serum albumin-induced aggregation. After PEG release, the PEI is exposed and can

act as a proton-sponge effect initiator for endosomal escape. Targeted formulations
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showed higher transfection efficiency compared to non-targeted formulations in vitro
and in vivo (Ping et al. 2013). A similar formulation for the delivery of sSiRNA where
low-MW PEI cross-linked using 2-hydroxypopyl-p-CD, decorated with FA was used
to silence vascular endothelial growth factor (VEGF). The targeted siRNA
formulation showed more than 90% gene knockdown in vitro in HeLa cells. In vivo
studies confirmed the selective inhibition of VEGF, as evidenced by the markedly

reduced tumour size in mice (Li et al. 2013).

In a recent study cross-linked aminated-B-CD polymer (primary amine,
quaternary ammonium and guanidino) were utilised to deliver 5-Fluorouracil (5-FU)
and Interleukin-2 (IL-2) to Caco-2 cells, as an immunotherapy approach in colon
cancer. While all three polymers were able to complex both drugs (electrostatic
interaction), it was observed that only the CD-polymer modified with primary amines
showed permeability through the mucosal membrane of Caco-2 cells, presenting a

suitable platform for the oral co-delivery of 5-FU and IL-2 (Akkin et al. 2022).

Another approach to immunotherapy in cancer was taken with hyperbranched-
B-CD modified with choline chloride (quaternary ammonium). It was utilised for the
delivery of oval-albumin (OVA)-mRNA. OVA serves as an antigen to activate an
immune response after local injection in melanoma cancer. The melanoma cancer cell
line (B16-F10) was used to assess toxicity and uptake of polymer-NP in 2D and 3D
spheroids: no toxicity and strong fluorescence was detectable (using enhanced green
fluorescent protein (EGFP)). Subsequently, an in vivo melanoma mouse model was
treated with the EGFP-polymer-NP. After proving successful accumulation in tumoral
tissue, the OVA-polymer-NP was tested. The tumour suppression in mice treated with
OVA-polymer-NP was three times higher compared to the control group with no
treatment. For a longer-lasting anti-tumoral effect, it is critical that the adaptive

48



immunes system is activated. To confirm this, the tumour and spleen cells from the
mouse model were harvested and stained with cell-surface markers of immune cells
that are increased during an immune response. The experiments proved that OVA-
polymer-NPs can induce an immune response (Monfared et al. 2023). The different
approaches using CD polymers shows how versatile the use of these polymers can be
and how easily they can be modified and adjusted to specific circumstances in future

applications

1.5. Aims and Objectives

To build on the success of CDs as RNA delivery vectors, described above, the
effects of a range of functional groups, on CD monomers and polymers, on sSiRNA
delivery was investigated with the objective of establishing a structure-activity-

relationship. The specific aims of the thesis include:

Aim 1: To investigate an approach to reduce the charge density of cationic CD.siRNA-

NPs in order to moderate their potential toxicity in vivo (Chapter 2).

Aim 2: To study the influence of varying the functional groups on amphiphilic cationic

CDs on NP formation and siRNA delivery (Chapter 3).

Aim 3: To assess the ability of CD polymers, modified with a primary amine or

quaternary ammonium, to deliver siRNA in vitro (Chapter 4).

A detailed description of results is outlined in the following chapters, completed
with a general discussion, setting the results of the chapters in perspective with the

literature and suggestions for future directions.
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Non-viral delivery of therapeutic nucleic acids (NAs), including siRNA, has potential
in the treatment of diseases with high unmet clinical needs such as acute myeloid

leukaemia (AML). While cationic biomaterials are frequently used to complex the
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NAs into nanoparticles (NPs), attenuation of charge density is desirable to decrease in
vivo toxicity. Here, an anionic amphiphilic cyclodextrin (CD) was synthesised and the
structure was confirmed by Fourier-transform infrared spectroscopy (FT-IR), Nuclear
Magnetic Resonance (NMR), and high-resolution mass spectrometry (HRMS). A
cationic amphiphilic CD was initially used to complex the siRNA and then co-
formulated with the anionic amphiphilic CD. Characterisation of the co-formulated
NPs indicated a significant reduction in charge from 34 + 7mVto 24 £ 6 mV (p <
0.05) and polydispersity index (PDI) 0.46 £ 0.1 to 0.16 £ 0.04 (p < 0.05), compared
to the cationic CD NPs. Size was similar, 161-164 nm, for both formulations. Flow
cytometry and confocal microscopy experiments, using AML cells (HL-60), indicated
a similar level of cellular uptake (60% after 6 h) followed by endosomal escape. The
nano co-formulation significantly reduced the charge while maintaining gene
silencing (21%). Results indicate that blending of anionic and cationic amphiphilic
CDs can produce bespoke NPs with optimised physicochemical properties and

potential for enhanced in vivo performance in cancer treatment.

Keywords: modified cyclodextrins, nanomaterials, nucleic acids, non-viral gene

delivery, acute myeloid leukaemia

2.1. Introduction

Acute myeloid leukaemia (AML) is a malignant blood cancer with an increased
incidence and poor prognosis in adults. Myeloid progenitor cells, leukaemic blasts,
stop differentiating and start to proliferate uncontrollably in the bone marrow,
peripheral blood, and spleen. Leukaemic myeloblasts replace functioning bone

marrow (Kouchkovsky and Abdul-Hay 2016). Conventional therapies, which target
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only dividing cells, are capable of reducing the number of leukaemic cells and may be
unable to eliminate the non-dividing leukaemia stem cells (LSCs). Therefore, LSCs
resistant to conventional therapies, may remain in the bone marrow, and at a later stage
begin to divide again causing relapse with a high mortality rate (Guo et al. 2017;

Whiteley et al. 2021).

As an alternative approach, gene therapy targeting AML fusion transcripts has
been considered promising (Khamidullina et al. 2021). AML has a complex genomic
landscape and numerous clones are defined by or associated with mutations in key
genes. Some of the best-known mutations include alterations in the PML-RARA and
FLT3 genes which have led to targeted therapies and improved prognosis (Tyner et al.
2018). Mutations and changes in expression are also noted in the KMT2a and KAT?2a
genes in AML. Pre-clinical results showed that KAT2a knockdown exhibited
transcriptional instability in AML stem cells rather than hematopoietic stem cells,
making this gene a potential target for AML cells and leukaemic stem cells directed
therapy (Arede et al. 2022). KAT2a, an epigenetic modulator is a lysine
acetyltransferase overexpressed in all AML types, participating in the maintenance of
leukaemia via acetylating histone H3 lysine 9. For this reason, silencing of KAT2a
leads to deacetylation at transcription sites and consequently to impaired transcription
of the gene responsible for maintaining stemness in the AML clone (Kahl et al. 2019).
The knockdown interrupts self-renewal and moves the cell cycle into the

differentiation state (Domingues et al. 2020).

Despite early promising data, the delivery of NAs into cells faces multiple
challenges, including delivery across lipid bilayers and degradation of NAs by
endonucleases, therefore, a delivery system is required to overcome these barriers and
to achieve the required duration of activity at the diseased site (Dowdy 2017).
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Additionally, blood cells have proven to be difficult to transfect compared to other cell
types (Landry et al. 2012; Uebbing et al. 2020). The non-viral delivery of NAs utilising
the NP approach is a promising tool to overcome physiological barriers (Durymanov
and Reineke 2018). A range of materials have been investigated as non-viral delivery

vectors for therapeutic NAs (Li and Kataoka 2021; O’Mahony, O’Neill, et al. 2012).

Previously, to overcome the obstacles in transfecting blood cells, antibody-
targeted CD-based NPs were investigated for siRNA delivery to AML LSCs. The
antibody against the IL-3 receptor alpha-chain (IL-3R alpha, also known as CD123)
was incorporated into the formulation for selective targeting of KG1 cells, an AML
leukaemia stem and progenitor cell line. The authors demonstrated efficient delivery
of bromodomain containing protein 4 (BRD4) siRNA to KG1 cells and in ex vivo
primary AML patient derived samples, which resulted in downregulation at mMRNA
and protein levels. The silencing of BRD4 induced myeloid differentiation and

triggered leukaemia apoptosis (Guo et al. 2017).

While cationic materials are required to complex negatively charged NAs, a
reduced cationic charge density at physiological pH is desirable to minimise in vivo
toxicity (Zhou et al. 2021) and improve the stability of the formulation in salt- and
serum-containing media (Abstiens et al. 2019), an important characteristic for clinical
translation. Consequently, the aim of the present study was to develop a novel delivery
system with reduced charge density by co-formulating amphiphilic cationic CDs with
negatively charged amphiphilic CDs. The benefits of incorporating a negatively
charged entity to pre-formed cationic NPs were previously illustrated by the work of
Ball et al. (Ball et al. 2018). They assessed the co-formulation of mMRNA and siRNA
aiming to target diseases with concurrent abnormal gene up- and downregulation. The
co-delivery of both RNAs increased gene silencing in contrast to sSiRNA only LNPs.
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To expand the potential of this finding to a broader range of diseases and reduce costs
related to the additional RNA species, mMRNA was substituted with a synthetic
negatively charged polymer. LNPs containing the polyanion and siRNA showed the
same efficacy as the co-formulation of mMRNA and siRNA. It was suggested that the
inclusion of the ‘helper polymer’ could increase the stability and electrostatic
interaction within the particle and also improve the efficiency of the delivery system
(Ball et al. 2018). In this study, we are aiming to simulate this positive effect with the

co-formulation of an anionic amphiphilic CD.

The CDs formulated with siRNA against KAT?2a were characterized, and the
safety and efficacy of the NPs were evaluated in HL-60 cells, an AML cell line
expressing the gene of interest. To our knowledge, this is the first time such a CD co-

formulation approach has been investigated for sSiRNA delivery.

2.2. Materials and Methods

2.2.1. Materials

MISSION® siRNA Universal Negative Control #1 and MISSION® siRNA
Fluorescent Universal Negative Control #1 6-FAM were purchased from Sigma
Aldrich. Pre-designed KAT?2a (or GCNb) (antisense
CCUACUUGUCAAUGAGGCCtc) was obtained from ThermoFisher (Dublin,
Ireland). All chemicals and materials were of analytical grade and purchased from

Sigma-Aldrich (Wicklow, Ireland), unless otherwise specified.

The cationic amphiphilic CD was synthesised as previously described by using a
‘click’ chemistry approach to attach the amine group on the secondary side, the

primary side was modified with lipid chains (C12) (Aoife M. O’Mahony, Ogier, et al.
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2012). The anionic amphiphilic CD was synthesised as described below and the
structure was confirmed by Fourier transform infrared spectroscopy (FT-IR), Nuclear

Magnetic Resonance (NMR), and high-resolution mass spectrometry (HRMS).

2.2.2. Nanoparticle preparation

Both amphiphilic cationic and anionic CDs were dispersed in RNase-free water
(0.25 mg/mL) via water bath sonication (Branson 1510) for 1 h at 70 °C and used
immediately after sonication. NPs with different mass ratios (MRs) were prepared by
adding the required amount of siRNA and cationic CD to RNasefree water, herein
referred as the formulation. The formulation was then incubated at room temperature
at 450 rpm for 30 min in a thermomixer. Following incubation, the amphiphilic anionic
CD was added to the cationic CD.siRNA-complex, forming the co-formulation, which
was subsequently incubated at 65 °C, 450 rpm for 30 min. The final siRNA

concentration was 500 nM.

2.2.3. Physicochemical characterisation

2.2.3.1. Size, Poly Dispersity and Zeta potential

Particle size and zeta potential were measured by dynamic light scattering (DLS)
using the Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK). Particle size (Z-
Average) and poly dispersity measurements were conducted using a non-invasive
backscatter system (scattered light angle of 170°) in a disposable narrow size cuvette
with a volume of 500 ul. Electrophoretic mobility is used to determine the zeta

potential (forward scatter angle of 12.8°). Zeta potential was measured with dis-
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posable folded capillary cells (DTS1070) with minimum required volume of 750 pl at
the monomodal mode with 60 s delay between measurements. The settings were as
follows: Protein as material (refractive index 1.450 and absorption 0.001), water as

dispersant (viscosity 0.8872cP, refractive index 1.330) at 25 °C.

2.2.3.2. Complexation efficiency

The complexation efficiency was investigated using a 1% Agarose gel in
Tris/Borate/EDTA buffer. Both running buffer and gel, contained SafeView (NBS
Bio-logicals, Huntingdon, UK), a Nucleic Acid Stain (6 pl/100 ml). Free siRNA
(positive control) and samples contained 3 pl BlueJuiceTM Gel Loading Buffer (10X)
(Invitrogen, Waltham, MA, USA) and 27 pl sample. The gel was run at 90 V for 60
min (Bio-Rad, PowerPacBasic, Hercules, CA, USA) and imaged under UV with

Uvitec Cambridge Mini HD.

2.2.3.3. Encapsulation efficiency

Encapsulation efficiency (EE) was assessed using the modified Quant-iT
RiboGreenTM RNA Assay kit (Invitrogen, Invitrogen, Waltham, MA, USA) (Raval
et al. 2019). Freely accessible sSiRNA was determined before the addition of surfactant
(Ffree), encapsulated siRNA was measured upon lysis of the particles with 10% Triton
X-100 (Fiwota) (final Triton concentration per well: 1%). After addition of the
RiboGreen reagent, Fluorescence intensity was determined using a Tecan Spark®
microplate reader at 485 nm excitation wavelength and 535 nm emission wavelength
in a black 96-well plate (Gain 55, top reading), sSiRNA was quantified by means of a

calibration curve. The EC was calculated using the equation:

EE = [(Frotat — Firee)/Ftotal] * 100
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2.2.3.4. Determination of pKa

Buffers from pH 4-12 in increments of 0.5 (pH 4-6.5 citrate buffer, pH 7-8
phosphate buffer, pH 8.5-12 Tris-HCI buffer), and 2-(p-toluidino)-6-naphthalene
sulfonic acid (TNS) solution at 300 uM in DMSO were prepared. In a black 96-well
plate, 90 pl of buffer with 10 pl samples were mixed. Finally, 2 pl of TNS solution
was added (6 M TNS/well) and incubated at room temperature in a shaker for 5 min,
protected from light. Fluorescence intensity was measured using the Tecan Spark®
(Mannedorf, Switzerland) microplate reader at an excitation of 340 nm and an
emission of 485 nm (top reading). Sigmoidal interpolation was applied to the collected
data, where the inflection point (LogIC50) defined the apparent pKa of the

formulations (Uebbing et al. 2020).

2.2.3.5. Serum stability

To assess the behaviour of the NPs in the presence of serum, samples were
exposed to 10% fetal bovine serum (FBS, heat-inactivated) for different time intervals

at 37 °C for up to 24 h. Particle aggregation was monitored by DLS.

To assess the ability of the CD-NPs to protect siRNA from degradation
following exposure to serum, a heparin displacement assay was used. Following
incubation at 37 °C in 10% FBS for different time intervals, samples were treated with
freshly prepared heparin (10 mg/ml, roughly 2000 I.U. in phosphate-buffered saline
(PBS)) for 75 min at room temperature (20% heparin in final sample). BlueJuiceTM
Gel Loading Buffer (10X) (Invitrogen, Invitrogen, Waltham, MA, USA) was added to
the samples and loaded onto the gel, containing SafeView (NBS Biologicals,
Huntingdon, UK). The gel was run at 120 V for 30 min (Bio-Rad, PowerPacBasic,

Hercules, CA, USA) and imaged under UV. The heparin-treated samples were
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measured with NanoDrop One (ThermoScientific, Dublin, Ireland) to quantify the

residual siRNA.

2.2.4. Cell culture

HL-60, a human peripheral blood cell line derived from a 36-year-old woman with
acute leukaemia, was kindly donated by Cancer Research @UCC and was maintained
in Iscove Modified Dulbecco Media with 20% FBS (heat-inactivated) and 1%
Penicillin-Streptomycin in a humidified 37 °C incubator with 5% CO2. For all

experiments the FBS concentration was decreased to 10%.
2.2.4.1. Cellular uptake

Flow cytometry was used to assess cellular uptake. Cells were seeded at 3.5 x 10°
cells per ml in a 24-well plate and transfected with formulations encapsulating FAM-
labelled siRNA for 6, 12 and 24 h (100 nM final concentration per well). After
incubation, cells were centrifuged at 1500 rpm for 5 min at 4 °C and the supernatant
was removed. The pellet of cells was resuspended with 400 pl PBS and transferred
into polystyrene round-bottom tubes (Becton Dickinson, Franklin Lakes, NJ, USA).

Data were acquired on BD CELESTA Facs Analyser (minimum 40,000 events).
2.2.4.2. Intra-cellular trafficking

The intracellular localization and co-localization of the formulations with
lysosomes were evaluated by confocal microscopy. Cells were seeded at 5 x 10° cells
per ml onto Poly-D-Lysine coated coverslips in a 24-well plate and treated with FAM-
labelled siRNA containing formulations. The incubation periods varied from 6, 12 to

24 h. LysoTrackerTM Red DND-99 (Invitrogen, Invitrogen, Waltham, MA, USA), a
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red-fluorescent dye for labelling and tracking acidic organelles, was prepared at 100
nM in serum-free media. The SytoTM Deep Red Nucleic Acid Stain (Invitrogen,
Invitrogen, Waltham, MA, USA), which stains the nuclei of cells, was added to the
Lysotracker working solution to give a final nucleic acid stain of 1 uM. After
incubation, the media was removed carefully, and the dyes were added to each well
(500 pl dye solution/well); after 150 min the dye solution was withdrawn. The cells
were fixed with 4% paraformaldehyde for 10 min at room temperature followed by
wash with PBS. The coverslips were removed and mounted with Fluorescent
Mounting Media (Dako, Agilent, Santa Clara, US); the cells were imaged using an

OLYMPUS FV1000 Confocal Laser Scanning Biological Microscope.
2.2.4.3. Toxicity assay

The cell counting kit -8 (CCK-8) assay was used to assess cell viability. In a 96-
well plate, 100 pl of cell suspension (2.5 x 10%ml) was transfected with 25 pl of
sample (siRNA 100 nM/well), followed by incubation for 3 days at 37 °C incubator
with 5% CO2. After incubation, 10 pl of CCK-8 solution was added followed by a
further 4 h incubation, and absorbance was measured using a plate reader at 450 nm.

Freshly prepared growth media was used as a blank.
2.2.4.4. Gene knockdown

Cells (3 x 10° cells/ml) were transfected with siRNA against KAT2a (100
nM/well) in a 24-well plate for 3 days. RNA extraction was conducted using
GeneEluteTM Total RNA Purification Kit according to manufacturer’s guideline.
Complementary DNA (cDNA) was generated using the High-Capacity cDNA Reverse
Transcription kit (Ap-plied BiosystemsTM, Waltham, MA, USA). Real-time

guantitative PCR (RT-qPCR) was performed using TagMan Universal PCR Master
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Mix (Applied Biosys-temsTM) and BIO-RAD CFX96TM Real-Time System.
GAPDH was chosen as the house-keeping gene (4331182) and KAT?2a probe with the
most coverage was purchased (AM16704, TagMan assay, Applied BiosystemsTM).
Thermal cycling conditions were as follows: 50 °C for 2 min, 95 °C for 5 min, 95 °C
for 15 s, 55 °C for 30 s, 72 °C for 1 min, 40 cycles. The last cycle was finalised with

a holding step for 7 min at 72 °C.

2.2.5. Statistical analysis

All statistical analysis was performed using GraphPad Prism 7. Unpaired t-test was
used for physicochemical characterization measurements to compare the two
formulations. 1-way ANOVA with subsequent multiple comparison Dunnett’s post
hoc test was utilized to compare all groups in cell culture experiments. Statistical

significance was considered when p < 0.05.

2.3. Results and Discussion

2.3.1. Synthesis of the amphiphilic anionic CD

The amphiphilic cationic CD was synthesised as previously described (Aoife
M. O’Mahony, Ogier, et al. 2012). The amphiphilic anionic CD was synthesised as
follows (Sukegawa et al. 2002): B-CD was silylated at the 6-OH position (Aoife M.
O’Mabhony, Ogier, et al. 2012) in order to direct the subsequent esterification of 2-OH
and 3-OH positions using dodecylanhydride. Facile desilylation to yield compound 3
was followed by treatment with 23 equivalents sulphurtrioxide-triethylamine complex

at 80 °C for 5 days in an inert atmosphere to generate the sulphate (4) as a
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trimethylamine salt in quantitative yield. All steps required purification by silica-based

chromatography (Figure 2-1).
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Figure 2-1 Chemical synthesis of anionic amphiphilic cyclodextrin (CD). Silylation at
position 6 of the -CD which enables the direct esterification with dodecylanhydride

(C12) at positions 2 and 3. Subsequently, desilylation and sulphation at position 6
produces the trimethylamine salt, resulting in a negatively charged amphiphilic CD.

The molecular structure was confirmed by means of Fourier-transform infrared
spectroscopy (FT-IR), Nuclear Magnetic Resonance (NMR), and high-resolution mass

spectrometry (HRMS), with following results:
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FT-IR, thin film on NaCl (cm™) 3476, 2956, 2924, 2854, 1748, 1466, 1260, 1203,
1173, 1047, 1006. The spectrum peak at 1748 cm™ is characteristic for carbonyl
groups that were created during esterification of 2-OH and 3-OH positions. The peak
at 1260 cm™* is an indication for the successful generation of sulphate (Cabassi, Casu,

and Perlin 1978).

IH NMR, 300 MHz, CDCls ppm: 0.83 (6H, m); 1.20 (32H, m); 1.19 (9H, t, J = 7.2
Hz); 1.45 (2H, m); 2.05 (2H, m); 2.25 (4H, m); 3.15 (6H, m): 3.41 (1H, m), 3.89 (1H,
t,J = 9.0 Hz); 4.15 (1H, m); 4.30 (1H, m); 4.70 (1H, dd, J = 10.2, 3 Hz); 5.15 (1H, d,

J=3Hz);5.25 (*H, t, J = 9 Hz); 9.15 (*H, s, D20 exchange) (Figure 7-1 A).

13C NMR, 100 MHz, CDCl; ppm: 8.75, 9.71, 10.97, 14.07, 14.12, 19.69, 22.72,
23.00, 23.74, 24.65, 24.83, 27.10, 28.93, 29.41, 29.45, 29.50, 29.60, 29.68, 29.72,
29.86, 29.91, 30.36, 31.98, 34.00, 34.13, 37.11, 38.72, 46.45, 68.16, 128.81, 130.90,

132.45, 167.79, 172.52, 172.81 (Figure 7-1B).

The MW of the anionic CD Ca10H378070S7 [M*] was calculated as 4244.4060 g/mol

and confirmed to be 4244.3947 g/mol by HRMS with an error of 2.66 ppm.

2.3.2. Physicochemical characterisation

Previously cationic CDs have proven highly effective in silencing gene expression
in a range of in vivo animal models of disease (Godinho et al. 2012; Guo, Ogier, et al.
2012; McCarthy et al. 2013). A reduction in the cationic charge density is likely to
extend the in vivo circulation time and minimise potential aggregation and toxicity
(Godinho et al. 2014; Qian et al. 2018). To help achieve this charge reduction the co-
formulation of cationic with anionic amphiphilic CDs was explored. The concept of

co-formulating cationic and anionic entities to enhance the performance of non-viral
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delivery of sSiRNA was reinforced by the work of Ball et al. (Ball et al. 2018). Ball and
co-workers initially co-formulated siRNA with mRNA using a blend of lipids and
observed an improved gene-silencing effect compared to siRNA-only NPs at the same
siRNA concentration. Following this observation, mMRNA was substituted with a
polyanionic polymer creating LNPs containing only siRNA that provided the same
gene silencing efficiency as the formulation with both NAs. The additional negative
charge helped to increase the electrostatic interaction within the particles reducing the

dose of siRNA and increasing the gene silencing efficacy (Ball et al. 2018).

In this study, an anionic amphiphilic CD was synthesized and co-formulated with
an amphiphilic cationic CD (Figure 2) aiming to reduce the overall positive charge,

improve the stability and the gene knockdown activity.
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Figure 2-2 Chemical structure (MW and pKa) and schematic of charged amphiphilic
CDs. (A) The amphiphilic cationic CD, with lipid chains (SC12) on the primary side
and a primary amine function on the secondary side. (B) The amphiphilic anionic CD,
with a negative functional group on the primary side and lipid chains (SC12) on the
secondary side.

Initially, the capacity of the amphiphilic anionic CD to neutralise the positively
charged CD was assessed in the absence of siRNA (Figure 7-2). Neutralisation
occurred between mass ratios (MRs) of 0.85:1 to 0.9:1 (amphiphilic cationic:anionic

CD), indicating that the charge density of the amphiphilic anionic CD may not be as
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high as that of the amphiphilic cationic CD. Therefore, 15% more anionic CD is

needed to neutralise the cationic CD.

Using this initial data, preliminary studies were performed to identify the optimum
MR of both CDs with the aim of achieving NPs containing 100 nM siRNA, with a
charge between —30 mV to 30 mV, size below 200 nm and PDI between 0-0.3. These
physicochemical parameters are desirable in NP delivery where: negatively or
positively charged particles were proven to show better in vitro uptake than neutral
NPs (Foroozandeh and Aziz 2018); particles below 200 nm are able to escape the
reticulo endothelial system (RES) (Hoshyar et al. 2016; Kulkarni and Feng 2013) and
low PDI guarantees uniform particles (Danaei et al. 2018) thus increasing the

possibility to reach the site of disease.

Optimisation studies in the presence of the negatively charged siRNA indicated a
MR of 8.5:1:5.3 (cationic CD:siRNA:anionic CD) for the co-formulation (Figure 7-3).
A higher MR of the anionic CD resulted in displacement of the sSiRNA (Figure 7-4).
A summary of the physicochemical properties for both NP formulations is given in
Table 2-1, where the formulation at MR 8.5:1 (cationic CD:siRNA) displayed a
surface charge of 34 + 7 mV, a size of 164 £+ 44 nm, and PDI of 0.46 + 0.1 while the
co-formulation MR 8.5:1:5.3 (cationic CD:siRNA:anionic CD) exhibited a surface
charge of 24 + 6 mV, size of 161 + 14 nm, and PDI1 0.16 £ 0.04. Similar size and PDI
values have been reported for LNPs (Hajj et al. 2019). The addition of the amphiphilic
anionic CD resulted in a significant (p < 0.05) reduction in charge and PDI. No
increase in size was detected with the co-formulation, which may indicate increased
electrostatic and lipophilic interactions, thus, leading to more condensed and

monodisperse particles (O’Mahony et al. 2014).

64



Table 2-1 Summary of physicochemical characterisation of CD:SiRNA NPs.

Size (nm) PDI Charge (mV)
Formulation
(cationic CD:siRNA) 164 + 44 046 £0.1 34+7
Co-formulation
(cationic CD:siRNA:anionic 161 + 14 0.16 £ 0.04 26 + 4

CD)

The encapsulation efficiency (EE) of both formulations was investigated by
RiboGreenTM assay. The formulation showed 95% EE and the co-formulation
displayed approximately 75% EE (Figure 2-3 A). Comparable entrapment was
reported elsewhere (Raval et al. 2019). Binding of siRNA by both formulations was
confirmed utilising gel retardation (Figure 7-5). Polyanions are known to displace NAs
in NP (Vader et al. 2012), however, results indicate no displacement of the sSiRNA on

addition of the anionic CD at the MR studied.
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Figure 2-3 Physicochemical characterisation of cyclodextrin (CD)-based NPs. (A)
Encapsulation efficiency using Quant-iT RiboGreenTM RNA Assay. (B) Transmission
Electron Microscopy (TEM) of the co-formulation with MR 8.5:1:5.3 (cationic
CD:siRNA:anionic CD). Magnification 120,000%; * p < 0.05, unpaired t-test. (C, D)
Acid dissociation constant (pKa) determination of the NPs by means of 2-(p-toluidino)
naphthalene-6-sulfonic acid (TNS) assay.

In addition to the electrostatic interaction of the CDs, the potential interaction
of the lipidic functionality of both CDs may also contribute to the formation and
stability of the co-formulation. Transmission electron microscopy (TEM) was used to
examine the size and morphology of the co-formulation and indicated the integration
of both lipidic functionalities forming a bilayer-like structure (Figure 2-3 B). Earlier
publications have reported similar structural arrangement in CD-siRNA NPs (Singh et
al. 2019; Villari et al. 2013). Compared to DLS, the smaller particle size of 100 nm is
likely due to the sample preparation for TEM which includes drying of the sample,

leading to shrinkage of the particles.

It has been reported that materials with pKa values around 6.5 are optimal for
non-viral delivery of NAs, since such pKa will ensure a positive charge during
formulation at acidic pH and a near neutral charge at physiological pH 7.4 (Akinc et
al. 2019; Kulkarni J, Darjuan M 2018). The pKa of both CDs were estimated based on
their chemical structure as 11 and 1 for the cationic and anionic CD, respectively
(Figure 2-2). Following NP formation, the surface pKa was determined. The
formulation displayed a pKa of 8.5 £ 0.1, significantly higher (p < 0.05) than that of
the co-formulation with a pKa of 7 + 0.35 (Figure 2-3 C, D). Since these are surface
pKa values, the reduction in the number of cationic species on the particle surface is
reflected by a reduction in the surface pKa in the same way that surface charge is seen

to be reduced by co-formulation.
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The ability of CDs to protect the incorporated siRNA in the presence of serum was
monitored. This is important considering the exposure of NAs in the blood circulation
and the potential for degradation (Whitehead, Langer, and Anderson 2009). Both
formulations show similar behaviour in FBS over the time course studied. It is
suggested that the FBS covers the surface with non-specific binding (Richtering,
Alberg, and Zentel 2020; Wang et al. 2020; Witzigmann et al. 2020) which possibly
led to the slight increase of 10 nm observed for both formulations immediately after
FBS exposure, however, no further increase in size was detected at longer incubation
times up to 24 h (Figure 2-4 A, B), as reported previously for dendrimer
nanocomplexes (Raval et al. 2019). The protective role of the CDs was confirmed by
heparin-release assay (Fitzgerald, Rahme, et al. 2016), in which heparin, a negatively
charged polysaccharide, displaces the incorporated siRNA due to charge competition.
As shown in Figure 2-4 C, siRNA release was verified at all time points for both CD-
NP formulations. For further confirmation, RNA concentrations were measured
(Figure 2-4 D). Free siRNA decreased in concentration by half in less than 3 h, while
the siRNA concentration in the NP formulations remained constant, independent of
the time exposed to serum. These results conclude that the sSiRNA released by the
heparin was intact and undegraded, indicating that both NP formulations could protect

the NA from enzymatic degradation in serum (Raval et al. 2019).
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Figure 2-4 CD-NP stability in serum. (A) Particle size measurement after 24 h
incubation in 10% serum for formulation MR 8.5:1 (cationic CD:siRNA). (B) Particle
size measurement after 24 h incubation in 10% serum for formulation co-formulation
MR 8.5:1:5.3 (cationic CD:siRNA:anionic CD). (C) siRNA displacement assay of
serum-treated NPs with polyanion Heparin to confirm the ability to protect SiRNA in
CD-NP. (D) Quantification of siRNA of serum- and heparin-treated NP with
NanoDrop One.

2.3.3. Invitro cell culture

Having determined that the addition of the amphiphilic anionic CD to the
formulation can significantly impact the surface charge, both formulations were
evaluated using HL-60 cells. HL-60 is a human peripheral blood cell line derived from
a 36-year-old woman with AML, where the epigenetic modulator KAT2a is
overexpressed (Kahl et al. 2019). The cells were incubated with the CD-based
formulation carrying FAM-labelled siRNA at a final concentration of 200 nM per well

and cellular uptake was monitored by flow cytometry and confocal microscopy.

Confocal microscopy confirmed siRNA internalization in HL-60 cells as

demonstrated by the green fluorescence present around the nuclei at all imaged time
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points (Figure 2-5 A). The relatively lower surface charge of the co-formulation did
not alter the cellular uptake indicating that charge alone is not the sole driver for
internalisation (Wang et al. 2020). In contrast, the amphiphilicity of the CDs
promoting a lipophilic interaction at cellular level may also be a significant factor
(Abumanhal-Masarweh et al. 2019). As shown in Figure 2-5 B, the uptake patterns
were similar for both formulations over time (6, 12 and 24 h), reaching approximately
60% after 6 h and decreasing by half after 24 h, consistent with the confocal images
that show reduced siRNA signal over time. Similar behaviour has been previously

published (Landry et al. 2012).
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Figure 2-5 Cellular Uptake. (A) Confocal images of uptake into HL-60 cells with NPs
incorporating FAM-labelled siRNA (green). Magnification 40x. (B) Flow cytometric
analysis of HL-60 cells treated with different CD-based NP formulations at 6, 12 and
24 h. Formulation MR 8.5:1 (cationic CD:siRNA) and co-formulation MR 8.5:1:5.3
(cationic CD:siRNA:anionic CD).
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Generally, after entering the cells via endocytosis, NPs containing siRNA if
trapped in early endosomes, which mature into late endosomes and ultimately fuse
with lysosomes, may be degraded (Deprey, Batistatou, and Kritzer 2020). Therefore,
effective escape from late endosomes/lysosomes is a critical step to achieve gene
silencing. Herein, Lysotracker Red was used to label later endosomes/lysosomes and
the intracellular trafficking was investigated by confocal microscopy. After 6 h, both
formulations were located within the late endosome/lysosome, as indicated by the co-
localisation of siRNA (green) and LysoTracker (red) (Figure 2-6, indicated by white
arrows). The time frame for late endo-lysosomal release differed for the two NP
formulations. After 12 h, late endosomal/lysosomal release was seen with the
formulation (Figure 2-6 A), but not with the co-formulation which still showed co-
localisation (Figure 2-6 B). Endo-lysosomal escape for the co-formulation appeared

mainly to occur at the later time of 24 h.

The different endosomal release patterns of the two formulations may be due in
part to the difference in overall surface charge and surface pKa. It is well known that
positively charged particles more readily escape from the endosome via electrostatic
interaction with the endogenous anionic components of the endosomal membrane
resulting in endosomal disruption (Degors et al. 2019; Heyes et al. 2005). At
endosomal pH of 5.5, the co-formulation NPs with surface pKa of 7 may display less
of the cationic species at the NP surface in comparison to the formulation NPs with
surface pKa of 8.5. This decrease may lead to weaker NP-endosomal-membrane-
interaction thus explaining the slower endosomal escape of the co-formulation

detected after 24 h (Figure 2-6 B).
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Figure 2-6 Confocal microscopy showing KAT2a siRNA intracellular trafficking. HL-
60 cells were treated for 6, 12 and 24 h with CD-based NP formulations containing
KAT2a siRNA (100 nM siRNA concentration per well). The fluorescent markers used
included: FAM-labelled siRNA (green) positive cells with the lysosomes stained by
LysoTrackerTM Red DND-99 (red), and the nuclei (blue) by SytoTM Deep Red
Nucleic Acid Stain). (A) Formulation, (B) Co-formulation. Magnification 40x%.

To assess the level of gene knockdown, HL-60 cells were transfected with 100
nM KAT?2a siRNA per well for 3 days. Although blood cells are difficult to transfect
with non-viral vectors (Landry et al. 2012; Uebbing et al. 2020), both CD-NP
formulations significantly reduced mRNA levels relative to free KAT2a (p < 0.05) by
29 + 11% for the formulation, and 21 + 2% for the co-formulation (Figure 2-7), in the
absence of toxicity (Figure 7-6). Landry and colleagues reported GFP silencing in
THP-1, another leukaemia cell line, of 20-26%, indicating that the levels of gene

knockdown achieved in this study are comparable (Landry et al. 2012).

The gene knockdown efficiencies for both formulations are not significantly

different, however, the trend for a slightly lower level seen with the co-formulation

71



may be due to the lower loading capacity, (Figure 2-3 A), and the slower endosomal
release potentially resulting in greater endosomal degradation (Figure 2-6). While the
co-formulation did not enhance the level of gene silencing in this in vitro study, the
reduction in charge density achieved following addition of the anionic CD may be a

significant advantage for reducing in vivo toxicity (Zhou et al. 2021).

Work is ongoing to improve the transfection efficiency by further modifying the
CD chemistry with the aim of enhancing endosomal escape. In addition, due to the
flexibility of the CD basic structure potential exists to incorporate a targeting ligand
to help ensure cell specific uptake in vivo. Antibody-labelled NPs have shown
potential especially in the design of precision medicines for cancer therapy (Lee et al.
2017; Sun et al. 2014). This targeting approach has also been applied to CDs, where
Guo et al. (Guo et al. 2017), have shown that antibody-targeted CD-based NPs
increased the level of knockdown in KG1 cells, an AML stem and progenitor cell line,

and ex vivo in patient samples by 35% relative to the untargeted formulation.
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Figure 2-7 KAT2a mRNA levels after gene knockdown. mRNA levels of KAT2a (as
percentage relative to the control (grey dots)) in HL-60 cells measured 72 h post-
transfection by TagMan gPCR and normalized to untreated cells. Mean + S.E.M of 3
technical replicates per-formed in triplicate (SIRNA: black squares; Formulation:
green triangles, Co-formulation: blue diamond). One-way ANOVA followed by
Dunnett’s post hoc test was used. * p < 0.05 compared to un-treated group.
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2.4. Conclusions

The chemical versatility of CDs facilitates a range of structural modifications to
optimize the physicochemical characteristics and subsequent efficacy of NPs
containing therapeutic NAs. By varying the MRs of an amphiphilic cationic CD with
an amphiphilic anionic CD in a co-formulation approach it is possible to modulate the
size and charge of NPs containing siRNA. The co-formulation of the anionic
amphiphilic CD led to a charge reduction of 10 mV and an approximate 3-fold
reduction in polydispersity. While the reduction in the cationic charge is likely to be
beneficial for in vivo delivery, the current in vitro studies indicate that endosomal
escape maybe the main barrier to enhancing gene silencing above the levels reported
(21 £2%). Structure-activity studies using functionalised CDs, including optimisation
of the pKa, to enhance endosomal escape are under investigation. In summary, the
data presented illustrates the potential of CDs as a delivery platform for NA

therapeutics to treat cancers such as leukaemia with high unmet clinical needs.
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Due to the presence of several hydroxyl groups with different reactivities
which enables efficient functionalisation, cyclodextrins (CDs) have proven to be
promising vectors for siRNA delivery. In the quest to identify the most effective
chemical structure for enhancing activity, a wide array of amphiphilic CDs was
meticulously engineered and synthesised. This encompassed a spectrum of chemical
and structural properties, such as B-CD versus y-CD, low pKa versus high pKa, various
functionalized chains, terminal primary amine versus tertiary amine, and the choice
between triazole-linker and thiopropyl-linker.

Nanoparticles (NPs) with siRNA were formulated at mass ratios (MR) 7.5:1
and 10:1 (CD:siRNA) and characterised. A comparative study assessing the ability of
these NPs to silence genes was performed in vitro using the reporter gene luciferase
in A549-luc cells. Preliminary studies revealed that the introduction of terminal
amines at both the C2 and C3 positions of y-CD (double chain) resulted in more robust
gene silencing when compared to the substitution at the C2 position alone (single
chain).

An examination of the linker employed for conjugating a terminal primary
amine to double-chain y-CDs revealed enhanced gene knockdown efficacy with a
thiopropy! group compared to a triazole group. Remarkably, a double-chain y-CD
appended with a thiopropyl-linked primary amine achieved an 80% gene knockdown,
even when the dose was reduced by half. In summary, concerning cationic amphiphilic
CDs, the specific nature and strategic location of functional groups play a pivotal role
in optimising gene silencing activity.

Keywords: cationic cyclodextrins, chemical modification, nucleic acids, linker

chemistry
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3.1. Introduction

The development of therapeutic nucleic acid (NA)-delivery strategies has
gained a lot of interest in the last decade (Sahu et al. 2023). This was reinforced by the
success of the messenger RNA (mMRNA) vaccine development against SARS-CoV-2
delivered using lipid nanoparticles (LNPs). The successful approval of mRNA
vaccines paves the way for the development of other alternative non-viral NP-based
delivery systems targeted at more complex non-infectious disease conditions. Among
them, CD-based NPs have demonstrated potential for successful delivery and
knockdown of genes in several diseases such as acute myeloid leukaemia (Guo et al.
2017), prostate cancer (Evans et al. 2017), glioblastoma (Gooding et al. 2015;
Manzanares et al. 2020), Huntington’s disease (Godinho et al. 2012; Mendonca et al.
2021), and lung cancer (Li et al. 2020; Liu and Liu 2022).

CDs have been extensively used as excipients in the pharmaceutical industry
to overcome solubility, bioavailability and stability issues (Jambhekar and Breen
2016). CDs as cyclic oligosaccharides differ in the number of glucose units (six (a-
CD); seven (B-CD); eight (y-CD)). All CDs possess a narrow rim with primary
hydroxyl groups and a larger face with two types of secondary hydroxyl groups. These
hydroxyl groups can be regioselectively modified due to differences in reactivity, thus
allowing the production of various CDs bearing neutral, cationic or anionic functional
groups (Haley et al. 2020; Xu et al. 2021). These derivatives may display enhanced
chemical properties, for instance, modifications of the hydroxyl groups are often
performed to increase the aqueous solubility of cyclodextrins (CDs), or the selective
introduction of apolar groups, thereby significantly enhancing the lipophilicity of the
target derivative. The chemical versatility of these derivatives collectively enhances

the utility of CDs as non-viral delivery vectors, for instance, by improving the
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membrane permeability. Following this principle, it was possible to synthesise a range
of functionalised CDs including amphiphilic cationic, anionic and neutral CDs capable
of delivering siRNA and antisense oligonucleotides (ASOs) into neuronal cells
(Mendonga, Sun, et al. 2023; O’Mahony, Ogier, et al. 2012), prostate cancer cells (Sun
et al., 2023) and leukaemia cells (Guo et al. 2017). The efficient delivery of siRNA
and gene silencing efficacy was further demonstrated in vivo (Godinho et al. 2012;
Guo, Ogier, et al. 2012; McCarthy et al. 2013; Mohammed et al. 2019; Zou et al.
2021).

It is well known that specific functionalisation of biomaterials, including CDs,
can impact the physiochemical properties and the subsequent delivery efficiency and
biodistribution (Buck et al. 2019; Eygeris et al. 2022; Haley et al. 2020). In this work,
NPs containing siRNA were formulated with a range of structurally modified
amphiphilic cationic CDs, and evaluated as non-viral delivery vectors. The study
included a comparison of the type of CD (B versus y), functional modifications to the
secondary face such as primary versus tertiary amines and the level of substitution per
glucose unit in a CD-ring (single versus double chain). Additionally, the effect of
linker groups, (triazole and thiopropyl), used to attach these amines, was investigated.
The aim of the current work is to expand the library of amphiphilic cationic CDs and
to identify the optimum structure to overcome barriers to SiRNA delivery, including
stability, cellular uptake across bilayer membrane and endosomal escape and

consequently enhance gene silencing efficacy.
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3.2. Materials and Methods
3.2.1. Materials

siRNA against fluorescent luciferase (FLuc) was purchased from Dharmacon
(Lafayette, Colorado, United States) with the target sequence (Sense Strand) 5’
CGACAAGCCUGGCGCAGUA 3°. MISSION® siRNA Universal Negative Control
#1 and MISSION® siRNA Fluorescent Universal Negative Control #1 6-FAM
(Fluorescein amidites) were purchased from Sigma Aldrich (Wicklow, Ireland). All
other materials were purchased from Sigma Aldrich at analytical grade, unless

mentioned otherwise.

3.2.2. CD synthesis and nanoparticle preparation

Amphiphilic cationic CDs were modified using a range of functional groups
as listed in Table 3-1.

Table 3-1 Structurally modified cationic CDs.

Number of
cationic Terminal
CD name | CD type functional Linker amine on Reference
groups on group secondary
secondary face
side
(O’Mahony,
CD-B1 B 1 Triazole Primary Ogier, et al.
2012)
. (Mendonga
CD-B2 B 1 Ester Tertiary et al. 2021)
CD-G1 Y 1 Triazole Primary
(Mendonca,
CD-G2 Y 2 Triazole Primary Sun, et al.
2023)
Primary
CD-G3 Y 1 Thiol (on primary
face)
CD-G4 Y 2 Thiopropyl Primary
CD-G5 Y 2 Thiopropyl Tertiary
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SAR comparison

CD-chemistry CD representative Rationale
Water solubility, industrial
CD type B- versus y-CD scale up
CD-B1 versus CD-B2
Terminal amine CD-B1 versus CD-G1 Complexation, endosomal
(chain number, pKa) CD-G1 versus CD-G2 escape
CD-G4 versus CD-G5
Linker CD-G1 versus CD-G4 I_Endoso_mal escape,
industrial scale-up

SAR = structure-activity-relationship

The synthesis of B-CDs, CD-B1 and CD-B2, and y-CD, CD-G2, have
previously been reported (Mendonga et al. 2021; Monique C. P. Mendonca, Sun, et al.
2023; Aoife M. O’Mahony, Ogier, et al. 2012). The structures of the newly synthetized
CDs (CD-G1, CD-G3-5) were confirmed using Fourier-transform infrared
spectroscopy (FT-IR), nuclear magnetic resonance (NMR), and high-resolution mass
spectrometry (HRMS) (7.2.1 Synthesis Details).

After dispersion of the CD in RNase-free water (0.25 mg/ml) using a probe
sonicator (Branson Sonifier 250) for 10 mins; NPs were prepared by incubating with
siRNA at 450 rpm for 30 mins at 25 °C in a thermomixer. The final siRNA

concentration was 500 or 1000 nM.

3.2.3. Physicochemical characterisation

3.2.3.1. Size, Poly dispersity index and Zeta potential

Particle properties were assessed by dynamic light scattering (DLS) (Zetasizer
Nano-ZS, Malvern Instruments, Malvern, UK). Particle size (Z-Average) and poly

dispersity index (PDIs) were measured with non-invasive backscatter system
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(scattered light angle of 170°) in a narrow size cuvette (REF 67.742). Zeta potential
was determined with folded capillary cells (DTS1070) by means of electrophoretic
mobility (forward scatter angle of 12.8°) in monomodal mode. Chosen settings were
protein as material (refractive index 1.450 and absorption 0.001), and water as
dispersant (viscosity 0.8872cP, refractive index 1.330) at 25 °C.

3.2.3.2. Complexation efficiency

The complexation efficiency was assessed with 1%-Agarose gel (1%) which
was run in Tris/Borate/EDTA buffer containing SafeView (NBS Biologicals,
Huntingdon, UK), a Nucleic Acid Stain (6 p/100ml). BlueJuice™ Gel Loading Buffer
(10X) (Invitrogen, Waltham, MA, USA) was added to samples. The gel was run at 90
V for 45 min (Bio-Rad, PowerPacBasic, Hercules, CA, USA) and imaged under UV
with Uvitec CambridgeMini HD.

3.2.3.3. Encapsulation efficiency

Encapsulation efficiency was assessed with the Quant-iT RiboGreen™ RNA
Assay kit (Invitrogen, Invitrogen, Waltham, MA, USA). The fluorescent intensity of
the interaction between free RNA and RNA-dye was measured after NP incubation
(Jiang et al. 2020) with a Tecan Spark® (Mannedorf, Switzerland) microplate reader
at 485 nm excitation wavelength and 535 nm emission wavelength in a black 96-well
plate (Gain 55, top reading). siRNA quantification was determined by means of a
calibration curve (R? > 0.995, x-axis: sSiRNA concentration, y-axis: dye signal).

3.2.3.4. Determination of pKa

2-(p-toluidino)-6-naphthalene sulfonic acid solution (TNS) in DMSO was
prepared (300 uM) to measure the fluorescence intensity of CD-NPs at different pH

(0.1 M buffers from pH 4-12 in increments of 0.5; pH 4-6.5 citrate buffer, pH 7-11.5
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Trizma® buffer). The fluorescence signal was determined in a black 96-well plate.
using Tecan Spark® (Mannedorf, Switzerland) using a microplate reader at an
excitation of 340 nm and an emission of 485 nm (top reading). 90 ul buffer was
combined with 10 pl sample and 2 pl TNS (6 uM TNS/well). The inflection point
(LoglC50) on the resultant sigmoidal plot defined the apparent pKa of the formulation
and/or the CD (Uebbing et al. 2020).

3.2.3.5. Transmission electron microscopy (TEM)

TEM samples were dried on a 400-mesh copper coated carbon film, as
previously described (Monique C. P. Mendonga, Sun, et al. 2023) and analysed with
a JEOL JEM 2000FXII (Jeol Ltd., Tokyo, Japan), at 200 kV.

3.2.3.6. Heparin release

NPs were incubated at 37 °C with heparin (10 mg/ml) at a final heparin
concentration of 20% (w/v) for different time points. Displaced siRNA was visualised
by UV on a 1% Agarose gel after 30 mins at 90 V.

3.2.3.7. Serum stability

Samples were incubated at 37 °C with 50% fetal bovine serum (FBS, heat-
inactivated) (Aylward 2019) for different time intervals. Subsequently, samples were
treated with heparin (10 mg/ml) for 75 min at room temperature (20% (w/v) heparin
in final sample). Samples were loaded onto 1% Agarose gel after addition of
BlueJuice™ Gel Loading Buffer (10X) (Invitrogen, Invitrogen, Waltham, MA, USA).
The gel and buffer contain SafeView (NBS Biologicals, Huntingdon, UK), a Nucleic
Acid Stain (6 /200 ml). The gel was run at 90 V for 30 min (bio-Rad, PowerPacBasic

Hercules, CA, USA) and imaged under UV.
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3.2.4. Cell culture

A549-luc2 were purchased from ATCC (American Type Culture Collection)
and donated by Dr. Piotr Kowalski (University College Cork). A549 are epithelial
cells derived from lung cancer in a white, 58-year-old male patient. The cells were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) with 10% (v/v) FBS
(heat-inactivated), 1% (v/v) Penicillin-Streptomycin and 8 pg/ml Blasticidin at 37 °C
and 5% COa. Cell lines with luciferase as reporter gene are useful and practical tools
to screen a variety of NA delivery vectors (Neefjes et al. 2021).

3.2.4.1. Cellular uptake

1.5 x 10° cells/ well were seeded in a 24-well plate in complete media (10%
(v/v) FBS and 1% (v/v) Penicillin/Streptomycin). After 24 hours, the media was
changed to low-serum media (2% (v/v) FBS and 1% (v/v) P/S) (400 pl). Transfection
was performed with FAM-labelled siRNA for 6 hours (100 pl of NP; equals 20 pmol
siRNA/well). After incubation, cells were trypsinised and collected in tubes,
subsequently centrifuged at 1500 rpm for 5 min at 4 °C. Cells were washed with PBS
and finally resuspended in PBS and transferred into polystyrene round bottom tubes
(Becton Dickinson). BD CELESTA Facs Analyser was utilised to assess cellular
uptake (10 000 events). Data was analysed with FlowJo 10 (Franklin Lakes, New
Jersey, United States).

3.2.4.2. Intracellular trafficking

Intracellular uptake was also confirmed by confocal microscopy. Cells (1.5 x
10°/well) were grown in complete media on glass coverslips in a 24-well plate 24

hours prior to transfection. For transfection purposes FBS was reduced to 2% (v/v) in
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the media and 20 pmol/well FAM-siRNA-NPs were added per well and incubated for
0 h, 6 h, 24 h and 48 h. Subsequently, slides were incubated with DAPI in PBS for 30
mins and mounted with Mowiol Mounting Media. Zeiss LSM510 META confocal
microscope (Carl Zeiss, Jena, Germany) using a 63x objective was used to acquire
confocal images.

3.2.4.3. Toxicity assay and Gene knockdown

Cells were seeded at 1 x 10* cells/well in a white 96-well plate 24 hours before
transfection. After replacing the complete media with low serum complete media,
transfection for 6 hours was conducted at 10 or 20 pmol FLuc siRNA per well (final
volume per well: 100 ul/well). The media was changed to high FBS complete media
and incubated for further 18 hours, CellTiter-Fluor™ Cell Viability Assay was used
to assess the potential cytotoxicity of the treatments. The substrate was prepared at 5X
and 20 pl was added to each well. After 35 mins incubation (5% CO2, 37 °C), the
luminescence was measured in a Tecan Spark® (Mannedorf, Switzerland) microplate
reader at an excitation of 380 nm and an emission of 535 nm (top reading).
Subsequently, levels of knockdown were evaluated using ONE-Glo™ EX Luciferase
Assay (Promega, Madison, Wisconsin, United States) according to manufacturer’s
guidelines in the same plate, using the luminescence mode in the Tecan Spark®
microplate reader. Luciferin signals were normalized against the average of the cell

viability of the control group, as follows:

luciferin signal

viability signal
average of viability signal of control group
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3.2.5. Statistical analysis

Data was statistically analysed using GraphPad Prism 8. The One-way
ANOVA was used and Tukey’s multi comparison post hoc test was applied to compare
all formulations. Statistical significance was considered at different levels, **** p <

0.0001, *** p < 0.001, ** p < 0.01, * p <0.05.

3.3. Results and Discussion

3.3.1. CD structure and chemistry

All of the amphiphilic CDs studied contained a Ci2 lipid chain, shown
previously to enhance gene silencing activity (A. M. O’Mahony, Godinho, et al. 2012).
The lipophilic groups facilitate self-assembling into NP and promote membrane
permeability (Singh et al. 2019), while the positively charged groups on the secondary
side are necessary to form electrostatic complexes with the negatively charged NAs.

Seven modified CDs were analysed in this study (Figure 3-1): six amphiphilic
cationic CDs (two B- and four y-CDs), all with C12 lipid chains on the primary side at
the 6-OH position and one non-amphiphilic cationic CD (CD-G3). The first
amphiphilic B-CD (CD-B1) was prepared using ‘click’ chemistry to attach the cationic
functional group selective on the O2 of the glucopyranose units. CD-B1 contains a
primary amine attached via a triazole to the -CD. The second amphiphilic cationic -
CD (CD-B2) incorporates a tertiary amine, with the aim of reducing the apparent acid
dissociation constant (pKa) and assessing the influence of pKa on NP performance.

To assess the effect of the cavity size on the complexation, y-CD was
selectively modified by click chemistry on the O2 position with primary amine (CD-

G1). Additionally, the y-CD analogue with secondary-side O2 and O3 exhaustively
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substituted (CD-G2) was used to evaluate the effect of the number of cationic groups
(charge density of the CDs).

To investigate the structure-activity-relationship (SAR) further for the y-CDs,
three additional derivatives were synthesised, and their performances were
established. Firstly, a cationic and non-amphiphilic y-CD derivative with primary
amine located on the narrow rim of the CD unit (CD-G3) was synthesised with the
aim to confirm the importance of amphiphilicity. Subsequently, y-CD modified on the
primary side with dodecylthio apolar chains (Ci2 lipid chains) was completely
substituted on the secondary side (both O2 and O3 substitutions) with primary amine
(CD-G4) or tertiary amine (CD-G5) to assess the importance of the nature of the
terminal amine in gene knockdown potential. Ultimately, the triazole linker was

compared to the thiopropyl linker, by examining CD-B1 versus CD-G4.
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Figure 3-1 Chemical structures of the amphiphilic cationic - and »~CDs used in this
study.
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3.3.2. Physicochemical characterisation

To explore the effects of structural modification on the physicochemical
properties, changes in size, PDI, charge, and pKa were monitored for all CD
derivatives.

Nanoparticle Size and PDI

All NPs measured with DLS showed average sizes from 110 - 220 nm
regardless of the molar ratio (MR) and CD type used in the formulation (Figure 3-2
A). The increase in MR from 7.5:1 to 10:1 (cationic CD:siRNA) did not significantly
impact the size. Poly dispersity index (PDI) ranged from 0.3-0.5. The TEM analysis
revealed spherical particles with sizes ~100 nm (Figure 3-2 C). The lower particle size
by TEM is due to sample preparation which includes a drying process that tends to
shrink the particle. Similar results for size and PDI were observed previously
(Mendonca et al. 2021; Sun et al. 2023).

Nanoparticle Charge

A significant decrease in charge associated with MR reduction from 10:1 to
7.5:1 was observed for y-CDs CD-G1 (***p <0.001) and CD-G2 (*p < 0.05) which
decreased from 32 mV to 22 mV and 37 to 30 mV, respectively. B-CD showed a
similar trend, however, these changes in charge were not statistically significant
(Figure 3-2B).

Comparison of the CD type: f-CD versus y-CD

The CD-B1 and CD-G1 have similar functional groups, incorporating a SC12
lipid chain on the primary side and a triazole-attached primary amine regioselectively
located on the O2 of the secondary side, the most prominent difference is the number
of glucose units in the ring structure. This allows a reasonable comparison of the

effects of changing the cavity size from B- to y-CDs. At MR7.5:1 a significant charge
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difference was detected from 35 to 22 mV (**** p < 0.0001, CD-B1 and CD-G1
respectively). The same trend of charge reduction occurred at MR 10:1 from 38 to 32
mV (* p <0.05).

Effect of the number of amines on the secondary side

The y-CD derivative, CD-G1, containing one primary amine per
glucopyranose unit (O2-substitution) was compared to CD-G2 analogue, bearing
identical structural motifs on both O2 and O3 positions. As expected, an increase in
the positive charge was detected when y-CDs were compared within the same MR.
The increase was more prominent at MR7.5:1 (G1 at 22 mV versus G2 at 30 mV, (**p
< 0.01) but not significantly higher at MR10:1 (G1: 32 mV versus G2: 37 mV). The

higher zeta potential might occur as a consequence of a higher charge density per y-

CD glucose unit.
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Figure 3-2 Physicochemical characterisation of CDs. (A) Size £ SD (Bar chart) and
Polydispersity index + SD (PDI) (black symbols ¢)(N=3); (B) Charge £ SD of the NPs
(N=3). (C) Representative TEM images of CD-NPs at different mass ratios. Scale
bar= 100 nm. One-way ANOVA followed by Tukey's multi comparison test, **** p <
0.0001, *** p < 0.001, ** p < 0.01, * p <0.05.

Binding of the siRNA by the CDs

In all CD:siRNA formulations, no free siRNA was detectable (based on gel
electrophoresis investigation) indicating full binding of the sSiRNA by the cationic CDs
(Figure 7-7 A). This result was corroborated by an encapsulation efficiency of >90%
(Table 7-1). The strong binding is essentially driven by the electrostatic interactions
between the cationic CDs and the oppositely charged NA, however, it is also

influenced by the MR of CD to siRNA used (Aydinlioglu et al. 2023; Jiang et al. 2020).

Effect of the terminal amine on pKa

Table 3-2 Description and physicochemical characteristics of CDs used in this study.
Estimated (CD-B1) or experimental (CD-B2, CD-G1-5) pKa of pure CD determined
by TNS assay. MW= molecular weight.

CD-B1 | CD-B2 | CD-G1 | CD-G2 | CD-G3 | CD-G4 | CD-G5

‘click’ ‘click’ ‘click’

Linker . ester : ;
triazole triazole | triazole

thiol |thiopropyl|thiopropyl

Amine | primary | tertiary | primary | primary | primary | primary | tertiary

MW

4192 3479 4367 7796 1952 5198 5679
(9/mol)

pKa
(pure 11 6.2 10 10 10 8.2 7.8
CD)

Lipid

chain SC12 SC12 SCi2 SCo N/A SC12 SCo
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In the case of cationic lipids, it has been reported that a pKa of approximately
6.5 is ideal for the delivery of NA, facilitating maximum ionisation and subsequent
siRNA binding at low pH, while being near neutral at physiological pH. The apparent
pKa of the CD-based formulations was evaluated because pKa is suggested to be an
important factor driving the efficiency of NPs in vivo (Hajj et al. 2019). The amine
function on the B-CD (CD-B1 versus CD-B2) was changed from primary to tertiary.
To evaluate the effect of the change in pKa and charge density after NP formulation,
pKa values were determined in nuclease-free water (pH 6.5). Whilst y-CD-NP
containing triazole-attached primary amines (CD-G1 and CD-G2 presented pKa
values of 10 across both MRs) NPs formed with -CDs showed a significant drop from
pKa 9 (CD-B1, triazole-attached primary amine) to ~6 once the amine was switched
to tertiary amine attached via an ester (CD-B2) (Figure 3-3 A). This was anticipated
in the light of previously measured pKa of pure CD-B1 and CD-B2 (Table 3-2). Also,
CD-B2 has a lower amine substitution level due to the synthetic challenges
encountered during the acylation step.

The apparent surface pKa of NPs is a result of surface composition (Hajj et al.
2019; Patel, Ibrahim, and Cheng 2021). It is reasonable to expect a correlation between
pKa and surface charge. Changing the functional groups on the secondary site (e.g.,
‘triazole’ primary amine (B1) to ‘ester’ tertiary amine (B2)) has an impact on surface
charge and apparent pKa of NPs. CD-B2-NP, displaying the lowest pKa values,
ranging from 6 to 7, also exhibited lower charge measurements, as illustrated in Figure
3-3 B. Conversely, CD-B1, with a pKa of 9, demonstrated higher surface charges, as
seen in Figure 3-3 C. On the other hand, the y-CDs displayed fluctuations in charge

measurements depending on the degree of substitution on the secondary face and the
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MR. However, it is noteworthy that the presented pKa values remained consistent

around 10 throughout, as shown in Figure 3-3 D.
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Figure 3-3 Measurement of surface pKa with TNS assay of amphiphilic cationic CD-
SIRNA-NPs. (A) pKa = SD s for the NPs (N=3).; (B) Correlation between charge
measurements in the DLS and pKa values measured with the TNS assay.; (C)
Correlation relationship for -CDs.,; Correlation relationship for y-CDs.

Physiological barriers to transfection

A good delivery system should be able to provide protection against
destructive biological environments (nucleases, acidic environment in endosome and
endosomal escape) and exhibit an efficient release of the siRNA into the target
cell/tissue. CD-B2 (B-CD substituted with tertiary amine through ester bond) did not
show any increase in RNA release over time (24 hours) (Figure 7-8). This was also
observed when antisense oligonucleotides (ASO) was used (Mendonca, Sun, et al.
2023). Tertiary amines have been shown to improve the interaction between delivery
vector and NA in a previous study where chitosan (containing primary amines) was
substituted with diethylaminoethyl moieties (Martins et al. 2019). This strong
interaction could be disadvantageous in vitro. The remaining NPs (CD-B1, CD-G1,

CD-G2) showed constant RNA release.
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To test the stability in biological fluids, CD-NPs were incubated with 50% FBS
over 24 hours and the samples were collected at multiple timepoints (Figure 7-9). CD-
B1 showed protective behaviour until 6 hours at MR7.5:1 and until 24 hours at
MR10:1, after which weakening of siRNA band is evident. In contrast, CD-B2 showed
strong protection / binding as the released siRNA bands does not change intensity over
time although NA release is low as discussed above (Figure 7-8). This observation
highlights the importance of CD structural design to influence the optimal balance of
NA protection and release (Raja, Katas, and Wen 2015). The O2-substituted y-CDs
(CD-G1) behaved similar to CD-B1, in which MR 10:1 was the preferred formulation.
CD-G2 represents a good example of a delivery system that can protect and release
the siRNA as indicated by the constant strong bands for both MRs across this

experiment.

3.3.3. Uptake and gene knockdown of - and y-CD

Biological membranes remain one of the main barriers for NA activity in vitro
and in vivo. Amphiphilic CDs facilitate crossing the lipid bilayer. The bilayer
membrane has an overall negative charge, therefore, impede the uptake of negatively
charged siRNA (Donahue, Acar, and Wilhelm 2019). FAM-labelled siRNA
(fluorescence label) was used to monitor NP uptake and trafficking. All NP studied
exhibited an uptake >30% (Figure 3-4), measured by flow cytometry. The highest
level of uptake was detected with the B-CDs, reaching 60% with CD-B1 at MR 10:1
and >70% with CD-B2. y-CDs achieved lower levels of uptake between 30-50%. This
was further corroborated by confocal microscopy of y-CD, CD-G2 (O2- and O3-
substitution with triazole linker and primary amine), showing successful intracellular

uptake at 6 hours (Figure 3-4 B) and diffusion of siRNA at subsequent time points.
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Figure 3-4 (A) Cellular uptake of amphiphilic cationic CD-siRNA-complexes at
different MRs in comparison to siRNA-only treatment group using FAM-labelled
siRNA (brown) analysed with flow cytometer. Uptake profiles of amphiphilic cationic
B-CDs (blue-green) and amphiphilic cationic y-CDs (pink-purple) after 6 hours;
Summary of percentual uptake profiles of amphiphilic cationic CDs (N=3) after 6
hours. No significance was detected applying One-way ANOVA followed by Tukey s
multi comparison test. 1.5 x 10° cells were treated with 20 pmol siRNA/well. Green:
CD-B1, blue: CD-B2, orange-red: CD-G1, pink-purple: CD-G2, (B) Intracellular
uptake of CD-G2-N PMR10:1 encapsulating FAM-labelled siRNA imaged and
monitored with confocal microscopy over 48 hours.

CD G2 MR 10:1

To evaluate gene silencing and cell viability, luciferase sSiRNA formulated in
CD-NPs were screened using A549-luc, lung cancer cells, with the luciferase reporter
gene (Neefjes et al. 2021). Cells were treated with 20 pmol/well siRNA for 48 hours
and luciferase activity was measured in a microplate reader by quantifying the
luminescence signal after cell lysis (Figure 3-5 A). The maximum gene knockdown
was achieved with CD-G2 (O2- and O3-substitution with triazole linker and -primary
amine) at MR10:1 (41 £12%). When this CD was used to deliver ASO in ST14A (rat
striatal neuronal cells), a similar level of knockdown of Huntingtin mRNA (>50%)

was reported (Monique C. P. Mendonga, Sun, et al. 2023). A direct comparison of the
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influence of the number of amine groups showed that the charge density might have
an enhancing effect on gene silencing effect. While CD-G1 showed only gene
silencing effect of 20 £8% at MR10:1, CD-G2 presented gene knockdown of 23+5%
at MR7.5:1. The enhancing effect provided by the higher number of amine moieties
could be explained by improved endosomal escape, as previously reported (Monique
C. P. Mendonca, Sun, et al. 2023). In the case of the B-CDs, significant gene
knockdown (20 +15%) was detected only with CD-B1 at the higher MR10:1
statistically different to the result with CD-G2 MR10:1 (* p <0.05). This result was in
contrast to previously published data (A. M. O’Mahony, Godinho, et al. 2012; Aoife
M. O’Mahony, Ogier, et al. 2012). The gene knockdown ability for CD-B1 might be
cell line dependent. The formulations did not affect the cell viability, demonstrating

the safe use of these CDs (Figure 3-5 B).
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Figure 3-5 (A) Gene knockdown +SD of amphiphilic cationic CD-siRNA-complexes
at different mass ratios relative to untreated cells. siLuc. 10° cells/well were treated
with 20 pmol/well siRNA for 48 hours and the luciferase signal were measured by
reading the plate in the microplate reader (N=5).; (B) Cell viability +SD profiles of
amphiphilic cationic CDs (N=5). One-way ANOVA followed by Tukey’'s multi
comparison test, *** p < 0.001, * p <0.05.
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3.3.4. Further optimisation of the design of double chained y-CDs

After initial assessment of 3- and y-CDs, it can be concluded that CD-G2 is the
best performing CD with preferrable siRNA release, stability properties and gene
knockdown ability. These findings initiated the investigation of other O2/03-
substituted y-CDs. Questions that remain are whether the type of amine or the linker
may influence this behaviour. As mentioned before, CD-G4 and CD-G5 were ad-hoc
designed to properly answer these questions. Additionally, a cationic, non-amphiphilic
v-CD derivative (CD-G3) was also included in the following experiments to assess the
importance of amphiphilicity. MR10:1 has been used throughout the study.

The mean size of NPs prepared from CD-G3 was 267 nm while CD-G4
(primary amine) and CD-G5 (tertiary amine) showed similar size (180-200 nm)
(Figure 3-6 A) compared to the amphiphilic CDs reported above. Size and PDI were
not significantly different between the three y-CDs, however, charge measurements
showed a significant difference between non-amphiphilic CD-G3 and amphiphilic
CDs-G4 and -G5 (22 mV vs. 28 mV, respectively) (Figure 3-6 B). Both complexation
(Figure 7-7 B) and encapsulation (>90%) (Table 7-1) were successfully accomplished.
The apparent pKa values were obtained for NPs from TNS measurements. 9.8 for CD-
G3 and 8 for both amphiphilic CDs-G4 and -G5 (Figure 3-6 C). This finding is
unexpected taking into account that different type of amines are involved (primary
versus tertiary). In contrast, when the same structural modifications were applied to

the B-CD, (CD-B1 (primary) and CD-B2 (tertiary)) a drop in pKa was observed.
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Figure 3-6 Physicochemical characterisation. A Size +SD and PDI £SD (black symbol
¢) of NPs measured with DLS (N=3). B Charge +SD measurements of formed NPs
determined with electrophoretic mobility in DLS (N=3). C Acid dissociation constants
1SD (pKa) of y-CD-NPs investigated by means of TNS assay (N=3). One-way ANOVA
followed by Tukey’s multi comparison test, ¥* p < 0.01, * p <0.05.

Even though double chained, triazole-attached, primary amine y-CD (CD-G2)
showed the lowest uptake, a gene knockdown of ~40% was recorded. It was intriguing
to examine whether the replacement of triazole ring with a thiopropyl linker would
allow for a more regionally flexible terminal amine, and hence, improve gene
knockdown ability. A similar objective was investigated by the group of J. M. Garcia
Fernandez earlier, where the replacement of triazole moiety with a thiourea in f-CDs
showed improved performance in vivo (Méndez-Ardoy, Guilloteau, et al. 2011;
Méndez-Ardoy, Urbiola, et al. 2011).

v-CDs were tested in A549-luc cells (Figure 3-7). The uptake studies clarified
that the amphiphilicity of the CDs is an important factor for successful uptake. The
absence of lipophilic functional groups prevented uptake into cells and consequently
resulted in no gene knockdown for CD-G3 (Figure 3-7 B, C). It was reported that
hydrophilic siRNA can only cross biological membranes if its hydrophobicity is
increased by direct chemical modification or through formulation into NPs with

lipophilic compounds (Zheng and Tai 2020).
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Figure 3-7 A presents the intracellular trafficking of FAM-labelled siRNA
entrapped in the amphiphilic O2/03-substituted y-CDs, indicating successful uptake
at 6 hours and successful diffusion/release into the cytoplasm which is supported by
the reduced labelling around the nuclei at 24 hours. It appears that maximum uptake
happens at 6 hours, therefore, flow cytometry studies were conducted at this time
point. As shown in Figure 3-7 B, CD-G3 did not show uptake while the two
amphiphilic CDs showed similar uptake around 80%. Despite this, CD-G4 showed
gene knockdown of 80% (similar to commercial control RNAimax), whereas CD-G5
showed 40% gene silencing (****p < 0.0001) (Figure 3-7 C). A similar trend between
primary and tertiary amine was observed for CD-B1 MR10:1 (primary amine) and
CD-B2 (tertiary amine) MR10:1, however, the effect was not very pronounced. All
three y-CDs showed no toxicity (Figure 3-7 D). Comparing CD-G4 MR10:1
(thiopropyl linker) with CD-G2 MR10:1 (triazole linker), the superior knockdown
ability of CD-G4 is evident. This indicates that the thiopropyl linker group may be

favourable over the triazole linker.
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Figure 3-7 y-CD NPs in A549-luc cells. (A) Intracellular trafficking of FAM-labelled
siRNA incorporated into CD-NP. 1.5 x 10° cells were treated with 20 pmol siRNA/well
for different time points and imaged with a confocal microscope. (B) Flow cytometry
1+SD analysis of cellular uptake of amphiphilic cationic y-CD-siRNA-complexes at
MR10:1 using FAM-labelled siRNA. 1.5 x 10° cells were treated with 20 pmol
siRNA/well for 6 hours and analysed. (N=3); (C) Analysis of gene knockdown +SD of
y-CD-siRNA-complexes relative to an untreated group using siL.uc. 10° cells/well were
treated with 20 pmol/well siRNA for 2 days and the luciferase signal was measured
(N=5).; (D) Cell viability profiles £SD of y-CDs (N=5). One-way ANOVA followed by
Tukey’s multi comparison test, **** p < (0.0001, *** p < 0.001.

The effect of dosage

Having studied the different structures of amphiphilic y-CDs and their potency,
it was logical to try lowering the concentration of siLuc using the most successful
formulation CD-G4 MR10:1. It was attempted to reduce the concentration of SIRNA
per well by half. It could be seen that concentration was not a significant factor with
82% for 500 nM and 91% gene knockdown for 1000 nM (Figure 3-8 A). These results

validated CD-G4 as a potent and very promising RNA delivery vector.
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Figure 3-8 (A) Analysis of gene knockdown £SD of CD-G4 MR 10:1 relative to
untreated group using siLuc. 10° cells/well were treated with 10 and 20 pmol/well
siRNA for 2 days and the luciferase signal was measured (N=3).; (B) Cell viability
+SD profiles of CD G4 (N=5). One-way ANOVA followed by Tukey’s multi
comparison test, **** p < 0.0001, ns non-significant.

In this study, a non-amphiphilic cationic and a variety of amphiphilic cationic
CDs were obtained by modification of both native B- and/or y-CDs. Sub-variations
were the number of chains attached to the secondary face of a single glucose unit of
the CD scaffold, changes in the linker and the type of terminal amines. The
physicochemical characteristics of the engineered compounds and the in vitro
efficiency were assessed. The first study indicated that O2/O3-substitution on y-CD
generated better performing candidates with respect to O2-substituted p-and y-CDs.
In a second phase of the study, a larger variety of O2/0O3 substituted y-CDs were tested
to further improve the properties of the y-CD library. CD-G4, a y-CD derivative
functionalized with primary amines through a thiopropyl linker, resulted in gene
knockdown up to 80%, even after reducing the dose by half. By comparing the two
02/03-substituted y-CD derivatives the importance of the linker groups on gene

knockdown efficiency was revealed. Thiopropyl linker increased gene knockdown

ability up to ~40% compared to its triazole counterpart. For further investigation, there
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is potential to look at lower dosage levels. This will enable a reduction in the amount

of CD needed. Lower dosages are also preferable to reduce possible in vivo toxicity.

3.4. Conclusion

Primary amines proved to be successful in this study. A possible explanation
might be the proton-influx caused by primary amines into the endosome and the
consequent osmotic swelling and disruption, the exchange of triazole with thiopropyl
(CD-G4) may support an osmotic effect. The protonation of the amines at the end of
the linker can lead to an increase in the distance between the amines because of
electrostatic repulsion which may consequently lead to swelling within the endosomal
compartment and disruption. The exhaustive derivatization of the secondary side in
some y-CDs increases the charge density and further supports the swelling theory.
Similarly, Gallego-Yerga published earlier that primary amines and more flexible
linker (triazole versus thiourea) led to improved transfection efficiency in the delivery

of pDNA (Gallego-Yerga, Lomazzi, et al. 2014).

Given that cells can exhibit variations in endosome size, which, in turn, can
influence the rate and extent of swelling and disruption, as observed in the study by
Vermeulen et al. in 2018, it is reasonable to assert that the efficiency of NP delivery
may be contingent upon the specific characteristics of the individual cell. In other
words, the manner in which NPs are delivered and their effectiveness in cellular uptake
could be subject to variability depending on the particular cell type and its endosomal

dynamics (Vermeulen et al. 2018).

Further research is underway to assess the ideal formulation across various cell

lines, with the goal of determining whether these favourable effects are transferable to
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different cell types. This investigation aims to provide deeper insights into the
application of CD chemistry concerning cell specificity, potentially paving the way
for CD-NP developments tailored to specific diseases, all without the need for costly

and labour-intensive targeting ligands.

To improve the stability and reduce the potential for toxicity of CD-NPs in
vivo, we are exploring co-formulations with PEG-CDs. This strategy holds the
promise of enhancing the practicality and safety of CD-NPs in clinical applications.
Moreover, for the purposes of commercialisation, y-CDs present a significant
advantage due to their water solubility, which facilitates industrial-scale production
and processing. This characteristic simplifies the scaling up of production for practical

and cost-effective mass manufacturing.
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Cyclodextrins (CDs) are cyclic oligosaccharides representing a versatile
platform for chemical modifications due to the presence of hydroxyl groups on both
the primary and secondary sides of the toroidal (doughnut-shaped) molecular
structure. In light of their distinctive properties and readily adaptable structure, CDs
have been extensively investigated as non-viral vectors, aiming to achieve efficient
delivery of antisense oligonucleotides (ASO) and small interfering RNA (SiRNA)
(Kont et al., 2022; Mendongca, Sun, et al., 2023). This study evaluates and compares
the ability of a quaternary ammonium-appended B-CD-polymer (QA-polymer) and a
primary amine-substituted B-CD-polymer (PA-polymer) to complex and deliver
siRNA in vitro. Both polymers successfully complexed siRNA and formed
nanoparticles (NPs) within the size range of 150 to 200 nm at mass ratios (MRS)
(cationic polymer:siRNA) of 5:1, 7.5:1, and 10:1. Long-term stability studies
demonstrated that the PA-polymer-NP was superior to the QA-polymer-NP at 4 °C,
even after cycles of freeze-drying and resuspension. When tested in vitro using a
reporter gene cell line, A549luc, no cellular uptake was detected with the QA-polymer.
In contrast, the PA-polymer demonstrated significant cellular uptake, reaching up to
40% uptake, with 40% gene knockdown while maintaining adequate cell viability
(>80%). In summary, these results indicate that the chemical structure of the B-CD-
polymer influences interactions at the cellular level, suggesting that polymers
incorporating primary amines hold promise for future development as biomaterials for

SIRNA delivery.

Keywords: Cationic cyclodextrin polymers, functional amines, nucleic acid delivery,

SiRNA
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4.1. Introduction

Polymers, a versatile class of advanced materials, have been extensively
applied in several areas, including textile, nutrition, transportation, buildings, energy,
and biomedical fields (Namazi 2017). Due to their versatility and multifunctionality,
polymeric biomaterials have emerged as promising vectors for gene therapy. These
macromolecules can be systematically categorised into two groups: linear and
branched. Various linear polymers, including polyethyleneimine, amino polyesters,
and their branched counterparts, such as poly(amidoamine), polylysine, and
polypropylene imine have been extensively investigated as gene delivery systems
(Khan et al. 2018; Kowalski et al. 2018; Kumar et al. 2021). Polymer synthesis is a
sophisticated process wherein large molecules with repeating structural units are
created through chemical bonding. There are several polymerisation methods, each
with its applications. One of them is condensation polymerisation, which involves the
formation of small molecules as byproducts during the polymerisation process,
resulting in the creation of macromolecules (Crini et al. 1998). The properties of the
polymer can be altered by incorporating selected functional groups before the
polymerisation (pre-branching modification) or through the modification of the
polymerised structure (post-branching modification).

Cyclodextrins (CDs), cyclic oligosaccharides with several hydroxyl groups
available for modification, are naturally occurring monomers largely used in the
preparation of dimers or polymers.

The dimerisation process typically involves the formation of a covalent bond
between CD units, resulting in a molecule with distinct physical or chemical properties
compared to the initial building block; these differences may manifest in terms of

structure, function, or stability. In the specific case of CDs, the outcome of the
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dimerisation process can give rise to a CD dimer, where the CD units are
interconnected through the primary face, the secondary face, or a structure in which
the primary side of one CD unit is linked to the secondary side of the other (or vice
versa). The relative orientation of the CD units concerning the connecting linker
becomes crucial, particularly in the design of asymmetric dimers (Lebedinskiy, Lobaz,
and Jindfich 2022).

Synthetically CD dimers are formed by connecting the CD units with a
bifunctional linker or, for example, via click reaction using copper-catalysed azide-
alkyne cycloaddition. (Lebedinskiy et al. 2022). A study showed the benefit of
secondary-face dimerised CDs in the selective extraction of 7-ketocholesterol in the
presence of cholesterol (Anderson et al. 2021). CD dimers offer enhanced properties
compared to the corresponding CD monomers, such as increased binding affinity,
improved stability, or tunable cavity sizes so they easily found applications in drug
delivery, materials science, and supramolecular chemistry.

Within the majority of polymeric systems, CDs function as supplementary
components to enhance drug delivery systems through the mitigation of
immunotoxicity, the formation of inclusion complexes with guest molecules, and by
serving as linker components in the primary polymer structure. (Haley et al. 2020).
Among the multitude of different types of CD-based polymers we can mention: cross-
linker initiated polymers, star-shaped polymers, and grafted CD in which the CDs are
either covalently attached to a polymer chain or build inclusion complexes with
lipophilic functionalities along the polymer (Liu et al. 2021). CD polymer synthesis
includes three main strategies: CD-attachment to pre-synthesised polymers,
polymerisation reaction with acrylic groups resulting in linear polymers, and finally,

cross-linking reaction using bi- or multifunctional agents such as biepoxides,
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diisocyanate or epichlorohydrin. Utilising cross-linking in polymerisation reactions
leads to the formation of three-dimensional structures, making them advantageous for
applications in gene delivery therapies (Escobar et al. 2023).

CD-containing polymeric systems have been used as drug delivery systems for
chemotherapeutics in various cancers, including brain (Y. F. Chen et al. 2019), bone
(Ahmadi et al. 2020; Plesselova et al. 2021), and breast cancer (Jia et al. 2021). In
addition, polymers formed using only CDs have also shown promising results as drug
delivery systems in vitro in lung and liver cancer cells (Bognanni et al. 2021), and
colorectal cancer cells (Akkin et al. 2022). A recently published paper by the Trotta
group showed the successful delivery of mRNA in local cancer immunotherapy in
vitro and in vivo (Monfared et al. 2023).

In this study, we synthesized both a p—CD monomer (QA-monomer) and a
secondary-faced B-CD dimer-core (QA-Dimer), appended with quaternary
ammonium groups. Additionally, two B-CD-based polymers were decorated with
primary amines (PA-polymer) or with permanently charged quaternary ammonium
groups (QA-polymer). A comparative study assessing the ability of the monomer,
dimer, and polymers to complex siRNA and deliver to A549luc, a lung cancer cell line

with a reporter gene, was undertaken.

4.2. Materials and Methods

4.2.1. Materials

Fluorescent luciferase-siRNA (Sense Strand 5’
CGACAAGCCUGGCGCAGUA 3’) was purchased from Dharmacon. MISSION®

siRNA Fluorescent Universal Negative Control #1 6-FAM (Fluorescein amidite) was
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bought from Sigma Aldrich (Wicklow, Ireland). All other materials are from Sigma
Aldrich (analytical grade), if not mentioned otherwise. Sodium hydroxide (reagent
grade, >98%, pellets (anhydrous)), glycidyltrimethylammonium chloride (technical,
>90% (calc. based on dry substance, AT)), cysteamine hydrochloride (>97.0% (RT)),

and triethylamine (>99.5%).

4.2.2. CD synthesis and nanoparticle preparation

4.2.2.1. Preparation of CD derivatives

QA-Monomer

B-CD (11.35 g, 10 mmol) was suspended in 80 ml of water, and the addition
of NaOH (40 mmol, 1.6 g) under vigorous stirring resulted in prompt solubilization.
The colourless solution was then cooled to 5 °C, and glycidyltrimethylammonium
chloride (60 mmol, 8 ml) was added dropwise. The reaction mixture was stirred at
room temperature overnight. The next day, the reaction mixture was heated at 50 °C
for 4 hours, then cooled, neutralized with HCI, concentrated under reduced pressure
using a rotavapor, and finally extensively dialyzed for 24 hours (cut-off membrane:
100-500 Dalton). The concentrated solution was evaporated to dryness (yielding 15
g). The average degree of substitution for the quaternary ammonium moiety with
respect to the CD unit was estimated to be between 3-4 based on the integration of the
'H-NMR spectrum.

QA-Dimer

The quaternary ammonium appended B-CD dimer was kindly donated by
Cyclarity Therapeutics and prepared according to the procedure reported in

WQ02020142716A1.
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QA polymer

The QA-polymer was prepared in two steps through post-branching
modification. Water-soluble B-CD polymer was synthesized following established
procedures, wherein 3-CD was initially solubilized with an excess of NaOH, and
subsequently cross-linked with epichlorohydrin (Agnes et al. 2022). The QA-polymer
was derived from the previously prepared macromolecule by reacting it with
glycidyltrimethylammonium chloride in the presence of NAOH in water, resulting in
a product with an average degree of substitution of 3.5 (Thomsen et al. 2017).

PA-polymer

The PA-polymer was prepared through iodination of the neutral CD polymer
according to Vilsmeyer-halogenation (Malanga et al. 2014) followed by nucleophilic
substitution with cysteamine hydrochloride in DMF with triethylamine. The desired
product was obtained in good yield with an approximative degree of substitution of 7.

4.2.2.2. Analysis of the CD derivatives

NMR spectra were recorded in deuterated chloroform-d, methanol-d4, or
water-d2 on Varian VXR-600 at 400 or 600 MHz instrument at 295 K. MALDI-TOF
mass spectra were recorded on a Bruker Microflex LRF system. The microflex LRF
operated in positive ion mode using the linear detector. lon generation was achieved
using a 60 Hz N> -Cartridge-Laser including variable power attenuator and UV optics.
The laser operated at 337 nm, and 2,5-dihydroxybenzoic acid (DHB) was used as the
matrix.

4.2.2.3. Nanoparticle preparation

CD-polymer was resuspended in RNase-free water at 0.25 mg/ml using a probe

sonicator (Branson Sonifier 250) for 15 mins. NPs were prepared by incubating with
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SiRNA at 450 rpm for 30 mins at 25 °C in a thermomixer. The final siRNA

concentration was 1000 nM.

4.2.3. Physicochemical characterisation
4.2.3.1. Size, Poly dispersity index and Zeta potential

Particles were characterised by dynamic light scattering (DLS) (Zetasizer
Nano-ZS, Malvern Instruments, Malvern, UK). Particle size (Z-Average) and poly
dispersity indices were determined with a non-invasive backscatter system (scattered
light angle of 170°, narrow size cuvette). Zeta potential was assessed with folded
capillary cells (DTS1070) with electrophoretic mobility (forward scatter angle of
12.8°, monomodal mode). DLS settings were protein as material (refractive index
1.450 and absorption 0.001), and water as dispersant (viscosity 0.8872 cP, refractive
index 1.330) at 25 °C.

4.2.3.2. Complexation efficiency

1%-Agarose gel was prepared, containing SafeView (NBS Biologicals,
Huntingdon, UK), a Nucleic Acid Stain (0.06 pl/ml). BlueJuice™ Gel Loading Buffer
(10X) (Invitrogen, Waltham, MA, USA) was added to the samples. Running
conditions were 90 V for 45 mins with Bio-Rad, PowerPacBasic (Hercules, CA, USA)
in Tris/Borate/EDTA buffer. The gel was imaged under UV with Uvitec
CambridgeMini HD.

4.2.3.3. Encapsulation efficiency

Encapsulation efficiency was investigated with Quant-iT RiboGreen™ RNA
Assay kit (Invitrogen, Invitrogen, Waltham, MA, USA). The interaction between

unbound siRNA and fluorescent RNA dye is quantified after NP incubation (Jiang et
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al. 2020) and measured in a black 96-well microplate with a Tecan Spark®
(Mannedorf, Switzerland) microplate reader at 485 nm excitation wavelength and 535
nm emission wavelength (Gain 55, top reading). A calibration curve with R? > 0.995
was used to quantify free siRNA (x-axis: sSiRNA concentration, y-axix: fluorescence
signal).

4.2.3.4. Determination of pKa

Buffer at different pH (0.1 M buffers from pH 4-12 in increments of 0.5; pH
4-6.5 citrate buffer, pH 7-11.5 Trizma® buffer), NPs and 2-(p-toluidino)-6-
naphthalene sulfonic acid (TNS) (6 uM TNS/well) were combined in a black 96-well
plate. The final concentration of NP per well was 10% (v/v). TNS signals were
measured using a Tecan Spark® (Ménnedorf, Switzerland) microplate reader at an
excitation of 340 nm and an emission of 485 nm (top reading). After sigmoidal
interpolation, the inflection point (LogIC50) defined the apparent pKa of the sSiRNA-
CD-polymer-complex (Uebbing et al. 2020).

4.2.3.5. Focused ion beam scanning electron microscopy

50 ul sample was dried onto a polished Silicon wafer overnight at room
temperature and subsequently analysed with TESCAN AMBER X - FIB-SEM at 2
keV using an Everhart-Thornley detector.

4.2.3.6. Heparin release

Heparin (10 mg/ml) was added to NPs (final Heparin concentration 20%) and
incubated at 37 °C. Sample collection was performed at several time points, and frozen
until ready to be run on Agarose. Samples were combined with BlueJuice™ Gel

Loading Buffer (10X) (Invitrogen, Invitrogen, Waltham, MA, USA) and loaded onto
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thel%-Agarose gel. The gel was run at 90 V for 30 min. siRNA release was detected
with UV.

4.2.3.7. Serum stability

NPs were incubated with 50% fetal bovine serum (FBS, heat-inactivated)
(Aylward 2019) at 37 °C for 24 hours. Samples at different time intervals and stored
in the freezer until ready to be imaged. After thawing, samples were treated with
heparin (10 mg/ml, 20% heparin in final sample) for 75 min at room temperature.
BlueJuice™ Gel Loading Buffer (10X) (Invitrogen, Invitrogen, Waltham, MA, USA)
was combined with samples and subsequently loaded onto 1% Agarose gel, that
contained SafeView (NBS Biologicals, Huntingdon, UK). Running conditions were

90 V for 30 min (Bio-Rad, PowerPacBasic Hercules, CA, USA).

4.2.4. Cell culture

Cell culture experiments were performed in A549-luc cells, epithelial cells
from a 58-year-old male patient with lung cancer (ATCC (American Type Culture
Collection)); donated by Dr. Piotr Kowalski. Upon thawing, cells were cultured in
Dulbecco's Modified Eagle Medium (DMEM) with 10% FBS (heat-inactivated), 1%
Penicillin-Streptomycin, and 8 pug/ml Blasticidin at 37 °C and 5% CO». Before the
experiments, the FBS concentration was decreased to 2% while other excipients were
kept the same.

4.2.4.1. Cellular uptake

Before the day of transfection, cells were seeded in a 24-well plate (1.5 x 10°
cells/ well, DMEM supplemented with 10%FBS and 1%Penicillin/Streptomycin). The

media was changed to low-FBS media (2%FBS and 1%P/S). Transfection was
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conducted with FAM-siRNA for 6 hours (20 pmol siRNA/well). Following
incubation, trypsinised cells were collected and centrifuged at 1500 rpm for 5 min at
4 °C. Subsequently, cells were washed with PBS, resuspended in PBS and finally
transferred into polystyrene round bottom tubes (Becton Dickinson). Cellular uptake
was determined with BD CELESTA Facs Analyser (10,000 events). Data was
analysed using FlowJo 10.

4.2.4.2. Toxicity assay and Gene knockdown

1 x 10* cells/well were plated in a white 96-well plate 24 hours prior to the day
of transfection. Full growth media was replaced with low-FBS media and treated with
NP at 20 pmol FLuc siRNA per well (final volume per well: 100 ul/well) for 6 hours.
After 6 hours of incubation, the media was replaced with full growth media and
incubated for a further 18 hours. Firstly, cell viability was evaluated with CellTiter-
Fluor™ Cell Viability Assay. After 35 mins incubation with cell viability dye in the
incubator (5% CO3, 37°C), the plate was measured in Tecan Spark® (Méannedorf,
Switzerland) microplate reader at an excitation of 380 nm and an emission of 535 nm
(top reading). Gene knockdown was determined with ONE-Glo™ EX Luciferase
Assay (Promega, Madison, Wisconsin, United States) according to the manufacturer’s
guidelines. The plate reader (Tecan Spark®) setting was set in luminescence mode.
The luciferin signals were normalized against the average of the cell viability of the
control group, as follows: [luciferin signal / (viability signal/average of viability signal
of control group)].

4.2.4.3. Intracellular trafficking

To confirm intracellular uptake, confocal images were undertaken. Twenty-
four hours in advance of transfection, 1.5 x 10° cells/ well were seeded in complete
media on glass coverslips in a 24-well plate. After replacing high-FBS media with 2%-
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FBS media, cells were treated with 20 pmol/well FAM-siRNA-NP, and incubated for
0h,6h,24h,and 48 h. Coverslips were incubated with DAPI for 30 mins and mounted
with Mowiol Mounting Media on slides. Confocal images were obtained with Zeiss
LSM510 META confocal microscope (Carl Zeiss, Jena, Germany) using a 63x

objective.

4.2.5. Stability testing
4.2.5.1. Storage stability

Following storage at 4-8°C for two months the stability of the NPs was
evaluated by monitoring changes in size and polydispersity (PDI) using DLS.

4.2.5.2. Lyophilisation — effect on NP integrity

NPs were lyophilised at 400-450 torr for 24 hrs, and the condenser temperature
was set at -80°C. The lyophilised NPs were resuspended in RNase-free water and

analysed for comparative measurements by DLS.

4.2.6. Statistical analysis

GraphPad Prism 8 was used for statistical analysis. One-way ANOVA
followed by either Tukey’s multi-comparison or Sidak's multi-comparison post hoc
tests were used. Statistical significance was considered when **** p < 0.0001, *** p

<0.001, ** p < 0.01, and * p <0.05.
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4.3. Results and Discussion

4.3.1. CD-derivative and nanoparticles

Initially, the QA-CD-monomer and the QA-CD-dimer (Figure 4-1 A, B)
compounds were examined for their capacity to form NPs using mass ratios (MRs) of
5:1, 7.5:1 and 10:1 (QA-dimer:siRNA). In both cases, incomplete complexation of
siRNA was observed (Figure 7-10). Large particle sizes > 3500 nm with high PDI
values (~ 1) were observed, indicating high polydispersity. In an attempt to
successfully form NPs, the MR was increased to 100:1 and 200:1. At MR100:1, charge
measurements indicated an almost neutral charge for the QA-monomer NPs while a
slightly higher value, 3mV, was observed for the QA-dimer NPs. Increasing the MR
to 200:1, led to a marginal increase, up to 5 mV for the QA-dimer (Figure 4-1 B) with
no change detected in the case of the monomer. The QA-monomer failed to bind the
siRNA, and while partial binding was achieved with the dimer it was considered
inadequate and consequently was not investigated further (Figure 4-1 C).

Two p-CD-polymers were synthesised from p-CD monomer using
epichlorohydrin as cross-linker and post-modified with either primary or quaternary
amines, resulting in a QA-B-CD-polymer (Figure 4-2 A) and a PA-B-CD-polymer
(Figure 4-2 B). Due to their nature, CD-polymers can self-assemble, similarly
observed in other polymeric systems (Foster et al. 2020). Amine groups play an
important role in the complexing of sSiRNA into NPs and contribute to the apparent
surface pKa (Mendonga, Kont, et al. 2023). This comparative approach allows
investigation of the influence of the different amine groups on the performance of the

B-CD-polymers as a non-viral vector.
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NPs were formulated with siRNA for both polymers at the three MRs. The
particle sizes ranged between 150 nm and 200 nm, with higher PDI (0.4) for the PA-
polymer NPs compared to the QA-polymer NPs (0.2) (Figure 4-3 A). With an increase
in MR from 5:1 to 10:1 a slight but statistically insignificant increase in charge was
detected with the PA-polymer NPs (34 to 37 mV) versus the QA-polymer NPs (26 to
33 mV) (Figure 4-3 B). The higher charge in the PA-polymer is due to the higher
substitution level (seven positive charges per ring) compared to the QA-polymer (three
positive charges per ring). SEM images for both QA- and PA-polymer-NPs at MR10:1
show a similar non-spherical, cuboid shape (Figure 4-3 C, D) which can be
advantageous, for example in avoiding immune recognition or improve uptake

(Kapate, Clegg, and Mitragotri 2021).
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Figure 4-3 Physicochemical characterisation of polymeric NPs (A)Size £SD and PDI
+SD by means of DLS. (N=3).; (B) Charge £SD results measured with DLS. (N=3).
One-way ANOVA followed by Tukey s multi-comparison test; (C) SEM-image of QA-
polymer-NP MR10:1, magnification 39.9 kx, zoom-in magnification 138 kx; (D) SEM-
image of PA-polymer-NP MR10:1, magnification 75 kx, zoom-in magnification 266
kX.
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Agarose-gel electrophoresis indicated that full binding of sSiRNA was achieved
with the PA-polymer at all MRs. In the case of the QA-polymer-NP binding was
incomplete at the lower MRs and showed improvement at the higher MR10:1 (Figure
4-4 A). Quantification of the encapsulation efficiency confirmed the observed binding
behaviour (Figure 4-4 B). While PA-polymer encapsulates >96% of the NA, the QA-
polymer showed only 47% for MR5:1, 69% for MR7.5:1 and 75% for MR10:1,
presenting a significant increase (**** p < 0.0001) from MR 5:1 to MR7.5:1. In an
attempt to increase the encapsulation efficacy for the QA-polymer, the MR was further
increased to MR15:1 and MR20:1, however, no significant improvement was detected
(80%) (Figure 4-4 C). An analogous pattern was noted in a separate study involving a
CD-polymer featuring quaternary ammonium groups, introduced through choline
chloride. This polymer exhibited 85% encapsulation efficiency with pDNA at MR25:1
(Monfared et al. 2022).

The acid dissociation constants (pKa) of both the PA-polymer stock and the
resulting NPs were similar, pKa ~9 (Figure 4-4 D). These results suggest that the PA-
polymer will be predominantly ionised in the endosome (pH 5.5-6), the cytosol (pH
7.2), and the blood circulation (pH 7.4). While for the uptake and endosomal release,
positively charged NPs are favourable, toxicity in the blood circulation in vivo is likely
to be a concern. To help address this, the number of positive charges can be selectively
reduced as needed, due to the high versatility of the synthetic approach. Ultimately,
the incorporation of a predetermined number of anionic moieties into the polymer
(e.g., sulfobutyl groups) could be utilized to systematically decrease the overall
positive net charge, thereby modulating Coulombic forces and enhancing the toxicity
profile of the construct (Godinho et al. 2014; Martins et al. 2019). A pKa for the QA-

polymer was not evaluated, as the quaternary ammonium is permanently charged, and
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hence, not a candidate for the TNS assay that measures changes in the amount of freely

available positive charges with a change in pH (Uebbing et al. 2020).
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Figure 4-4 Physicochemical characterisation (A) complexation efficiency in 1%
Agarose gel.; (B) Encapsulation efficiency £SD of NPs was quantified with Quant-iT
RiboGreenTM RNA Assay kit, N=3.; (C) Encapsulation efficiency +SD assessed at
higher MR of QA-polymer. (N=3).; (D) TNS assay to determine pKa of PA-polymer
stock and NPs at MR 5:1, 7.5:1, 10:1.; EE= Encapsulation efficiency. One-way
ANOVA followed by Tukey’s multi-comparison test **** p < 0.0001.

In the development of NPs containing NAs, it is important to assess the
stability of the sSiRNA under physiological conditions. Most NP for cancer therapy are
administered intravenously (Ferrari et al. 2018), and are exposed to high protein
concentrations (Aylward 2019), that could inactivate the NA through degradation or
aggregation. After the successful formulation of the NP, 50% FBS was added to the

NP (imitating blood protein concentration (Aylward 2019)), and the stability was
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evaluated following incubation for 24 hours at 37°C. The PA-polymer NPs were stable
over 24 hours (siRNA bands constant), indicating the ability of the complex to protect
the siRNA (Figure 7-11). In contrast, the QA-polymer NP was only stable at the higher
MR10:1; lower MRs showed weakened siRNA bonds at 24 hours (Figure 7-11).
Although successful complexation and stability are crucial requirements to
achieve effective delivery by overcoming the biological barriers (nucleases in blood
circulation, clearance, cellular membrane), the release of the sSiRNA into the cytoplasm
at the target site is necessary to achieve successful gene knockdown (Gujrati et al.
2014; Itakura et al. 2016). Conducting a heparin release study revealed that both
polymers promptly released their siRNA cargo upon contact with heparin (Figure

7-12).

4.3.3. Uptake and Gene knockdown

The effects of the polymer functional groups, quaternary ammonium versus the
primary amine, on the cellular uptake, gene silencing, and cytotoxicity of the B-CD-
polymers NPs were investigated in vitro using A549luc cells, an epithelial lung cancer
cell line expressing the luciferase reporter gene.

Cellular uptake was determined using FAM-labelled siRNA and measured by
flow cytometry and confocal microscopy. The uptake of the PA-polymer ranged
between 24-40% relative to untreated control; MR5:1 displaying 24 +23%, MR7.5:1
33 £19% and MR10:1 40 £14%. The increase was statistically nonsignificant (Figure
4-5 A). In contrast, no uptake was detected with the QA-polymer. Similar behaviour
was reported by Akkin et al. where a QA-polymer failed to increase the membrane
permeability of interleukin-2 and 5-Fluorouracil loaded in nanoplexes across Caco2-

cells (Akkin et al. 2022).
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The uptake of the PA-polymer NPs was further investigated using confocal
microscopy. Cellular uptake and dispersed cytosolic sSiRNA distribution occurred as
early as 6 h post-transfection (Figure 4-5 B), in accordance with the flow cytometry
results. The fluorescence signal from FAM-siRNA remained detectable at 24 hours
across all MRs. However, after 48 hours, a decrease in fluorescence was observed
particularly at the lower MR5:1 and 7.5:1.

The gene silencing efficiency of the PA-NPs was investigated using luciferase
siRNA (Figure 4-5 C). Increasing the MR from 5:1 to 10:1 significantly decreased the
expression of luciferase from 97 £24% to 59 +7% (*** p < 0.001), consistent with the
higher cellular uptake previously detected at the higher MR10:1. Cell viability

following incubation with all MRs of the PA-NPs was above 80% (Figure 7-13).
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Figure 4-5 In vitro cell culture studies of the polymer NPs. (A) Flow cytometry for all
MR of QA- and PA-polymers at 6 hours uptake of free FAM-siRNA and FAM-SiRNA-
NP relative to untreated control % +SD, N=3.; B) Confocal microscopy of the PA-
polymer at all three MRs using green FAM-labelled siRNA and blue nuclei staining.
Scale bar= 20 uM.; (C) Gene knockdown £SD of all three MRs of PA-polymer. One-
way ANOVA followed by Tukey s multi-comparison test *** p < 0.001. N=5.
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In summary, results show that the NPs formulated using the polymer modified
with primary amines were superior in terms of stability, uptake, and gene knockdown.
This is in agreement with previous work in our group (3. Chapter), where an
amphiphilic y-CD monomer modified with a primary amine on the secondary side
obtained up to 80% gene knockdown in A549luc cell line (10 pmol/well). However,
in the design of polymeric CDs, additional factors can be considered, including the
choice of the crosslinking agent which may influence both the number of hydrophobic
sites, and which in turn can affect the self-assembling behaviour, the ability to cross
bilayer membranes, and the exposure of hydrophilic sites necessary to interact with

the NA.

4.3.4. Shelf-life stability

The stability of the NPs will influence the shelf-life and the distribution
conditions of the product. Thus, the long-term stability of NPs formulated in water
using both the QA- and PA- polymers was evaluated by monitoring the size and PDI
over time at 4 °C. As shown in Figure 4-6, the size of the PA-polymer NPs remained
unchanged over two months (size <200 nm, PDI 0.4-0.6). The statistically non-
significant increase in PDI from 0.4 to 0.6 was observed for PA-NP MR7.5:1. On the
contrary, the QA-polymer NPs increased two- to three-fold in size from <200 nm to
400-600 nm (MR5:1 and MR 7.5:1, * p <0.05) and PDI from ~0.2 to 0.4-0.7 (MR5:1
and MR 7.5:1, *** p < 0.001) indicating particle aggregation which is an unwanted
effect in pharmaceutical formulations and is associated with colloidal instability (Phan
and Haes 2019). NP characteristic changes over time have been associated with
alterations in in vitro and in vivo performance. Albanese et al. demonstrated that

aggregated NPs show unpredictable cellular uptake profiles in vitro, specifically a
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decrease in uptake was seen in HeLa (cervical cancer cells) and A549 cells (non-small
cell lung cancer cells), whereas an increase was detected in breast cancer MDA-MB
435 cell (melanoma cells) (Albanese and Chan 2011). In vivo monitoring suggests that
smaller-sized particles survive longer in circulation (Wei et al. 2018). Overall,
aggregation can alter in vitro and in vivo behaviour affecting dose, uptake,

cytotoxicity, pharmacokinetics, and biodistribution (Moore et al. 2015).
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Figure 4-6 Stability following storage for 2 months at 4°C versus freshly prepared
controls. Changes in particle characteristics +SD was monitored with DLS. (A) Size.;
(B) PDI. One-way ANOVA followed by Sidak multi-comparison test. *** p < 0.001,
and * p <0.05.

In the final dosage form, opting for lyophilised state may be beneficial as it
can prevent microbial growth, and decrease chemical and physical degradation
thereby substantially enhancing long-term storage stability (shelf-life). The NPs
formulated using both QA- and PA- polymers were lyophilised (Figure 7-14) and
following resuspension the stability of the resulting product was assessed by

monitoring size changes by DLS. Similar to the storage stability results above (Figure
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4-6), the QA-polymer-NPs, following redispersion, showed an increase in PDI which
indicates a heterogeneous population of NPs (Figure 4-7 A, Figure 7-15 A, B). In
contrast, the PA-polymer-based NPs demonstrated a stable profile with similar size
and PDI values pre and post lyophilisation (Figure 4-7 B, Figure 7-15 C, D). Before
translating this freeze-dried product to the clinic, it will be essential to ensure the

bioactivity is retained.
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Figure 4-7 DLS measurements of QA- and PA-polymer-based NPs MR10:1 pre and
post lyophilisation and reconstitution. NP were prepared at 1000 nm siRNA
concentration.

4.4. Conclusion

The beneficial structure of CDs with hydroxyl groups available for chemical
modifications was used to synthesise f-CD monomer, dimer, and polymers for the
delivery of siRNA in vitro. Non-amphiphilic monomer and dimer that contained a

quaternary ammonium were synthesised, however, due to insufficient encapsulation
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of siRNA no further investigation of monomer and dimer was performed.
Subsequently, two polymers functionalised with primary amine (PA-polymer) versus
quaternary ammonium groups (QA-polymer) were synthesised and formulated with
siRNA. The resulting NPs were compared in terms of physicochemical characteristics,
in vitro cellular delivery, and gene silencing efficiency. The PA-polymer-NPs
displayed superior stability, cellular uptake, and gene knockdown. The positive charge
of the PA-NP (~35 mV) presents potential for toxicity in vivo, this can be attenuated
by reducing the number of positive charges selectively or incorporation of anionic
moieties into polymer and thereby reduce immune recognition, early elimination, and
toxicity (Shi et al. 2021). In addition, to enable the uptake of QA-NP or further
improve PA-NP uptake, the attachment of lipid groups to form amphiphilic polymers,
or the incorporation of targeting ligands is possible and could be explored (Almeida

et al. 2021).

In summary, this data indicates that CD-based polymers modified with primary
amines are promising biomaterials for siRNA delivery and the benefits of this

functional group corroborate previously published data for CD monomers.
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5. Chapter: General Discussion

5.1. Introduction

In 2018 the first non-viral siRNA drug product was approved by the FDA
(Patisiran). Later RNAI emerged as a life-saving therapeutic alternative to viral
vaccines during the COVID-19 pandemic. These incidences boosted the trust of
scientific and non-scientific audience to accept non-viral delivery of NAs as a
successful therapy approach. The prompt adaptability of LNPs as a delivery system to
this acute crisis paved the way for intensification of research in this field. While
Patisiran is administered intravenously (IV), COVID-19 vaccines are injected
intramuscularly (IM). LNPs end up in the liver after IV administration due to their
lipophilic character, which is desirable in disease related to the liver. However, more
complex diseases such as cancer require the delivery to other sites in the body. This
increased research interest in developing other delivery biomaterials such as CDs. CDs
are generally recognised as safe and have low immunogenicity and biocompatibility.
The chemical versatility of CDs allows the synthesis of modified CDs with the
potential to develop a range of CD-based excipients performing similar functions like
the components in LNP formulations, such as ionisable cationic lipids to complex the
NA during formulation of NP, PEG-lipid to ensure storage stability, and helper lipids

that induces membrane fusion and endosomal release of NP cargo.

Due to the structure of the CD scaffold, functional modifications can be made on
both the primary face and secondary face (Figure 5-1). In this work, a library of CDs
derivatives was studied. An amphiphilic anionic CD was synthesised with SC12 chains
at the 2’- and 3’-positions (=R2) and a sulfite (SO3z-) at 6’-O (=R1). For the amphiphilic

cationic CD series in this thesis the 6’-position was kept constant with SC1> chains
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(=R1), and the 2’- and 3’-positions were modified extensively (=R2); the number of
attached cationic groups per glucose unit in the ring varied from one to two.
Additionally, B-CD and y-CDs were compared. Finally, linker groups and linked

terminal amines were altered.

6 Examples of modifications
CR1 « type of CD
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n=8=y

+ Ry primary face modification
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Figure 5-1 The CD scaffold highlighting the locations of the various functional groups
in the modified amphiphilic cationic and anionic CDs.

The overall aim of this thesis was to develop safe and efficient CD delivery vectors
for siRNA delivery, and to understand the relationship between molecular structure

and in vitro activity.

5.2. The ideal delivery system — requirements

To translate the concept of RNAI into a medicine, NP need to overcome many

challenges extra- and intracellular in vivo (Figure 5-2).

In extracellular environment loss of therapeutic NAs can occur by enzymatic

degradation, plasma protein aggregation, RES recognition, or renal and hepatic
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clearance. In addition, due to high molecular weight, hydrophilic nature and negative
charge, NA may fail to cross the cell membrane. Once inside the cell, escape from the

endo-lysosomal pathway into the cytoplasm is essential for activity (Hu et al. 2020).

Biological Barriers that Nucleic Acids Have to Overcome

Enzymatic Plasma protein RES recognition Renal excretion
degradation aggregation
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Figure 5-2 Biological barriers to delivery of NA and the intracellular fate of NPs, a)
free siRNA does not cross cellular membrane, b) NP uptake and its fate through pH
changes while experiencing the endocytic pathway.

In order to overcome the barriers to delivery, the design of the biomaterial and
the subsequent NP needs to be optimised. Size and PDI are the first critical parameters
to be controlled during NP formation. The most common technique to measure size
and PDI is DLS or alternatively TEM. Sizes below 200 nm are preferable to avoid

recognition by the complement system (Hoshyar et al. 2016). To prevent rapid
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clearance, NP need to be above 10 nm. A PDI below 0.2 is considered necessary to
guarantee the production of uniform particles. Surface charge can also influence NP
fate. It will influence NP stability; high positive or high negative charges prevent
aggregation of particle due to electrostatic repulsion (Honary and Zahir 2013). Positive
charge is also preferable for uptake through negatively charged cell membranes,
however, toxic in vivo (Knudsen et al. 2015). Therefore, for parenteral drug delivery
0-10 mV is desired. Near-neutral charge is also necessary to prevent immune
recognition, aggregation with blood components, and early clearance out of body (Xu
et al. 2022). Researchers have also found that the chemistry of the delivery material,
the ratio of NP components, and the incorporated NA can have an impact on NP shape,
which in return can impact on distribution and organ-selectivity (Gallego-Yerga et al.

2018; Kulkarni et al. 2017; Kulkarni J, Darjuan M 2018).

Ideally, in the formation process of the NP the drug delivery vector should
complex the full amount of NA. However, although complexation, encapsulation and
protection of NA against degradation and agglomeration is necessary, so is release of
the NA from the delivery system. A balance between these releases and protective

features of the delivery system is crucial.

After assessing physicochemical characteristics, NP are tested in in vitro cell
culture models. Firstly, cell viability is investigated. The delivery vectors should not
be toxic to the cells. The aim for RNAI therapeutics is to either knockdown a gene that

is relevant in the maintaining or progressing of the disease.

For successful gene knockdown, the NP needs to enter the cell, however,

successful uptake does not always correlate with gene knockdown efficiency, which
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indicates that other factors such as endosomal escape and NA recycling plays an

important role (Ahmad, Khan, and Haque 2019).

5.3. Design strategy of the CD-based biomaterial — Results and Discussion

The design strategy used in the amphiphilic charged CDs aimed to overcome
challenges to delivery of siRNA by NPs. It was hypothesised that the design of the

biomaterials used to formulate NPs will influence the efficiency (Figure 5-3).

To complex the NA and to enhance endosomal escape, a variety of amines were

conjugated to the secondary site of the amphiphilic CDs.

The nature of the linker group between the amine and the CD was also investigated
as it has been reported previously that this can affect endosomal escape and
transfection. The amphiphilicity of the CDs was conveyed by the conjugation of lipid
chains which is important to enhance cellular uptake. In this work the lipid chain was

maintained constant (C12).
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Figure 5-3. Summary of the structural variations of the CDs investigated and the
implications for efficacy at the cellular level.

The coexistence of lipophilic groups and charged groups in one molecule is
defined as amphiphilicity. All CDs designed within the scope of the thesis include
lipid chains attached to either the primary face (cationic CDs) or secondary face
(anionic CD). The introduction of lipid chains has been shown to improve transfection
efficiency (Cryan et al. 2004). Additionally, the length of the carbon chain has shown
that efficacy increases up to Cis (McMahon et al. 2008), however, with longer lipid
chains solubility may be a challenge. Consequently in this work, C12 was selected in
order to optimise aqueous solubility and self-assembling of the CD (O’Mahony, Ogier,

et al. 2012).

It is essential to use positively charged functional groups in the synthesis of
amphiphilic cationic CDs to facilitate electrostatic complexation of anionic NAs (S.-
A. Cryan et al. 2004). Complete complexation is important to protect the siRNA from

degradation. Amine-containing functional groups are ideal for this purpose because of
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their positive charge during formulation process. Additionally amines enable
endosomal escape through osmotic swelling or membrane disruption (Vermeulen et

al. 2018).

The most commonly used amphiphilic cationic CD in our group is ‘click-
propylamine’, in which the primary face is functionalised with Ci2-lipid chains and
the secondary face with a primary amine using the ‘click’ chemistry approach
(O’Mahony, Ogier, et al. 2012). NPs formulated with this CD result in high surface
charge due to the excess of CD needed. Positive charge is associated with potential
toxicity in vivo (Knudsen et al. 2015). A technique to reduce in vivo toxicity is by co-
formulation with an amphiphilic anionic CD (2. Chapter). NPs incorporating the
cationic and anionic CD including siRNA presented no change in size (<170 nm), a
reduction in PDI from 0.46 to 0.16, and a drop in charge from 34 £7 mV to 26 £4 mV
compared to NPs with the cationic CDs and siRNA only. Cellular uptake, as measured
by flow cytometry, did not show any difference (~60%). However, a decline in
transfection (from 29 +11% to 21 +2%) was observed which may be related to
impeded endosomal escape following incorporation of the anionic CD, confirmed with
confocal imaging. Although, siRNA delivery efficiency was impeded in vitro
following the addition of the anionic CD, the charge reduction with the co-formulation

might be beneficial in vivo.

This incorporation of a negative compound was also investigated by Ball et al.
where the co-delivery of mRNA with siRNA as a second negatively charged
compound resulted in improved efficiency. To further investigate the effect of the
additional negative charge, the mRNA was replaced by a negatively charged polymer
(poly(sodium 4-sytrenesulfonate)). The presence of the additional negatively charged
material increased the efficacy and consequently enabled reduction of the sSiRNA dose,
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compared to siRNA-only lipid NP (Ball et al. 2018). More recent work by the
Whitehead group showed that the co-formulation of cationic or anionic lipids shifted
the biodistribution of the widely used ‘four-component’-lipid NPs to extra-hepatic
organs (LoPresti et al. 2022). The replacement of a helper lipid with a negative lipid
caused a shift to the lungs, and the substitution of a cationic lipid shifted the particle
specificity to the spleen. It was demonstrated that the shift is directly related to the
chemical structure of the added excipient and its effect on NP formation and

characteristics.

In summary, these findings highlight the importance of further investigation of
the chemistry of CD delivery vectors. Hence, a SAR study was conducted with
amphiphilic cationic CDs (3. Chapter). NPs containing siRNA formulated with six
amphiphilic cationic CDs and one non-amphiphilic CD showed sizes below 220 nm.
The electrostatic interaction between negatively charged siRNA and the cationic
vector was the driving force to facilitate complexation; the amphiphilicity helped to
form circular shaped particles and enhanced membrane permeability. PDIs were
reported to be below 0.5. Amphiphilic cationic CDs formulated with siRNA usually
result in high positive surface charges (~40 mV). A second approach to reduce NP
charge was to modify the chemistry of cationic CD (‘click’ propylamine) to achieve a
cationic CD with lower pKa and consequently lower surface charge (Hajj et al. 2019)
(3. Chapter). The reduction in surface charge (down to ~26 mV) was possible by
replacing the triazole linker with an ester and the primary amine with a tertiary amine.
While a charge reduction was achieved, no gene knockdown was detected for the
lower pKa cationic CD. By way of comparison, the ‘click-propylamine’ NP at MR10:1
(cationic CD:siRNA) showed an average knockdown of 20 £15%. However, cellular

uptake was similar for both CDs (40-70%). These results indicate that, particularly for
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the lower pKa CD, endosomal escape remains as a potential barrier for successful gene

knockdown.

A small-scale library of amphiphilic cationic CDs was then developed to
examine more closely the SAR. These were characterised and tested in vitro (3.
Chapter). CD-type (B versus y), charge density, linker chemistry, and terminal amines

were varied and compared (Figure 5-4).

CD type

alpha beta gamma

|
terminal amine

different linker

N

PEG targeting ligand

Figure 5-4. Design approach to optimise the transfection activity of amphiphilic
cationic CDs.

The series of O2-substituted - and y-CDs (single chained CDs) did not show
adequate gene knockdown. Therefore, O2 and O3 positions were substituted
simultaneously in a y-CD (double chained y-CD). The resulting CD contained primary
amines attached via a triazole linker. The increase in charge density per CD molecule

resulted in transfection efficiency up to 40%. A similar behaviour was observed

133



previously in a Spanish group where the increase of protonatable amines resulted in a

significant improvement of transfection (Diaz-Moscoso et al. 2008).

Due to the promising initial results with double chain y-CD, it was decided to
investigate further structural modifications. The use of y-CD has the advantage of
easier scale-up for industrial purposes due to its better water-solubility compared to
other natural CDs. The type of amine and the linker may also have an influence on
transfection efficiency. Linker groups between the core CD scaffold and the cationic
groups are important in terms of the synthetic route required, the complexity of the
synthesis and therefore the yield and the cost of scale-up. While ‘click’ chemistry
utilising triazole is a relatively easy method to link amines, the chemistry route with
thiopropyl presents a greener synthesis due to eliminating the use of copper-catalyst.
The replacement of the triazole linker with a thiopropyl linker allows more flexibility
for the attached amine. A second modification employed was the synthesis of
thiopropyl attached primary and tertiary amine, thus allowing the comparison for the

effects of amine groups.

The overall finding was that primary amines are the superior terminal amines,
particularly when applied as double chain y-CD. The introduction of a more flexible
linker group such as thiopropyl improved the transfection efficiency by 2-fold (~80%
compared to triazole attached primary amine: ~40%). A similar approach was
conducted earlier where the replacement of triazole moiety with a thiourea in $-CDs
boosted pDNA performance in vivo (Méndez-Ardoy, Guilloteau, et al. 2011; Méndez-
Ardoy, Urbiola, et al. 2011). Since both NPs with different linker groups displayed
similar size (~200 nm) and surface charge (30-40 mV), the enhanced transfection was

related to differences in the chemical structure.
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The chemical versatility of CDs is not restricted to monomer CDs, they are
also available for polymer synthesis (4. Chapter). Advantages of polymers are
controlled drug release, stable yet biocompatible systems that can be adjusted to meet
physicochemical requirements and the ease of preparation (Charelli et al. 2022).Two
B-CD polymers were synthesised that differed from each other in the amines
incorporated: primary amine (PA-polymer) was compared to quaternary ammonium
(QA-polymer). For both polymers, it was possible to formulate NPs with sizes below
175 nm, with PDIs below 0.4 and surface charge ranging from 26-37 mV. With respect
to the amine functionalities, as reported above for the monomer CD, a similar trend
was observed in the polymer chemistry where the primary amine also showed better
transfection. While the QA-polymer did not show any cellular uptake, the PA-polymer
uptake increased with an increase in MR (polymer:siRNA). At PA-polymer MR10:1
40 £14% uptake and 41 +7% gene knockdown was detected. Similar results were
reported by Akkin et al where the PA-polymer was compared to a QA-polymer and a
Guanidino-polymer. In a permeability study, the PA-polymer was the only compound
to enhance permeability (Akkin et al. 2022). In contrast, in another more recent study,
a QA-B-CD-polymer was successfully employed to deliver mRNA to 2D and 3D
melanoma cell lines. This QA-polymer links a quaternary ammonium to the hydroxyl
of the CD via a carboxyl group and C>-chain (Monfared et al. 2022, 2023). However,
the quaternary ammonium in this thesis and in the study by Akkin et al is attached as
a (2-hydroxy-3-N,N,N-trimetyhlamino)propyl (Cz-chain) which might be more rigid
compared to aforementioned carboxyl group. The linker group depends on the type of
initiator used in the polymer reaction. These results confirm the importance of the type
of linker and its flexibility, a similar finding was observed in monomer chemistry (3.

Chapter). It is interesting to note that in Monfared et al. the linker contains the oxygen
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analogue of thiourea which was previously shown to be highly successful (Méndez-

Ardoy, Guilloteau, et al. 2011; Méndez-Ardoy, Urbiola, et al. 2011).

While in the case of the polymer CDs only the amine functional groups were
investigated, a similar design strategy like in Figure 5-4 can be developed for CD-
polymers, such as trying out other CD-types, or varying linker groups to further
improve their activity as delivery vectors. To increase stability and cell specificity,

PEG a targeting ligand can be utilised.

5.4. Main findings

A library of CDs was synthesised to improve characteristics and enhance the

transfection efficiency of CD-based NPs.

This thesis shows that co-formulation of modified amphiphilic CDs, anionic and
cationic, is possible to modulate the physicochemical properties of NPs. This has
potential for in vivo applications as it reduces the potential in vivo toxicity of positively

charged NPs.

The degree and type of functionalisation on CDs influence their physicochemical
characteristics and consequently in vitro performance. It was possible to identify
chemical modifications, such as primary amine and flexible thiorpropyl linker, in

monomeric CDs that enhanced in vitro siRNA transfection efficiency.

Cationic f-CD polymers were synthesised and able to complex siRNA. The
delivery of siRNA with B-CD-polymer was successful when modified with primary

amines. This is to our knowledge the first time to deliver sSiRNA with CD-polymers.
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5.5. Future directions

To further progress the use of monomeric and polymeric CDs as delivery vectors,
the vector design could be modified to include PEG. In addition, cell-specific uptake
could be enhanced by attaching a targeting ligand to the PEG-chain (Gooding et al.
2015). Previous work in our group showed that CDs allow the incorporation of
targeting ligands with ‘post-insertion’ and improve in vitro and ex vivo efficiency (Guo

et al. 2017).

Further alteration to the lipid chains, such as increasing the carbon length, or the
introduction of branched lipid chains on amphiphilic monomeric CDs may increase
efficiency (Hajj et al. 2019; McMahon et al. 2008). Similarly, in the case of polymers,

transfection efficiency could be increased by the introduction of lipid chains.

Microfluidics could produce large batches of NPs (scale-up) while simultaneously
reducing the size and poly dispersity (Belliveau et al. 2012; Mendonca, Kont, et al.
2023). This technigue can also be used to either co-formulate different CDs or to blend

CDs with lipid excipients.

While a reporter gene was utilised for in vitro screening purposes, for future

experiments, disease-related siRNA should be used.

The ability of CD-NPs to deliver other NAs such as mRNA could also be

investigated.

The NP described in this thesis could be tested in vivo and the results compared to
the in vitro presented. This will illustrate any differences between in vitro and in vivo

data.
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Figure 7-1 'H-NMR (A) and **C-NMR (B) spectra of the amphiphilic anionic CD.
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Figure 7-2 Behaviour of charged CDs in the absence of siRNA. Interaction between
anionic and cationic amphiphilic CDs resulted in neutralisation at mass ratio 0.85:1
(cationic CD:anionic CD).
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Figure 7-3 DoE assisted optimisation of mass ratio using Minitab Statistical Software.
A 3-factor, 3-level Box Behnken design [49] (Minitab 17) was used. A contour plot
with a hold value for siRNA at 5.2 ug (aiming 100 nM siRNA/well) and boundaries
for charge between -30 mV to 30 mV, size up to 200 nm and Pdl between 0-0.3 were
used to determine the optimum mass ratio.
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A 3-factor, 3-level Box Behnken design [49, 50] (Minitab 17) was utilised to optimize
the MR of the siRNA and both CDs. Physicochemical characteristics including size,
polydispersity index (PDI) and surface charge (dependent variables), were measured
using dynamic light scattering (DLS) to investigate how independent variables
(SiRNA, amphiphilic cationic CD, and amphiphilic anionic CD quantity) affect the
formulation development. Contour plots were used to indicate the optimal MR for the
NPs for the in vitro cell culture studies. In vitro tests were conducted with the two
formulations before and after adding the anionic CD.

Figure 7-4 Assessment of higher amphiphilic anionic CD mass ratio (cationic
CD:siRNA:anionic CD). A 1 %-Agarose gel was run at 90 V for 60 mins and imaged
under UV. It could be seen that at a mass ratio of cationic CD to anionic CD higher
than 1.67, the anionic CD displaces the siRNA (circled). L1 100 bp — 1000 bp DNA
ladder; L2 siRNA control; L3 NP 10:1 (cationicCD:siRNA); L4 10:1:5; L5 10:1:6; L6
10:1:7.5; L7 10:1:10; L8 10:1:12.5; L9 10:1:15; L10 10:1:17.5.
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Figure 7-5 Complexation efficiency using 1%-Agarose gel. L1: 100 bp — 1000 bp DNA
ladder, L2: siRNA control, L3: Formulation, L4: Co-formulation
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Figure 7-6 Cytotoxicity assessment. Cell viability (as percentage relative to the
control) in HL-60 cells (2.5 x10%ml) measured 72 h post-transfection using Cell
Counting kit 8 (CCKS8). Cells were treated with cyclodextrin-nanoparticles at a
concentration of 100 nM/ well. Both formulations were safe to be used. Mean = S.E.M
of 3 technical replicates performed in triplicate. One-way ANOVA followed by
Dunnett’s post hoc test was used. *p <0.05 compared to untreated group. Formulation
mass ratio 8.5:1 (cationic CD: siRNA); Co-formulation mass ratio 8.5:1:5.3 (cationic
CD: siRNA: anionic CD).
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7.2. Supplementary information 3. Chapter

A

Figure 7-7 The complexation efficiency was investigated using a 1%Agarose gel. (A)
L1 ladder, L2 positive control free siRNA, L3 CD B1 MR 7.5:1, L4 CD B1 MR 10:1,
L5CDB2MR 7.5:1, L6 CD B2 MR 10:1, L7 CD G1 MR 7.5:1, L8 CD G1 MR 10:1,
L9 CD G2 MR 7.5:1, L10 CD G1 MR 10:1; (B) L1 Ladder, L2 positive control free
SiRNA, L3 CD G3 MR 10:1, L4 CD G4 MR 10:1, L5 CD G5 MR 10:1.

MR 7.5:1

0 min

30 min

siRNA B1 B2 G1 G2

3h

6h

24 h

Figure 7-8 Heparin release of amphiphilic cationic CD-siRNA-NP after exposure to
20% heparin at different time points and subsequent analysis on agarose gel.
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Figure 7-9 Stability of amphiphilic cationic CDs-siRNA-NP after exposure to 50%
serum at different time points and subsequent analysis on agarose gel.

Table 7-1 Encapsulation efficiency measured with Quant-iT RiboGreen™ RNA Assay
kit.

Encapsulation efficiency (%)
Formulation | MR 7.5:1 MR 10:1
CD-B1 99 98
CD-B2 88 94
CD-G1 99 97
CD-G2 100 100
CD-G3 N/A 100
CD-G4 N/A 99
CD-G5 N/A 98
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7.2.1. Synthesis Details
Experimental
Material and Methods

BOC-protected 2-amino-ethyl-(3-azido-propyl) sulfide is a product of Wuxi. Gamma
cyclodextrin is a product of Wacker Chemie. Triphenylphosphine (99%), iodine
(99.8%), sodium methoxide in methanol (25 wt%), sodium azide (99.5%), anhydrous
dichloromethane (DCM, >99.8%), anhydrous N,N-dimethylformamide (DMF,
>99.8%), anhydrous dimethylsulfoxide (DMSO, >99.9%), 1-dodecanethiol (>98%),
NaH (60% dispersion in mineral oil), allyl-bromide (ReagentPlus®, 99%,), propargyl
bromide (80 wt. % in toluene), acetic acid (>99.5%, FCC, FG), cysteamine
hydrochloride (>98%), 2,2’-Azobis(2-methylpropionitrile) (AIBN, 98%), N,N-
dimethylaminoethanethiol hydrochloride (95%), triethylamine (TEA, for synthesis),
trifluoroacetic acid (TFA, for synthesis) are product of Merck.

1,4-Dioxane (puriss.), 25% ammonia solution (analytical grade), 1-propanol (lab.
grade), methanol (lab. grade), n-hexane (lab. grade), ethyl acetate (lab. grade), toluene
(lab. grade) were from Molar KFT.

All the reagents were used without further purification. Solvents were dried by
conventional methods and distilled immediately prior to use.

Dialysis tube cellulose membrane molecular weight cut-off= 2.000 was from Sigma.

Silica gel coated aluminum sheets were from Merck (Art. No.: 1.05554). Visualization
was achieved under UV light at 254/366 nm by charring with a solution of EtOH
(96%):H2S04 (96%) = 9:1 charred by heating at 105-110 °C.

'H-,33C- NMR spectra and HSQC-DEPT spectra were recorded on a Varian VXR-600
at 400 or 600 MHz.

MALDI-TOF mass spectra were recorded on a Bruker Microflex LRF system. The
microflex LRF operated in positive ion mode using the linear detector. lon generation
was achieved using a 60 Hz N»-Cartridge-Laser including variable power attenuator
and UV optics. The laser operated at 337 nm, 2,5-dihydroxybenzoic acid (DHB) was
used as the matrix.

Octakis(6-deoxy-6-iodo)-gamma-cyclodextrin (1)

Triphenylphosphine (178 g, 0.68 mol) was added to DMF (mL) under inert
atmosphere obtaining a colorless solution after a fast dissolution (endothermic
process). The mixture was cooled down to 15 °C, iodine (170 g, 0.67mmol) was added
portion-wise in 30 minutes by keeping the Tin below 40 °C, resulting in a dark orange
suspension. Subsequently, the dry y-cyclodextrin (50 g, 38.5 mmol) was added in two
portions, cooling was removed and the reaction mixture was heated at 75 °C (Tin) for
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10 hours. The reaction was monitored by TLC (1,4-dioxane:25% NHz3:1-propanol =
10:7:3). The DMF was concentrated at 60 °C under reduced pressure, MeOH (500
mL) was added and a yellow suspension was obtained. The pH was set to 9-10 with
NaOMe/MeOH (25% wi/w), to destroy the formate esters, getting a yellow precipitate,
which was filtered through a sintered glass filter (porosity G3). The solid was washed
extensively with MeOH (2x200 mL), H20 (2x200 mL) and once more with MeOH
(2x100 mL). The solid was collected and dried under vacuum yielding (1) as a
yellowish solid (67 g, 30.8 mmol, 80% vyield).

OH |
o A'L 1, PPh, 0
OH OH
e DMF O/il
OH OH 8

Octakis(6-deoxy-6-dodecylthio)-gamma-cyclodextrin (I1)

1-Dodecanethiol (79.25 mL, 330.88 mmol) was added to DMF (400 mL) under inert
atmosphere resulting in a colorless solution. The mixture was cooled down to 20 °C
(Tin) and NaOMe/MeOH solution (68 mL, 1.2 mol, 25 wt%) was gradually added over
1 minute obtaining a purple solution. Preceding this step, a DMF solution (200 mL)
of (1) (45 g, 20.68 mmol) was prepared under inert atmosphere in a Schott-Duran (note
that in order to obtain the final orangish solution, several minutes of sonication should
be applied). The cyclodextrin solution was rapidly added to the vessel and formation
of a pinkish precipitate was observed. The cooling bath was removed and the reaction
mixture was heated for 12 hours at 80 °C (Tin). Reaction was monitored by TLC (1,4-
dioxane:25% NHa3:1-propanol = 10:7:3). The reaction crude was filtered through a
sintered glass filter (porosity G3) and extensively washed with MeOH (3x200 mL).
The solid was collected and dried under vacuum yielding compound (1l) as a beige
solid (55 g, 19.8 mmol, 96% yield).

CH2)11 CHj

S-(
NaOMe/MeOH
HS-(CH5)11-CHg -

Octakis(6-deoxy-6-dodecylthio-2,3-di-O-allyl)-gamma-cyclodextrin (111)

Under nitrogen atmosphere, compound (11) (10 g, 3.60 mmol) was dissolved in DMSO
(500 mL) resulting in a slightly yellow solution. The reaction was cooled to 5 °C (Tin),
excess of NaH was added portion-wise (6.9 g, 173 mmol, 60% dispersion in mineral
oil) into the reaction mixture (pH shifted to 9-10) and a yellow suspension was
obtained. The reaction mixture was stirred under inert atmosphere for 24 h. The vessel
was cooled-down to 5 °C (Tin), allyl-bromide (15.0 mL, 173 mmol) was added and the
mixture was stirred for 2 days under inter atmosphere. The reaction was quenched
with MeOH (50 mL), neutralized with acetic acid and concentrated under reduced
pressure (~250 g). The mixture was extracted once with n-hexane:H>O (500 mL:250
mL), the organic phase was extracted with H>0 (2x500 mL) and finally evaporated
until dryness under reduced pressure (40 °C). The residue oil was then purified by
chromatography (SiO2, 20:80 EtOAc:n-hexane). Fractions were collected based on
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TLC analysis and evaporated until dryness yielding compound (I11) as colorless oil (8
g, 2.34 mmol, 65% yield).

S-(CH5);1-CH3
S-(CH,)11-CH3

ol ?\?ﬁ%

Octakis(6-deoxy-6-dodecylthio-2,3-di-O-(3-((2-aminoethyl)thio)propyl))-
gamma-cyclodextrin * HCI (1V) (CD-G4)

Compound (111) (2 g, 0.59 mmol) was dissolved in dry DMF (100 mL) under constant
nitrogen atmosphere obtaining a light-yellow solution. After complete solubilization,
cysteamine hydrochloride (3.2 g, 28.32 mmol) was added. 2,2’-Azobis(2-
methylpropionitrile) (AIBN) (465 mg, 2.83 mmol) was utilized as initiator and added
portion-wise to the reaction mixture. Subsequently, the reaction was heated for
20 hours at 70 °C (Tin). Afterwards, the crude was precipitated with toluene (400 mL)
and filtered through a sintered glass filter (G3), in order to remove the traces of AIBN.
The solid was resolubilized in water and purified by dialysis (MWCO: 2000 Da). The
solvent was changed once each day for 2 days. The cyclodextrin sample solution was
evaporated until dryness at 40 °C obtaining (IV) as a yellow solid (1.7 g, 0.32 mmol,
55% yield).

~ S-(CHy)11-CHy HaNY S(CH,),,CH
o 3CIX/\S/\/\O [ . 2)11%M3
o AIBN
o +  HS-(CH,),-NH,* HCI — >
0 8 DMF (e}
cr s o 8
_ HaN' T

Octakis(6-deoxy-6-dodecylthio-2,3-di-O-(3-((2-
(dimethylamino)ethyl)thio)propyl))-gamma-cyclodextrin * HCI (V) (CD-G5)

Compound (1V) (2 g, 0.59 mmol) was dissolved in dry DMF (100 mL) under constant
nitrogen atmosphere obtaining a light-yellow solution. After complete solubilization,
N,N-dimethylaminoethanethiol hydrochloride (4.0 g, 28.32 mmol) was added. 2,2’-
Azobis(2-methylpropionitrile) (AIBN) (465 mg, 2.83 mmol) was utilized as initiator
and added portion-wise to the reaction mixture. Subsequently, the reaction was heated
for 20 hours at 70 °C (Tin). Afterwards, the crude was precipitated with toluene (400
mL) and filtered through a sintered glass filter (G3), in order to remove the traces of
AIBN. The solid was resolubilized in water and purified by dialysis (MWCO:
2000 Da). The solvent was changed once each day for 2 days. The cyclodextrin sample
solution was evaporated until dryness at 40 °C obtaining (V) as a yellow solid (1.8 g,
0.32 mmol, 55% vyield).
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CHa
S-(CHy)11-CHg I
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AN o H3C/ Cl\/\s/\/\o ( S 2)11 3
() AIBN
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o ) DMF
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cr 8
H3C\,\I‘H+\/S\/\/O
CH3

Octakis(6-deoxy-6-(2-aminoethylthio))-gamma-cyclodextrin (V1) (CD-G3)

Compound I (5 g, 2.3 mmol) was solubilized in DMF (15 mL) into a Schott-Duran
under inert atmosphere. Cysteamine hydrochloride (4.2 g, 36.8 mmol) was solubilized
in DMF (60 mL) into a 3-neck flask under inert atmosphere and TEA (10.2 mL, 73.6
mmol) was added to the vessel under vigorous stirring (pH shifted from 5-6 to 10-11).
The cyclodextrin solution was added dropwise to the slightly yellow solution and the
reaction mixture was stirred overnight. The slightly brownish suspension was filtered
on a sintered glass filter (porosity 4), the crude was washed with MeOH (2x30 mL)
and the resulting white solid was dried until constant weight into a vacuum drying box
(KOH and P20s as drying agents). (3.8 g, 80.8%).

OH ) HS TEA
+ >
0 ONHLC DMF
OH

Octakis(6-deoxy-6-dodecylthio-2-O-propargyl)-gamma-cyclodextrin (VII)

Under nitrogen atmosphere, compound (11) (10 g, 3.60 mmol) was dissolved in DMSO
(500 mL) resulting in a yellow solution. The reaction was cooled to 5 °C (Tin), excess
of NaH was added portion-wise (3.5 g, 86 mmol, 60% dispersion in mineral oil) into
the reaction mixture (pH shifted to 9-10) and a yellow suspension was obtained. The
reaction mixture was stirred under inert atmosphere for 24 h. The vessel was cooled-
downto 5 °C (Tin), propargyl-bromide (9.1 mL, 85 mmol) was added and the mixture
was stirred for 2 days under inter atmosphere. The reaction was quenched with MeOH
(50 mL), neutralized with acetic acid and concentrated under reduced pressure (~250
g). The mixture was extracted once with n-hexane:H,O (500 mL: 250 mL), the organic
phase was extracted with H>O (2x500 mL) and finally evaporated until dryness under
reduced pressure (40 °C). The residue oil was then purified by chromatography (SiOz,
20:80 EtOAc:n-hexane). Fractions were collected based on TLC analysis and
evaporated until dryness yielding compound (V1) as yellowish solid (5 g, 1.62 mmol,
45% vyield).

S(CH,),,CH, S(CH,)1;CH3
o) o)
OH + bBr _ NaH OH
0o _\:CH DMSO (O
8 o)
OH
HC”
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Octakis(6-deoxy-6-dodecylthio-2,3-di-O-propargyl)-gamma-cyclodextrin (VII1)

Under nitrogen atmosphere, compound (11) (10 g, 3.60 mmol) was dissolved in DMSO
(500 mL) resulting in a yellow solution. The reaction was cooled to 5 °C (Tin), excess
of NaH was added portion-wise (6.9 g, 173 mmol, 60% dispersion in mineral oil) into
the reaction mixture (pH shifted to 9-10) and a yellow suspension was obtained. The
reaction mixture was stirred under inert atmosphere for 24 h. The vessel was cooled-
down to 5 °C (Tin), propargyl-bromide (18 mL, 173 mmol) was added and the mixture
was stirred for 2 days under inter atmosphere. The reaction was quenched with MeOH
(50 mL), neutralized with acetic acid and concentrated under reduced pressure (~250
0). The mixture was extracted once with n-hexane:H,O (500 mL: 250 mL), the organic
phase was extracted with H20 (2x500 mL) and finally evaporated until dryness under
reduced pressure (40 °C). The residue oil was then purified by chromatography (SiO2,
10:90 EtOAc:n-Hexane). Fractions were collected based on TLC analysis and
evaporated until dryness yielding a compound (V1I1) as orangish solid (7.9 g, 2.34
mmol, 65% yield).

S(CH,),,CHg HC//w S(CH,)1;,CHg
o) J;O
Br NaH
OH + _\ECH DMSO
(0]
OH

8

—
HCZ

BOC-protected octakis(6-deoxy-6-dodecylthio-2-O-(4’-(3-((2-
aminoethyl)thio)propyl)-1’-methyl-triazolyl)-gamma-cyclodextrin (1X)

Compound (VI1) (3.1 g, 1 mmol) was solubilized in H,O:DMF (1:1) mixture (100 mL)
and BOC-protected 2-amino-ethyl-(3-azido-propyl) sulfide (1.2 equivalent per
propargyl group, 2.5 g, 9.6 mmol) was added to the yellowish solution. CuBr (0.31 g,
2.2 mmol) was added to the mixture and the solution turned first into a greenish
solution and then massive, dark precipitate formed (approximately after 15 min
stirring). The suspension was stirred overnight. The reaction was monitored with TLC
(toluene:ACN=3:1). The reaction crude was filtered on a sintered glass filter (porosity
4) and the mother liquor was evaporated to dryness under reduced pressure (60 °C).
The residue solid was purified by gradient chromatography (toluene for removing
side-products — toluene:ACN=3:1 for eluting the target compound). Fractions were
combined based on TLC and evaporated to dryness under reduced pressure.
Compound (1X) was isolated as yellowish solid (3.6 g, 0.7 mmol, 70% yield).
S(CH,),,CH4

o
OH

CuBr

NH-BOC
t N s H,O:DMF 7N

BOC-HN
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BOC-protected octakis(6-deoxy-6-dodecylthio-2-O-(4’-(3-((2-
aminoethyl)thio)propyl)-1’-methyl-triazolyl)-gamma-cyclodextrin (X)

Compound (V1) (3.4 g, 1 mmol) was solubilized in H>O:DMF (1:1) mixture (120
mL) and BOC-protected 2-amino-ethyl-(3-azido-propyl) sulfide (1.2 equivalent per
propargyl group, 5 g, 19.2 mmol) was added to the yellowish solution. CuBr (0.62 g,
4.4 mmol) was added to the mixture and the solution turned first into a greenish
solution and then massive, dark precipitate formed (approximately after 15 min
stirring). The suspension was stirred overnight. The reaction was monitored with TLC
(DCM:MeOH:H>0=10:1:0.1). The reaction crude was filtered on a sintered glass filter
(porosity 4) and the mother liquor was evaporated to dryness under reduced pressure
(60 °C). The residue solid was purified by gradient chromatography
(DCM:MeOH=10:0.2 for removing side-products — DCM:MeOH:H20=10:1:0.1 for
eluting the target compound). Fractions were combined based on TLC and evaporated
to dryness under reduced pressure. Compound (X) was isolated as yellowish solid (4.5
g, 0.6 mmol, 60% vyield).
S(CH,);,CH;

N
Ol
He S(CH,);;,CH, f

M o S
(e e ~

CuBr
NH-BOC BOC-HN
o + Ny s H,O:DMF

O
He”
Octakis(6-deoxy-6-dodecylthio-2-O-(4’-(3-((2-aminoethyl)thio)propyl)-1°-
methyl-triazolyl)-gamma-cyclodextrin * TFA salt (XI) (CD-G1)

Compound (1X) (2 g, 0.4 mmol) was solubilized under inert atmosphere in anhydrous
DCM (20 mL) and TFA (5 mL) was added to the vessel. The reaction mixture was
stirred for 24 h at room temperature. VVolatiles were evaporated under reduced pressure
and compound (XI) was isolated as yellowish solid (1.9 g, 0.36 mmol, 90% yield).

S(CH,);,CH, S(CH,)11CH,

DCM, RT

socHN ™~~~ 0,CF4CH;N
Octakis(6-deoxy-6-dodecylthio-2,3-di-O-(4’-(3-((2-aminoethyl)thio)propyl)-1°-
methyl-triazolyl)-gamma-cyclodextrin * TFA salt (XI1) (CD-G2)

Compound (X) (3 g, 0.4 mmol) was solubilized under inert atmosphere in anhydrous
DCM (20 mL) and TFA (5 mL) was added to the vessel. The reaction mixture was
stirred for 24 h at room temperature. VVolatiles were evaporated under reduced pressure
and compound (XI1) was isolated as yellowish solid (2.8 g, 0.36 mmol, 90% Yield).
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Figure 2: *H-NMR spectrum of compound Il (Pyridine-ds, 400 MHz).
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Figure 3: DEPT-edited HSQC spectrum of compound Il (Pyridine-ds, 400 MHz).
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Figure 5: *H-NMR spectrum of compound 111 (Chloroform-d, 400 MHz).
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Figure 6: DEPT-edited HSQC spectrum of compound 111 (Chloroform-d, 400 MHz).
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Figure 7: MALDI spectrum of compound 1V (CD-G4).
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Figure 8: 'H-NMR spectrum of compound 1V (CD-G4) (Water-dz, 400 MHz).
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Figure 9: DEPT-edited HSQC spectrum of compound 1V (CD-G4) (Water-dz, 400
MHz).
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Figure 11: *H-NMR spectrum of compound V (CD-G5) (Water-dz, 400 MHz).
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177



N
=20
- = E
—_— - L 40
= 60
— —
= 80
-
- =100
L LN B I ||\‘\\|\\\‘\\\7
55 5.0 45 4.0 35 3.0 25

F2 Chemical Shift (ppm)

F1 Chemical Shift (ppm)

Figure 14: DEPT-edited HSQC spectrum of compound VI (CD-G3) (Water-d2, 400

MHZz).
JuH
JCHLOROFORM-d
025—: "
T 21
0.20
2 ]
[%2]
c
8 ]
< 0.154
b= ]
S ]
® ]
£ H-9
o
Z -
0.10 H10
] CH,-propargyl
0.05 H1 H2, H3, H4, H5 H6
_nr|n|||rnnr|nrnn|nnrr|rnnr|nn|||---|||||||nnrn|rnnr|nrnn|rnn||||||| T TTT T
5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 1.0

Chemical Shift (ppm)

Figure 15: TH-NMR spectrum of compound V11 with partial assignment

(Chloroform-d, 600 MHz)

178




|
‘\ . \ A ‘
,,.J"‘:M'w.,'h-\,, L V.V 1A ‘

D _JM o

T
6.0 5.5 5.0 4.0
2 (ppm)

20

30

40

=50

=60

70

F80

=920

=100

110

f1 (ppm)

Figure 16: DEPT-edited HSQC spectrum of compound V111 (Chloroform-d, 600

MH2z).

iH
CHLOROFOR

$

0.45

0.40 "
[

0.20

Normalized Intensity
]
N
o
—

0.15

H1'/H6*

0.10

0.05

H2 H4

H3 H5

H2’-H1l" H11*

H12"

T T T T T T T T T T T T T T T T T
8.0 7.5 .5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
Chemical Shift (ppm)

Figure 17: *H-NMR spectrum of compound 1X with full assignment (Chloroform-d,

600 MHz).

179



012’

]
‘ 1
-
& o @5 \ .
g* ' *—1'/6* 211
> . .
Car
L L}
.K
nyn/s
-
3
/2
4
N
v .
.0 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 0.5
f2 (ppm)

r10
20
r30
40
r50
60
70
80
90
r100
110
120

130

r140

Figure 18: DEPT-edited HSQC spectrum of compound IX with full assignment

(Chloroform-d, 600 MHz).

f1 (ppm)

J]aH H16
—METHANOL-d4
7] 17 19 21 23 25 27
] P N N PN
o— 8 18 20 22 24 26 28
_ 4 6
7] 5 0
2
] o\2 1
— 7 O O
] b H19-27
] LAY
E / N
] N e
5 ] . N
: 11
. 1
E s
i " s
. gm g H14 H12
0 8 H6 H13
7] ?/O\"/'\::' BocHN H17
E o H7b H28
_ H7'
7 H9
— H10 H11
5 ] H18
] H7a
] H1 w3t | Ha
T T T T T T T L R o o o e o o o o e e e o T T A
10 9 8 5 4 3 2 1

2mical Shift (ppm)

Figure 19: 'H-NMR spectrum of compound X with full assignment (Methanol-ds,

600 MH2).

180



] |

. H12 Hi1
H6 o =
iy °%ﬂ13 -
“ H17
o
MeOH : ’
° 8
?
a9
2
.
H1 .
.
P
L @
T T T T T T T T T
5.5 5.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f2 (ppm)

Figure 20: DEPT-edited HSQC spectrum of compound X with full assignment

(Methanol-ds, 600 MHz).

7.3. Supplementary information 4. Chapter

A ‘Complexat.ion efﬁqiéncy — QA-monomer, B
- * 'S 2%

L1 L2s s L4

il

L1 Ladder

L2 positive control

L3 QA-monomer MR 5:1
L4 QA-monomer MR 7.5:1
L5 QA-monomer MR 10:1

Complexation efficiency — QA-dimer

Tl 1BA%e ) bl | b bl L7

Cile

L1 Ladder

L2 positive control

L6 QA-dimer MR 5:1
L7 QA-dimer MR 7.5:1
L8 QA-dimer MR 10:1

L8

Figure 7-10 Complexation efficiency in 1%-Agarose gel. (A) QA-monomer (B) QA-

dimer.

181

F20

30

F40

F50

60

70

80

=90

" 100

110

f1 (ppm)



Serum Stability— Polymeric CD
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Figure 7-11 Stability of polymer-based NP after exposure to 50% serum at different
time points and subsequent analysis on agarose gel. QA-polymer = quaternary
ammonium-4-CD-polymer, PA-polymer = primary amine- S-CD-polymer.
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Figure 7-12 Heparin release of polymer-based NP after exposure to 20% heparin at
different time points and subsequent analysis on agarose gel. 1 positive control free
SiRNA, 2 QA-NP MR5:1, 3 QA-NP MR7.5:1, 4 QA-NP MR10:1, 5 PA-NP MR5:1, 6
PA-NP MR7.5:1, 7 PA-NP MR10:1.
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ABSTRACT: RNA-based therapeutics have emerged as one of the most
powerful therapeutic options used for the modulation of gene/protein
expression and gene editing with the potential to treat neurodegenerative
diseases. However, the delivery of nucleic acids to the central nervous system
(CNS), in particular by the systemic route, remains a major hurdle. This
review will focus on the strategies for systemic delivery of therapeutic nucleic
acids designed to overcome these barriers. Pathways and mechanisms of
transport across the blood—brain barrier which could be exploited for
delivery are described, focusing in particular on smaller nucleic acids
including antisense oligonucleotides (ASOs) and small interfering RNA
(siRNA). Approaches used to enhance delivery including chemical
modifications, nanocarrier systems, and target selection (cell-specific
delivery) are critically analyzed. Learnings achieved from a comparison of
the successes and failures reported for CNS delivery of ASOs versus siRNA

Backbone

Sugar

Chemical Nucleobase

modifications

Delivery

&‘-‘OAptamers strategies |
e o
/;/(-/ & Exosomes
%, &
ﬁﬂ// ibodi % &
Antibodies 0 & Nanoparticleg
L %)
Peptides L

will help identify opportunities for a wider range of nucleic acids and accelerate the clinical translation of these innovative therapies.

KEYWORDS: antisense oligonucleotide, small interfering RNA, blood—brain barrier, systemic delivery, neurological diseases

1. INTRODUCTION

Neurological disorders are the leading cause of disability and
the second leading cause of death worldwide." The incidence
of neurological disorders is increasing in tandem with the aging
of the population, representing a serious economic burden to
society. Therefore, research is urgently needed to develop
novel treatments in response to this clinical need.”

Gene therapy has emerged as a powerful therapeutic
approach for the treatment of neurological diseases. Three
different approaches can be used: (i) overexpression of genes,
(ii) silencing of the disease-causing gene by RNA interference
(RNAi), and (iii) gene editing by the insertion, removal, or
replacement of genes in the genome using zinc finger nucleases
(ZFNs), transcription activator-like effector nucleases (TAL-
ENs), and the recently developed clustered regularly
interspaced short palindromic repeats (CRISPR)/associated
protein 9 (Cas9) tools.”*

For decades, overexpression of a missing gene product by an

exogenous DNA sequence was the only approach for gene Revised: ~ March 8, 2021
therapy. This approach typically utilizes viral vectors as Accepted:  March 8, 2021
Published: March 18, 2021

delivery systems, which have been associated with insertional
mutagenesis, innate and adaptive immune responses, and toxic
effects.” Since the development of RNAi almost two decades

© 2021 American Chemical Society
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ago, this technology has been intensively exploited and many
clinical trials have been performed.”” Antisense oligonucleo-
tides (ASOs) and small interfering RNA (siRNA) are the two
most widely studied approaches for silencing gene expression,
particularly with respect to the central nervous system (CNS).
The main advantages associated with RNA therapeutics are the
high specificity to target pathogenic targets, decreasing toxicity
associated with off-target effects, and relatively low dose
requirement for therapeutic effect.* ™" In comparison to RNAi,
gene-editing tools exhibit more complex physicochemical and
biopharmaceutical properties and are consequently more
challenging to deliver especially to the brain.'' Thus, this
review will focus solely on the gene silencing approach.
Therapeutic targeting of RNA is currently based on two
main approaches: single-stranded ASOs and double-stranded
RNAi. RNAI process can be mediated by siRNAs, endogenous

Received: December 21, 2020
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Figure 1. RNAi-based therapeutic main approaches: single-stranded antisense oligonucleotides (ASOs) and double-stranded small interfering RNA
(siRNA). ASOs: Once bound to the target mRNA, ASOs can form an RNA—DNA hybrid that becomes a substrate for RNase H, which results in
mRNA degradation. siRNA: Double-stranded RNA (dsRNA) is processed by Dicer into siRNA. The guide RNA strand is incorporated into the
RNA-induced silencing complex (RISC) and Argonaute 2 (Ago2). Ago2 cleaves the passenger strand, and siRNA/RISC complex then binds the
complementary sequence of the target mRNA resulting in the degradation of the target transcript.

microRNAs (miRNA), and short hairpin RNA (shRNA). In
contrast to siRNA that acts in the cytosol, miRNA and shRNA
require transport into the nucleus, an additional barrier to
RNAi delivery.'” Regarding drug development, siRNA is more
suitable for drug use because it does not require genome
integration and can be easily synthesized."’

ASOs are synthetic single-stranded nucleic acids generally
containing 12—30 nucleotides in length (4—10 kDa), designed
to bind a target RNA (pre-mRNA, mRNA, noncoding RNA)
in a sequence-specific manner via Watson—Crick base-pairing
rules. The single-stranded nature of ASOs may result in lower
costs and simplify the delivery process when compared to
siRNAs.'"* ASOs regulate RNA modulation either by mRNA
cleavage through enzymatic degradation (RNase H) or by an
occupancy-only mechanism, sometimes referred to as steric
blocking. Furthermore, they can also modulate pre-mRNA
splicing, reducing or restoring protein expression.'>"’

RNase H triggering represents the most predominant
knockdown mechanism. As illustrated in Figure 1, upon the
introduction into cells, ASOs can enter the nucleus and engage
with complementary sequences in pre-mRNAs. The formation
of a DNA/RNA hybrid results in the recruitment of RNase H1,
a ribonuclease that recognizes the DNA/RNA heteroduplex
and catalyzes the cleavage of RNA, resulting in reduced mRNA
levels.'>"”

siRNAs are short double-stranded RNA molecules usually
containing 19—25 base pairs (~14 kDa) that regulate gene
expression and control a diverse array of biological processes.
They consist of two strands: (i) the guide strand (antisense),
containing the information for target-gene recognition, and (ii)
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the passenger strand (sense) required for loading into the
RISC (RNA-induced silencing complex). Once in the
cytoplasm, the RNAIi process starts with the cleavage of long
double-stranded RNA into siRNA by the Dicer enzyme
(initiation phase). As shown in Figure 1, these small RNAs are
then incorporated into the RISC (effector phase). The RISC
nuclease Argonaute 2 (Ago2) cleaves siRNA strands and
releases the guide strand, resulting in RISC activation. The
guide strand anneals with its complementary mRNA leading to
its degradation and the silencing of the targeted gene. The
activated RISC complex (with antisense strand included) can
move on to degrade additional targeted mRNA, allowing
transient (3—7 days) gene silencing in rapidly dividing cells
and, extending for several weeks, in slowly dividing cells.” ™!

Although there has been a great progress, the treatment of
neurological disorders using nucleic acids remains a challeng-
ing issue due to rapid degradation in the circulation, poor
cellular uptake, lack of specificity for particular brain cell/
tissues, and the complex structure of the brain and
physiological barriers, especially the blood—brain barrier
(BBB),® which restricts access to the CNS.”>**

The BBB is one of the most selective physiological barriers,
regulating the transport of molecules, ions, and cells into and
out of the brain and protecting the CNS from potentially
harmful substances that enter the bloodstream. At the same
time, the BBB controls CNS nutrition and homeostasis and
maintains the chemical composition of the neuronal milieu
required for proper neuronal functioning. The BBB is formed
by a monolayer of nonfenestrated endothelial cells sealed by
tight junctions (TJ) and adherens junctions (AJ), which

https://doi.org/10.1021/acs.molpharmaceut.0c01238
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together with astrocytes, pericytes, neurons, and the basement
membrane constitute the neurovascular unit.”>~*° The
complexity of the BBB restricts CNS drug delivery, thus
limiting the treatment of several neurological diseases.

This review will focus on the strategies for the systemic
delivery of therapeutic nucleic acids targeting the CNS.
Pathways and mechanisms of transport across the BBB
which could be exploited for delivery are described, focusing
in particular on smaller nucleic acids including ASOs and
siRNA. Approaches used to enhance delivery including
chemical modifications, nanocarrier systems, and cell-specific
delivery are critically analyzed. A comparison of the successes
and failures reported for CNS delivery of ASOs versus siRNA
highlights learnings, which will help identify future transla-
tional opportunities for a wider range of therapeutic nucleic
acids.

2. CHALLENGES FOR SYSTEMIC DELIVERY

The initial challenges faced by nucleic acids after systemic
administration lie in the circulatory system. From the drug
delivery point of view, RNA molecules have unfavorable
physicochemical properties including a negative charge, high
molecular weight and size, and serum instability. Naked RNA
molecules are rapidly degraded by nucleases in biological
fluids, which results in renal clearance and short circulation
time in the blood (<10 min)."” Degradation can stimulate the
innate immune system, triggering inflammatory and other
immune responses and serum protein interaction. This
phenomenon, known as opsonisation, causes rapid uptake by
the reticuloendothelial system (RES) (Figure 2). After
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Figure 2. Physiological barriers to systemic delivery of RNA-based
therapeutics. After systemic administration, the therapeutic nucleic
acid must avoid interaction with bloodstream components, renal
excretion, and uptake by phagocytes of the reticuloendothelial system
(RES). Once at the targeted tissue, it must be internalized into the
cell and escape from the endosome before degradation.

systemic administration, phagocytic cells of RES, specifically
the Kupffer cells in the liver and the splenic macrophages, can
easily endocytose RNA oligonucleotides, resulting in higher
concentrations in these organs following intravenous admin-
istration.>*°
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In addition, the circulating nucleic acids must cross the
vascular endothelial barrier to accumulate in the target tissue.
The structure and permeability of the capillary endothelia vary
across different organs and tissue types, making some tissues
more accessible to therapeutics than others. For example, the
liver and spleen are composed of fenestrated capillaries and
discontinuous basement membranes exhibiting large inter- and
intracellular gaps, which allow the easy diffusion of nucleic
acids into the tissue interstitium. The CNS capillaries, due to
the BBB, exhibit nonfenestrated capillaries with dense
intercellular junctional proteins (T] and AJ) and a continuous
basement membrane makin§ extravasation of large molecules
into the brain very difficult.”’

After reaching the target cell, the next challenge is cellular
uptake of the nucleic acid therapeutics. The cellular membrane
is made of negatively charged phospholipids, and this charge is
a barrier for nucleic acid uptake. Moreover, the high molecular
weight, large size, and hydrophilic nature of RNA molecules
impede membrane permeability. As a result, the major mode of
internalization is via endocytosis, whereby the molecules are
internalized together with a component of the cell
membrane.'? Finally, endosomal escape and release into the
cytoplasm is a key problem that must be solved to ensure a safe
delivery of RNA-based therapeutics and effective gene
knockdown.''

In light of the challenges described above, generally, only
small lipophilic molecules (<400 Da) freely diffuse across the
brain endothelium (Figure 3 (1)). Other small water-soluble
molecules can simply cross BBB through the TJ and AJ;
however, paracellular transport is generally limited (Figure 3
(2)). Almost all other substances require certain endogenous
transport systems to cross the BBB, such as transport proteins
(carrier-mediated transport), absorptive-mediated transcytosis,
or receptor-mediated transcytosis.””

Transport proteins (Figure 3 (3)) enable essential molecules
such as glucose, amino acids, monocarboxylic acids, hormones,
fatty acids, carbohydrates, nucleotides, inorganic ions, amines,
choline, and vitamins to cross the BBB via substrate-specific
transporters, e.g, GLUT1 for glucose and LAT1 for some
amino acids.”® Adsorptive-mediated transcytosis (Figure 3 (4))
is triggered by electrostatic interaction between a positively
charged substance and the negatively charged membrane
surface of the endothelial cells. Receptor-mediated transcytosis
(Figure 3 (S)) enables the transport of small and large
molecules including hormones, growth factors, enzymes, and
plasma proteins. Endothelial cells have a limited number of
receptors on their surface; thus, this route is normally a
saturable process.””’

Via receptor-mediated transcytosis, a specific receptor binds
to its ligand on the luminal side of the endothelium and carries
it to the abluminal side via the formation of endocytic vesicles.
These vesicles can be either clathrin- or caveolae-dependent.’’
Importantly, the different nature of the endocytic vesicles will
dictate the intracellular routes followed by the cargo prior to its
delivery to the abluminal side (brain). Contrarily to the
clathrin-dependent pathway, the caveolae-dependent pathway
can bypass lysosomal storage.”

The above-described different transport systems across the
BBB have been exploited to deliver therapeutic drugs to the
brain. Generally, targeting transporters or receptors to access
the brain involves creating complexes between the drug of
interest and a receptor-targeting item. Such items can be the
endogenous receptor/transporter ligands, mimetic ligands, or
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Figure 3. Schematic representation of the blood—brain barrier and
the main transport routes for permeation and transport across the
endothelium. (1) Small lipid-soluble agents can passively diffuse
through the lipid bilayer. (2) Only small water-soluble molecules can
diffuse through the intercellular spaces between endothelial cells. (3)
The endothelium contains carriers for glucose, amino acids,
nucleosides, purine bases, choline, and other substances. (4) Cationic
molecules such as albumin and other plasma proteins are taken up by
adsorptive-mediated transcytosis, which is consecutive of the
endocytosis/exocytosis event. (5) Ligands such as insulin, transferrin,
cholesterol-containing particles, and most other protein hormones are
taken up by specific receptor-mediated transcytosis. Once across the
BBB, the compounds must diffuse toward the disease site and be
taken up by the diseased cells. TJ, tight junction; AJ, adherens
junction.

an antibody targeting the receptor.”” Accordingly, transport
proteins present in the brain endothelium can be targeted to
deliver the drug of interest into the brain. An example for this
would be the use of glycosylated nanocarriers that can cross via
the GLUT1 receptor.”” One clear drawback is that many of
these receptors, such as the GLUT receptors, are not
exclusively expressed in the brain endothelium, which can
lead to nonspecific targeting. Clathrin-dependend transport has
also been used for drug delivery into the brain, especially the
transferrin receptor. Despite being highly expressed in the
brain endothelium, it is also expressed in other tissues
throughout the body. Moreover, it is ineflicient in deliverin
the cargo into the brain from the endothelial cytoplasm.****
Caveolae-dependent transport has an important advantage in
terms of intracellular trafficking of the cargo, as it does not
involve the lysosomal pathway.”**° In this context low-density
lipoprotein receptor is a good candidate to target for drug
delivery purposes. To do so, the two main strategies include
protein corona-mediated targeting and ligand-based target-
ing.”> Both of these strategies are further detailed below.
Finally, endothelial cells express several ATP-driven drug
efflux pumps, such as P-glycoprotein (P-gp), multidrug related
protein (MRP), and breast cancer resistance protein (BCRP)
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transporters, which provide an additional layer of regulation by
actively excluding many hydrophobic molecules from the
CNS.””*° These efflux transporters constitute an important
challenge for drug delivery into brain tissue, as they are known
to greatly restrict brain permeability to a wide array of
structurally diverse xenobiotics.”” Therefore, it is essential that
these transporters are considered while assessing drug
transport properties in preclinical studies.

In summary, different approaches are being explored in
order to overcome the limitations of each of these routes of
transport across the BBB. Further investigation will allow
optimization of drug delivery into the brain. In the past years,
researchers have designed carriers (e.g.,, nanoparticles (NPs))
to target diseased cells in the brain with high specificity by
overcoming the BBB and with reduced toxic side effects.”® The
main ligands targeting specific receptors on the BBB, as well as
cell-specific markers on the diseased brain, are discussed below.

3. DESIGN AND DEVELOPMENT OF RNA-BASED
THERAPEUTICS FOR SYSTEMIC DELIVERY

Despite the promising potential of RNA-based therapeutics,
delivery strategies are required for the successful translation of
ASOs and siRNA into the clinic. There are two broad
strategies to improve the systemic delivery of RNA-based
therapeutics. One is the chemical modification of the ASOs/
siRNA structure itself while preserving the molecular nature
and activity of the nucleic acid. The other is the incorporation
of the nucleic acids into a delivery system. Both strategies aim
to enhance the safety and potency of the nucleic acid, resulting
in selective and stable systems.””

The main approaches for the delivery of ASOs and siRNA
therapeutics are summarized in Figure 4. To date, unformu-
lated/naked and chemical modifications predominate for
ASOs, while conjugates and nanocarrier systems have been
more widely studied for siRNA.
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Figure 4. Main strategies for central nervous system delivery of
antisense oligonucleotides (ASOs) and small interfering RNA
(siRNA). Unformulated/naked and chemical modifications predom-
inate for ASOs, while conjugates and nanocarrier systems have been
more widely studied for siRNA.

3.1. Chemical Modifications. A variety of chemical
modifications have been developed to improve the physical
and pharmacological characteristics of RNA-based therapeutics
(Table 1), such as ASOs and siRNA. Alterations in the
chemical structure of the nucleic acids are focused on either
the backbone, the sugar group (ribose), or the nucleobases.”

Nucleic acids consist of nucleotides all with a common
structure. Nucleotides incorporate ribose linked at the 1’
position to a nucleobase and the $’ position to a phosphate
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Table 1. Common Chemical Modifications Used in RNA-Based Therapeutics®

strategy

Backbone modifications Phosphorothioate
Sugar-phosphate

Sugar modifications

Nucleobase modifications S-Methylcytosine

Conjugations

Hydrophobic derivatives

content

2/-Ribose modifications (2'-OMe, 2'-F, 2’-OME, cEt, LNA)

Biomolecules (antibodies, aptamers, peptides)

goal

Enhance nuclease stability

Improve pharmacokinetics

Increase binding affinity to RNA
Enhance stability against nucleases
Decrease immune activation
Enhance RNA affinity

Decrease proinflammatory properties
Modulate protein binding

Modulate tissue distribution

“Abbreviations: 2'-OMe, 2'-O-methyl; 2'-F, 2'-fluoro; 2’-MOE, 2’-O-methoxyethyl; cET, 2’,4'-constrained 2’-O-ethyl; LNA, locked nucleic acid.

group. These structures are connected via phosphodiester
bonds formed at 3" and 5’ carbon of the ribose and make up
the strands of the nucleic acids. The phosphate linkage and
ribose are easy targets for metabolic degradation. Therefore,
chemical modifications are preferentially performed at these
sites.””*! Regarding their composition, siRNA and ASOs differ
in their strand characteristics. siRNA consists of a double-
strand and therefore leads to some restriction in the
application of modifications due to duplex stability and
interaction between siRNA and RISC complex.*”

3.1.1. Backbone Modifications. The chemistry of the
backbone has the largest impact on the pharmacokinetics
and pharmacodynamics properties of nucleic acids.* There-
fore, the replacement of the natural phosphodiester backbone
by the inclusion of a more hydrophobic phosphorothioate
(PS) was the first chemical modification implemented on
nucleic acids. The PS modification replaces a nonbridging
phosphate oxygen atom with a sulfur atom and has been
extensively used to improve nuclease stability”> of both
ASOs*** and siRNAs.*

The PS-modified backbones increase resistance against
nucleases in serum and tissues and consequently prolonged
circulation time. It promotes protein binding and thus supports
interactions with albumin and other blood proteins, thereby
retarding renal clearance and ensuring that PS-oligonucleotide
can reach the tissues. The PS-modification is fully consistent
with the RNase H activity.*"*"~* Following intravenous
administration of single-stranded PS-modified oligonucleo-
tides, the distribution phase from plasma to tissues ranges from
a few minutes to a few hours followed by a prolonged
elimination phase that can last for several weeks. In contrast,
unmodified oligonucleotides do not bind extensively to plasma
proteins and are quickly cleared by the kidneys, accumulating
at lower levels in tissues.'*°

Similar backbone modifications include the replacement of
nonbridging oxygen with boron (boranophosphate), nitrogen
(phosphoramidate), or methyl (methylphosphonate).*”*’
Phosphoramidate and methylphosphonate are preferentially
used in ASOs and were not intensively studied in siRNA,
whereas boranophosphate is applicable for both nucleic
acids.*”

The replacement of the sugar-phosphate by the introduction
of a peptide or morpholino structure leads to the elimination
of the charge of the nucleic acid backbone; this modification is
mostly used for ASOs. The phosphodiester linkages are
replaced with either phosphorodiamidate (morpholino) or
polyamide (peptide) linkages.””*”

As a result of neutralization, the nucleic acids lose the ability
to mobilize RNase H.*”°"** They gain protection against
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nuclease degradation but operate by translation inhibition
through steric interference®” and splice modification.*”"** On
the contrary, the neutral character of morpholino- and peptide-
modified ASOs impairs cellular uptake due to the decreased
probability of interaction with negatively charged cell
membranes. To compensate for this drawback, two strategies
have been investigated: the formulation into a lipid nano-
particle or the conjugation with a peptide which functions as a
targeting ligand, leading to receptor-mediated uptake.>”

3.1.2. Sugar Modifications. An approach to reduce the
immune activation of nucleic acids while further enhancing the
nuclease resistance includes substituting the 2’-hydroxy group
at the ribose. This approach includes modification with 2'-O-
methyl (2’-OMe), 2/-fluoro (2'-F), 2’-O-methoxyethyl (2'-
MOE) groups, and bridged rings (2’,4'-constrained 2’-O-ethyl
(cET), locked nucleic acid (LNA).*>*!

All 2’-OH modifications, which can be applied to ASOs, can
also be applied to siRNA, though with some restriction due to
the mechanism of action of the siRNA. Modifications in siRNA
can lead to impaired loading into the RISC complex, which
decreases siRNA efficacy. 2'-OMe and 2'-F are the most
commonly used modifications in siRNA.>° The naturally
occurring”** and therefore nontoxic 2'-OMe modification is
only used in alternate bases in siRNA to maintain efficacy and
simultaneously gain resistance against recognition by the
immune system and also enhanced nuclease resistance."

The 2-MOE modification is comparatively larger and
therefore can only be applied at specific positions in the
guide strand of the siRNA because of its negative impact on
the silencing activity. Even in ASOs, 2'-MOE is mostly used in
the so-called “gapmer” design (see section below).*®

The bridged 2',4’-ring of ribose is one of the most
complicated 2'-ribose modification involved in ASOs chem-
istry, especially in the design of gapmer ASOs,* which
comprises the binding of cET and LNA.*® This modification
provides an increased binding affinity to target-mRNA>” but is
unable to recruit RNase H.*” Instead, it operates via alternative
splicing or translational inhibition. A new type of oligonucleo-
tide composition was investigated to regain the RNase H
recruitment;>” this provides the basis for the development of
gapmers.” Gapmers contain a central unmodified region of
nucleotides, flanked with 2’ modified nucleotides on each
side.””* The unmodified region features RNase H activity,*’
whereby the flanked regions only improve the binding affinity
to target mRNA.*" This approach represents high nuclease
resistance, low toxicity, and increased hybridization affinities to
mRNA 248

3.1.3. Nucleobase Modifications. Compared to modifica-
tions of the backbone and sugar moieties, nucleobase
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Table 2. Selected Examples of Nanoparticle-Based RNA Formulations for in Vivo Brain Delivery via Systemic Administration”

formulation nucleic acid animal model target ref
Lipid-Based NPs
Angiopep-2- targeted liposomes GOLPH3siRNA U87-GFP-Luciferase-bearing BALB/c mouse LRP-1 72
RVG-9r-targeted liposomes Ataxin3 siRNAs C57 BL/6 ataxin-3 [Q69]-transgenic nACh 73
Calcium phosphate lipid NPs SOD1 Transgenic zebrafish 74
ASO
Polymeric NPs
GLUT-1 targeted polymeric NPs MALAT1-ASO BALB/c mice Glucose transporter 75
PBAE NPs siRNA Orthotopic GBMIA mouse model 76
Hybrid NPs
Angiopep-2 lipid-PLGA NPs GOLPH3 Nude U87 xenograft mice LRP-1 77
siRNA
Cyclodextrin
Transferrin targeted CD RRM2 Monkeys Transferrin receptor 78
siRNA
Exosomes
RVG-targeted exosomes BACE1 CS7BL/6 nACh 79
siRNA
T7-peptide targeted exosomes microRNA-21 ASO Glioblastoma rat model Transferrin receptor 80

“Abbreviations: CD, cyclodextrin; GOLPH3, Golgi phosphoprotein 3; LRP-1, low density lipoprotein receptor-related protein 1; nACh, nicotinic
acetylcholine receptor; NPs, nanoparticles; PBAE, poly(f-aminoester); RRM2, ribonucleotide reductase subunit M2; RVG, rabies virus

glycoprotein; SOD, superoxide dismutase I.

modifications have not been used extensively for the
stabilization of RNA-based therapeutics. Modifications to the
nucleobases could create modified nucleosides metabolites that
may be incorporated into native nucleic acids and interfere
with the correct expression and maintenance of genetic
material. There is, however, a notable exception: the C-5
methyl substitution on pyrimidine nucleobases (S-methylcy-
tosine, S-methylcytidine, and S-methyluridine/ribothymi-
dine)."”>*> The pyrimidine methylation has the effect of
increasing the oligonucleotide melting temperature by ~0.5 °C
per modification and has been commonly incorporated into
ASOs (e.g, those under development by Ionis Pharmaceut-
icals).>*%”

The nucleobase modification can impact the nucleic acid
activity in various ways: nuclease resistance, enhanced
sequence selectivity to target mRNA, reduced off-target effects
by preventing immune stimulation resulting in decreased
proinflammatory characteristics' >’ and more efficient gene
activity.”>"” Interestingly, S-methyl substitution decreases the
activity of siRNA and is therefore not beneficial in this
regard.”’

In summary, as described above, chemical modification is a
promising approach to make nucleic acids a successful
therapeutic modality to treat diseases including neurological
disorders. However, despite the impressive preclinical potential
of siRNA for treating brain diseases, most of the candidates,
whether approved or in clinical trials, are ASOs. Currently,
there are two FDA-approved ASOs: nusinersen (also known as
Spinraza, ISIS 396443, ISIS-SMNRx, and ASO-10-27) and
eteplirsen (Exondys 51). Nusinersen is indicated to treat spinal
muscular atrophy, a hereditary disorder linked to deletion or
mutation of the survival motor neuron 1 gene located on
chromosome 5q13. It has two chemical modifications, one on
its backbone (PS) and another at its sugar units (2'-MOE).*’
Eteplirsen is an ASO with phosphoroimidate morpholino
modification at the backbone against Duchenne muscular
dystrophy, a debilitating genetic disease characterized by the
lack of functional dystrophin protein, which results in
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progressive lethal skeletal muscle degeneration.’’ There are
also other candidates in phase 3 clinical trial; Trabedersen is an
ASO from Isarna therapeutics design with a simple PS-
modification tested against glioblastoma,61 and tominersen is a
gapmer-RNA modified with 2'-MOE PS developed for the
treatment of Huntington disease.”®> Imetelstat, a second
glioblastoma product, contains N3’-PS thiophosphorimidate
with a covalently linked C16 lipid moiety at the 5’ end.**

3.2. Nanocarrier Systems. Parallel to the development of
chemically modified nucleic acids, researchers have also been
working on nucleic acid carrier systems. NPs have a proven
track record as efficient carriers for systemic nucleic acid
delivery including brain delivery (Table 2). Formulations
include lipid-based NPs (LNPs), polymeric NPs, lipid—
polymer hybrid NPs, and modified cyclodextrins (CDs).
These NPs have demonstrated remarkable properties such as
the ability to cross multiple biological barriers and protect
target genes against nuclease degradation, improved pharma-
cokinetic profile by preventing renal excretion and RES
clearance, enhanced stability in physiological solutions, and
delivery to target specific tissues or cells.”""®® Recently,
exosomes have also emerged as a new delivery vehicle for
siRNA, ASOs, and small molecules to the brain.*~"' The
characteristics of nanocarrier systems and examples of their
formulation and use are reviewed below.

3.2.1. Lipid-Based NPs. Over the past decades, the delivery
approach that is both most extensively used and most clinically
advanced is to complex oligonucleotides with cationic lipids,
thus forming LNPs, also called lipoplexes.'®*”*" In 2018, the
first-ever RNAi therapeutic, Onpattro (Patisiran), was
approved by FDA and launched by Alnylam. Onpattro is
formulated as a LNPs to delivery siRNA targeting transthyretin
(TTR) into hepatocytes for the treatment of hereditary TTR-
mediated amyloidosis in adults.*” This drug represents the
dawn of the RNA nanomedicine era, and it further accelerated
the development of nucleic acid-loaded LNPs for various
therapies. Recently, BioNTech/Pfizer and Moderna encapsu-
lated their mRNA vaccines against COVID-19 using LNPs.**
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Table 3. Cationic Lipids That Have Been Used in Lipid-Based NPs”

amino lipid
Monovalent cationic: DOTAP; DOTMA; DMRIE
Monovalent ionizable: DODAP; DODMA
Multivalent ionizable: DOGS
Cholesterol derivatives: DC-Chol; GL67

optimized ionizable lipid lipidoid
Dlin- DMA C12-200
Dlin-KC2-DMA 98N12-5
Dlin-MC3-DMA

“Abbreviations: DC-Chol, 3f-(N-(N’,N’-dimethylaminoethane)carbamoyl)cholesterol; DLinDMA, 1,2-dilinoleyloxy-3-dimethylaminopropane;
DMRIE, N-(2-hydroxyethyl)-N,N-dimethyl-2,3-bis(tetradecyloxy)-1-propanaminium bromide; DODAP, 1,2-dioleoyl-3-dimethylammonium-
propane; DODMA, 1,2-dioleyloxy-3-dimethylaminopropane; DOGS, N,N-dioctadecylamidoglycylspermine; DOTAP, N-[1-(2,3-dioleoyloxy)-
propyl]-N,N,N-trimethylammonium methyl sulfate; DOTMA, N-[1-(2,3-dioleyloxy)propyl])-N,N,N-trimethylammonium chloride; GL-67, N4-

spermine cholesterylcarbamate

Lipid-based NPs include liposomes, solid lipid NPs, and
nanostructured lipid carriers. These nanocarrier systems are
composed of cationic (ionizable) lipids that bind DNA or
RNA molecules, neutral helper lipids that increase transfection
efficiency, and a nucleic acid vector encoding for the target
gene.”* Sometimes an additional targeting ligand is also
incorporated to enable selective delivery to targeted cells
after systemic administration. Generally, the basic structure of
the cationic lipid employed for gene delivery consists of three
domains: a hydrophilic headgroup (monocation or polycation,
linear or heterocyclic) attached, via a linker bond, to a
hydrophobic tail group (cholesterol or aliphatic).*> The
positively charged headgroup not only is responsible for the
nucleic acid complexation but also affects NPs characteristics
such as the surface charge. A large number of cationic
headgroup structures have been investigated for application in
gene delivery; selected examples are shown in Table 3.%*

Although permanently charged cationic lipids have proven
useful for in vitro transfection purposes, their utility in vivo is
limited due to reduced transfection efficiency and cellular
toxicity. The toxicity is normally associated with higher charge
ratios between the cationic lipids and the nucleic acids as well
as the dose administered.*® To overcome this issue, ionizable
cationic lipids such as DODAP were developed with apparent
pK, values between 6 and 7.*” This pK, ensures an efficient
encapsulation of nucleic acid polymers at acid pH, a near
neutral or mildly charged surface in the circulation at
physiological pH, and a high positive surface charge at the
acid environment of the endosome, which destabilized the NPs
to release their RNA cargo.”

The rational design of the linker and the tail group is
another strategy to enhance the efficacy of the formulation.
The linker affects not only the global pK, of ionizable lipids but
also the size, flexibility for charge presentation, and
biodegradability of the delivery system. The lipid properties
of the tail group such as the degree of saturation, chain length,
and substitution also affect the transfection efficiency.®*

Several groups have encapsulated nucleic acids into LNPs
for brain targeted gene delivery using the aforementioned
ionizable cationic lipids.””*~"" Cohen et al. developed LNPs
composed of the ionizable cationic lipid DLin-MC3-DMA,
helper lipids distearoylphosphatidylcholine (DSPC), and
cholesterol, using dimyristoyl glycerol (DMG), PEG (DMG-
PEG), and distearoylphosphatidylethanolamine (DSPE)-PEG
amine as linkers. The formulation was further functionalized
with hyaluronan to deliver PLK1-siRNA to glioma cells. The
authors observed a robust silencing of 80% in PLK-1
expression and prolonged survival (+60%) of a U87 xenograft
mouse model.”” Conceigio and coauthors use DODAP,
cholesterol, and DSPC to formulate liposomes. The liposomes
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were further functionalized with the brain-targeting rabies virus
glycoprotein (RVG)29—nona-arginine, and conjugated to
DSPE-PEG-maleimide. Promising results were observed in
two transgenic mouse models of Machado—Joseph disease
(MJD), also called spinocerebellar ataxia type 3 (SCA3), upon
intravenous administration of siRNA targeting mutant ataxin-3
mRNA. The efficient silence of mutant ataxin-3 reduced the
neuropathology and motor behavior deficits of both mice
strains.”

A further liposome-mediated delivery has been developed
(DCL64) composed of dipalmitoylphosphatidylcholine, cho-
lesterol, and poloxamer L64. Intravenous administration of
DCL64 formulation resulted in the interaction with low-
density lipoprotein receptors (LDLr and LRP-1) and
subsequent accumulation of the oligonucleotides in Purkinje
cells of mouse cerebellum.”” In another study, cationic
liposomes with angiopep-2, a specific ligand of LRP-1, were
used to deliver Golgi phosphoprotein 3 (GOLPH3)-siRNA for
glioma treatment. Using an U87-GFP-luciferase-bearing
BALB/c mouse model, the authors demonstrated that the
liposomes delivered GOLPH3-siRNA specifically to glioma
and effectively inhibited glioma growth.””

3.2.2. Polymeric Nanoparticles. Polymeric NPs provide
another widely used strategy for nucleic acid delivery. Although
they have not progressed clinically to the same degree as LNPs,
polymeric NPs have shown desirable features such as biological
safety (low immunogenicity, absence of mutagenesis),
chemical versatility, facile synthesis, and low production
costs, 09394

At an early stage, natural polymers such as polysaccharides
(chitosan, CDs, alginate) and proteins (gelatin, albumin) were
investigated as sustained gene delivery vectors; however, they
exhibited low transfection efficiency. Therefore, in an effort to
increase transfection efficacy many synthetic polymers have
been developed including poly(ethylenimine) (PEI), poly-
(lactic acid) (PLA), poly(r-glutamic acid) (PLGA), poly(L-
lysine) (PLL), poly-¢-caprolactone (PCL), poly(f-aminoester)
(PBAE), poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA), and the dendrimer poly(amidoamine)
(PAMAM). Synthetic polymers have been used alone or in
combination with natural polymers in the preparation of NPs
or incorporated into sustained-release systems such as
hydrogels, nanospheres, microspheres, and scaffolds.”*~"°
Regardless, PEGylation, functionalization with targeting
ligands, or modification by introducing histidine residues in
their backbones is still necessary to improve the transfection
efficiency and circulation times of polymeric NPs.””

The most commonly explored compounds for brain gene
delivery include the polymers PEI, PBAE, and PLGA and the
dendrimer PAMAM.”®”®? However, without surface mod-
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ification with target ligands, polymeric NPs have a limited
capacity to cross the BBB in sufficient amounts for therapeutic
application. In a recent study, GLUT-1 targeted polymeric NPs
(glycosyl-PEG-PLL modified with 3-mercaptopropyl amidine
and 2-thiolaneimine) were designed for the delivery of ASOs
across the BBB. The nanocarrier demonstrated efficient brain
accumulation 1 h after intravenous administration and exhibits
significant knockdown of a target long noncoding RNA in
various mouse brain regions, including the cerebral cortex and
hippocampus.”

3.2.3. Lipid—Polymer Hybrid Nanoparticles. Lipid—poly-
mer hybrid NPs for gene delivery (lipopolyplexes) combine
the desirable features of both lipids and polymeric NPs with
high in vivo transfection efliciencies, improved colloidal
stability, and reduced cytotoxicity.”” As shown in Figure 5,
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Figure S. Schematic representation of a lipid—polymer hybrid
nanoparticles (NPs). The NPs comprise a polymeric core containing
a payload (siRNA or ASOs) surrounded by a lipid shell. Note that an
additional outer PEG layer can be added and conjugated with
targeting moieties such as aptamers, peptides, antibodies, and
lipophilic derivatives (e.g., cholesterol). PEG, polyethylene glycol.

this type of nanostructure generally has a polymeric core
containing the therapeutic agents to be delivered and a lipid
shell that may either be a monolayer or bilayer. In some cases,
an additional outer PEG layer and target ligands are further
coated onto the lipid surface.'”

An efficient delivery system based on DOTAP, PLGA,
DSPE-PEG, g, and Angiopep-2 was developed to co-deliver
gefitinib and GOLPH3-siRNA across the BBB. The authors
demonstrated that Angiopep-2 improved siRNA delivery to the
brain tumor, downregulated GOLPH3 and EGFR expression
after intravenous administration, and increased the median
survival of the animals by 30% compared to nontreated
controls.”’

3.2.4. Cyclodextrins. CDs are a family of naturally occurring
cyclic oligosaccharides obtained through bacterial digestion of
starch, which are composed of glucose units linked by a-1,4-
glycosidic bonds. The most common forms are &, f-, and y-
CDs, which consist of six, seven, and eight D-glucopyranose
units (n = 6, 7 or 8), respectively.'”’ CDs have a truncated
cone-shaped appearance with upper (narrow, primary) and
lower (wide, secondary) rims. The core is relatively hydro-
phobic due to the presence of CH groups and glycosidic
oxygens, whereas the hydrophilicity at the cavity entrances
(rims) is attributed to primary and secondary hydroxyl
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functional groups (—OH) (Figure 6).'”” Such unique structure

results in an “inner—outer” amphiphilic characteristic enabling

Primary
face

Secondary
face

Hydrophobic
cavity

Figure 6. Schematic illustration of the 3D structure of cyclodextrin
(CD). The CD comprises glucose units linked by a-1,4-glycosidic
bonds and has a hydrophobic central cavity and a hydrophilic outer
surface.

the CDs to encapsulate organic and inorganic molecules via
host—guest interaction.'’’ Due to these features and excellent
biocompatibility and low toxicity, CDs have been profusely
exploited by the pharmaceutical industry to improve the
solubility of hydrophobic compounds and/or to improve
stability, bioavailability, and delivery of hydrophilic as well as
lipophilic drugs through biological membranes'®"'>'%*

In the past decade, attention has been focused on the
potential apglication of modified CD as gene delivery
systems,' ™" especially for treating brain diseases.'”*™""!
Modified amphiphilic f-cyclodextrins were used to deliver
Huntingtin (HTT) targeted siRNAs to in vitro and in vivo
models of Huntington disease. The formulation was stable in
cerebrospinal fluid with limited toxicity. Sustained knockdown
effects were observed associated with the alleviation of motor
deficits.'*®

Besides its potential as a carrier, CDs can also act as
therapeutic agents to treat neurodegenerative disorders
exhibiting impaired cholesterol metabolism (e.g., Niemann—
Pick type C (NPC), Alzheimer’s, Huntington’s, and
Parkinson’s diseases). CDs can directly interact with the BBB
endothelial cells and modify cell membrane composition due
to their ability of lipid extraction that directly influences
cholesterol trafficking and homeostasis.'”* Two clinical trials
are currently underway to evaluate the safety and pharmaco-
kinetic and pharmacodynamic assessments of systemic iv
administration of hydroxypropyl-f-cyclodextrin to NPC
patients.112

3.2.5. Exosomes. Exosomes have recently emerged as a
novel delivery system for biological therapeutics including
siRNAs, ASOs, antibodies, and small molecules, especially
those targeted to the brain tissue that require passage through
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the BBB.®~7! Exosomes are extracellular nanovesicles (40—
120 nm) produced by almost every cell type, including B cells,
T cells, dendritic cells, macrophages, neurons, glial cells,
astrocytes, stem cells, and most tumor cell lines. They are
generated mainly when multivesicular bodies fuse with the
plasma membrane and release their content (exosomes) to the
extracellular milieu. After exocytosis, exosomes are taken up by
the recipient cells and release their cargo (e.g., nucleic acids,
enzymes, peptides, lipids), which can mediate many physio-
logical and pathological processes.'>'"*

Owing to desirable properties such as size, lipid membrane
bilayer structure, and functional properties, exosome-based
delivery has multiple advantages over other delivery systems.
For instance, exosomes are stable in the bloodstream, enabling
prolonged circulation. They are capable of carrying soluble
drugs due to their hydrophilic core. Because exosomes are
nanosized and are isolated from specific cells, they have a high
capacity for overcoming various biological barriers, possess a
natural targeting capacity, and thus have fewer off-target
effects”'"?

Pioneering work on exosome-mediated systemic CNS
delivery of siRNA was initiated by Alvarez-Erviti and co-
workers in 2011. Murine self-derived dendritic exosomes
targeted with the neuron-specific RVG peptide and the
exosomal membrane protein Lamp2b delivered GAPDH
siRNA and BACEL siRNA to neurons, microglia, oligoden-
drocytes in the mouse brain after intravenous administration.
The exposure to RVG-decorated exosomes resulted in strong
mRNA and protein knockdown of BACE-1 (~60%), a
therapeutic target in Alzheimer’s disease.”” Similarly, a T7
peptide-decorated exosome (T7-exo) was produced by
incorporation T7, a transferrin receptor-binding peptide, into
the exosome membrane as a fusion protein of T7 and Lamp2b.
The T7-exo was evaluated as a carrier for brain-targeted
delivery of antisense miRNA oligonucleotides against miR-21
(AMO-21), using RVG exosomes/AMO-21 as a control. Both
brain-targeting ligands RVG and T7 increased the targeted
trafficking of exosomes to the brain and reduced miR-21 levels
in the glioblastoma by ~80% and ~60%, respectively,
compared to the control group.*’

3.3. Nucleic Acid Conjugates. Although significant
progress has been made with chemical modifications and
nanocarriers systems, brain-specific targeting is essential for an
improved therapeutic effect of RNA-based therapeutics. To
overcome the hurdles of selective CNS delivery of RNA-based
technologies, reliable transport ligands have been linked to
nucleic acids whether presented in naked form, as a chemical
conjugate, or in association with a nanocarrier. Covalent
conjugation of specific molecules to nucleic acids is a
promising therapeutic approach to improve cellular uptake as
well as pharmacokinetic properties.*”''> However, conjugates
can be applied to relatively small nucleic acid molecules such as
ASOs and siRNA, but it is difficult to apply to large
macromolecules such as mRNA, plasmid DNA, and
CRISPR/Cas9. This method includes forming conjugates
with (1) biomolecules capable of specifically binding receptors
to the cell membrane such as folate, antibodies, aptamers,
some peptides, and carbohydrates; (2) molecules capable of
cell penetration by natural transport mechanisms (e.g,
cholesterol and vitamins), or (3) molecules capable of
interacting nonspecifically with the cell membrane such as
positively charged compounds.''®
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These ligands target specific receptors on the BBB, as well as
cell-specific markers on the diseased brain. The most widely
studied ligands are transferrin, insulin, and low-density
lipoprotein (LDL) receptors. Additional ligands that may
have enhanced BBB specificity include aptamers, antibodies,
peptides, and lipophilic derivatives."'®""'® The conjugation of
siRNA (naked form) or NPs containing siRNA with ligands for
targeted brain delivery will be discussed in detail below

3.3.1. Aptamers. Nucleic acid aptamers are short, single-
stranded DNA or RNA oligonucleotides that assume unique
tridimensional structures capable of specific molecular
recognition of their cognate target. Generated through a
process named systematic evolution of ligands by exponential
enrichment (SELEX), aptamers demonstrate high affinity and
specificity similar to the way that monoclonal antibodies bind
to antigens.''” Since aptamers can be synthetized against any
target, they can potentially be used for the specific delivery to
any organ, tissue, or cell where the desired target would be
expressed.'”” Moreover, they have some crucial advantages,
such as low immunogenicity and toxicity, prolonged stability,
and low production variability."*'

Aptamers have been identified as highly promising agents for
brain-targeted therapy due to the ability of some aptamer
conjugates to cross the BBB."”>~'** A bifunctional aptamer
targeting the transferrin receptor (TfR) and the epithelial cell
adhesion molecule (EpCAM), a cell surface marker overex-
pressed on several solid tumors has been developed. Since
transferrin receptors are highly expressed on the surface of the
BBB, TfR-EpCAM aptamer can bind to transferrin receptors
on the surface of endothelial cells to be transported across the
BBB and therefore deliver the payload to EpCAM-positive
cells. In this study, the resulting bispecific TfR-EpCAM
aptamer showed enhanced binding affinity and was able to
effectively transcytose through an in vitro BBB model and also
in healthy NOD/SCID mice following a single intravenous
injection (40 nmol/kg).123

In recent years, aptamers have been transformed into
multifunctional agents for the selective delivery of siRNAs,
microRNA, small hairpin RNAs, and ASOs,"?! the so-called
aptamer-chimeras. Aptamer-siRNA chimeras may offer dual
functions in which the aptamer inhibits a receptor function
while the RNAi internalizes into the cell to target a specific
mRNA. Using a coculture model of human endothelial cells,
astrocytes, and pericytes, it has been shown that both GL21.T
and Gint4.T aptamers, either as single molecules or conjugated
to microRNA-137 or anti-microRNA-10b, can cross the BBB.
The RNA aptamers, GL21.T and Gint4.T, were able to bind
with high affinity and inhibit the intracellular signaling of
tyrosine kinase receptors (RTKs) Axl and the platelet-derived
growth factor receptor # (PDGFRf), respectively. These
receptors are frequently highly expressed in glioblastoma stem-
like cells and are associated with neovascularization.”* A
Gint4.T aptamer has successfully delivered STAT3 siRNA
(Gint4.T-STAT3) to glioblastoma cells resulting in the
silencing of STAT3 in PDGFRf" glioblastoma cells, thereby
reducing cell viability and migration. Importantly, Gint4.T-
STAT3 reduced tumor growth and angiogenesis in vivo in a
subcutaneous xenograft mouse model after repeated systemic
injections.'>®

3.3.2. Antibodies. Monoclonal antibodies (mAbs), which
act as a molecular “Trojan horse”, have been adopted to deliver
large molecules across the BBB. The receptor specific mAb
penetrates the BBB via transcytosis mediated by specific
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receptors on endothelial cells, commonly the insulin and
transferrin receptors.*° For example, OX26 (anti-rat TfR
monoclonal antibody), R17-217 and 8D3 (both anti-mouse
TfR monoclonal antibody), and 83-14 (anti-human insulin
receptor) have all been investigated.'””'**

The ability of a mAb against the human insulin receptor
(HIRMab) combined with avidin—biotin technology success-
fully delivered siRNA across the BBB in an in vivo brain cancer
model. Intravenous administration of the antibody-siRNA
conjugate led to an efficient (69—81%) suppression in
luciferase gene expression.'”” Following the same principle,
antibodies against antigens expressed on glioblastoma stem
cells (CD44 and EphA2) were conjugated to chemically
modified ASOs against renal cell carcinoma (DRR), also called
FAMI107A, a genetic driver of glioblastoma invasion. The
therapeutic conjugate was successfully internalized and
reduced DRR/FAM107A expression in patient-derived glio-
blastoma stem cells.'*

Despite decades of development, the use of antibodies
remains limited due to the need for sophisticated production
and purification equipment leading to high costs. A new
generation of optimized antibodies including antibody frag-
ments or diabodies are now emerging to tackle this limitation,
but complex manufacturing processes remain a challenge.'*’

3.3.3. Cell-Penetrating Peptides. Cell-penetrating peptides
(CPPs) are short peptidic sequences, generally with 5—30
amino acids, which facilitate drug or CPPs/cargo complexes to
translocate across the cellular membrane. CPPs are classified
into two categories: (1) based on the origin of peptides
(synthetic, chimeric, protein-derived peptides) and (2) based
on the physicochemical properties (cationic, amphipathic, and
hydrophobic).*""'** These short peptides are ligands for
specific receptors that facilitate cell internalization by
endocytosis and destabilization of endosomal compart-
ments.'*?

Several BBB shuttle peptides with increasing efficiency and
versatility have been reported including Angiopep-2, apolipo-
protein (Apo) B, ApoE, peptide-22, THR, Leptin30, MiniAp-4,
RVG29, RVG-9R, GSH, G23, TAT (47—57), and octa-
arginine (R8)."**'** The short peptide RVG, which is known
to specifically bind to acetylcholine receptors in neuronal cells,
was the first CPP used in the transport of oligonucleotides into
healthy mouse brains. Intravenous administration of RVG-9R
siRNA complexes to wild-type Balb/C mice induced a
significant reduction in both mRNA and protein levels of
Cu—Zn superoxide dismutase (SOD1) in the brain.'*°
Examples of other studies designed to deliver nucleic acids
into the brain using RVG constructs have been discussed in
detail above.”””*%°

As a further demonstration of CPPs delivery potential,
Angiopep-2 modified PLGA NPs have successfully co-
delivered doxorubicin and epidermal growth factor receptor
(EGFR) siRNA for glioma therapy. This delivery system was
capable of penetrating the BBB in vivo, resulting in extended
survival of the glioma—bearing mice and cell apoptosis in the
glioma tissue."

3.3.4. Lipophilic Derivatives. Lipophilic molecules are often
conjugated to oligonucleotides for delivery purposes. To date,
lipophilic conjugates have been used for the delivery of both
single- and double-stranded RNAs."** The concept behind
conjugation with these molecules involves naturally occurring
cell membrane transport mechanisms. More specifically,
oligonucleotides modified with cholesterol are recognized by

1500

high- and low-density lipoproteins (HDL and LDL,
respectively) and internalized via cholesterol binding recep-
tors."”*” Additionally, the addition of these lipid moieties to
oligonucleotides increases the lipophilicity of the nucleic acids
and enhances their permeability across the cell membrane.''®

Conjugation of siRNA with cholesterol, fatty acids, and
vitamins (with or without a phosphocholine polar headgroup)
has been shown to modulate siRNA tissue distribution and
silencing activity in vivo."””'*" In general, lipid-conjugated
siRNAs primarily accumulate in clearance tissues (liver, kidney,
and spleen). Higher lipophilic siRNAs preferentially bind LDL
and distribute to the liver, whereas less lipophilic compounds
bind to HDL in serum and accumulate in kidneys. No perfect
correlation between compound accumulation and eflicacy has
been observed.'*”'*’

Regarding the brain, the degree of distribution is strongly
and inversely correlated with the hydrophobicity.'*' Although
highly hydrophobic cholesterol-conjugated modified siRNAs
(Chol-hsiRNAs) presented limited spread from the site of
injection after intrastriatal injection, both docosahexaenoic acid
(DHA)-conjugated, hydrophobic siRNA (DHA-hsiRNA) and
phosphocholine-containing DHA-hsiRNA conjugate (PC-
DHA-hsiRNA) diffused to other brain regions further away
from the striatum and induced 70—80% silencing at both
mRNA and protein levels."*>'*

3.3.5. Protein Corona (Endogenous Ligands). Upon
systemic administration, NPs encounter serum components,
such as proteins, in the biological fluids resulting in the
formation of a protein corona on the surface. Although protein
corona formation has been associated with undesirable effects,
recent studies suggest that corona-mediated targeting by
controlling the function of target plasma proteins on
nanosurface may provide a more specific drug deliv-
ery 2144146

With regard to the brain targeting, apolipoproteins play a
key role. They are involved in the intercellular transport of
insoluble lipids to various cell types, which are taken up via
specific apolipoprotein-recognizing receptors (e.g., LDL
receptor and scavenger receptor class B type I (SR-B1))
expressed in several tissues and in the brain.'*” For instance,
Zhang et al. obtained a successful corona-mediated brain-
targeting using a liposomal system loaded with doxorubicin
and functionalized with a peptide derived from the amyloid f-
protein (Af,_y;). When exposed to biological milieu, this
peptide specifically interacts with the lipid-binding domain of
the brain targeting apolipoproteins (i.e, ApoAl, ApoE, and
Apo]), resulting in the exposure of their receptor-binding
domain. The reengineered liposomes demonstrated high brain-
targeting capacity and improved anticancer effects compared to
nontarget plain liposomes.'*> By use of a different approach,
lipid NPs have been prefunctionalized with ApoE4 before
systemic administration. This strategy increased NPs trans-
location into brain parenchyma and exhibited a 3-fold
improvement in brain accumulation compared to undecorated
NPs. '

Despite these promising results, there is no available data
concerning the exploitation of corona proteins for systemic
delivery of nucleic acid. However, lessons learned from these
studies could offer further insights into formulations designed
for targeted delivery of nucleic acids to the brain.
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Table 4. ASO-Based Therapeutics for the Treatment of Brain Disease That Are FDA-Approved or Currently in Clinical Trials”

drug disease route

ASOs

IONIS MAPTRx Alzheimer disease Intrathecal
BIIB094 Parkinson disease Intrathecal
WVE-120101 Huntington disease Intrathecal
WVE-120102 Huntington disease Intrathecal
Imetelstat Glioblastoma brainstem tumors Intravenous
Tominersen” Huntington disease Intrathecal
Trabedersen Glioblastoma Intratumoral
Eteplirsen (Exondys S1) DMD Intravenous
Nusinersen (Spinraza) Spinal muscular atrophy Intrathecal

status sponsor NCT number

Phase 1 Ionis Pharmaceuticals NCT03186989
Phase 1 Ionis Pharmaceuticals NCT03976349
Phase 1/2 Wave Life Sciences NCT03225833
Phase 1/2 Wave Life Sciences NCT03225846
Phase 2, terminated Geron NCT01836549
Phase 3, recruiting Roche NCT03842969
NCT03761849

Phase 3, terminated Isarna therapeutics NCT00761280

FDA approved
FDA approved

Sarepta Therapeutics

Biogen

“Abbreviations: ASOs, antisense oligonucleotides; DMD, Duchenne muscular dystrophy. NCT: ClinicalTrials.gov identifier number. Data were
collected from ClinicalTrials.gov and ref 153. *Tominersen (previously known as IONIS-HTTRx and RG6042).

4. CLINICAL PROGRESS

Currently, there are a large number of preclinical studies
focusing on the delivery of siRNA-based therapeutics into the
brain. Although these drugs have not yet reached clinical trials,
the successful delivery of siRNA to non-CNS tumor tissue
using nanoparticle-based delivery systems following systemic
administration has been demonstrated in multiple trials,
providin% proof-of-concept for RNAi-based therapeutics in
humans.”*® Two nonviral siRNA drugs, namely, Onpattro
(patisiran) and Givlaari (Ggivosiran), discussed in section
3.2.1, have already reached the market, and there are some
other siRNA-based drugs in the pipeline for approval in the
coming years.l49

Almost two decades after the discovery of RNAI
therapeutics, several challenges have limited the usefulness of
siRNA in clinical trials for brain delivery.® To date, the main
obstacles are delivery, limited diffusion/distribution, and
durability (Figures 2 and 3). After injection directly into the
brain, siRNA shows effective silencing for only a short period
and remains regionally restricted to cells near the injection site.
Similarly, after injection into the spinal cord, siRNA does not
penetrate broadly into the brain parenchyma and requires
several weeklong continuous perfusions to achieve efficacy. On
the other hand, ASOs is effective for several weeks after a
single intrathecal dose.”>° These and other challenges, such as
clinical trial design and commercial considerations, have
limited the usefulness of siRNA therapeutics and will require
further optimization to produce successful drugs for brain
disease therapy. With the increase in research addressing these
challenges and with the recent emergence of siRNA-based
drugs in the market, the hope is that the application of siRNA-
based therapeutics for the treatment of neurological diseases
will also be exploited in clinical settings in the near future.

Although systemic administration is more acceptable for
patients compared to direct brain injection, this is not a
common route of administration since nucleic acids do not
cross the BBB after systemic administration. To simplify the
delivery problem, drugs have been designed for administration
directly into the brain and/or spinal cord. However, there are
concerns regarding technical complications and the risks from
highly invasive neurosurgery for patients. The complications
are associated with the inaccurate insertion of the catheter,
management of the device (including refills of the drugs), the
possibility of an allergic reaction or rejection, infections, side
effects, and tissue damage with each local administration.”>*
Thus, safe and systemic delivery is the key focus in the
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development of novel nucleic acid delivery systems targeting
the CNS.

The recent approval by the U.S. Food and Drug
Administration (FDA) of two ASO-mediated therapies for
the treatment of Duchenne muscular dystrophy (eteplirsen,
Exondys S1) and spinal muscular atrophy (nusinersen,
Spinraza) has opened a new era in nucleic acid-based
therapeutics for neurodegenerative diseases.'”'>” To date,
more than 100 ASOs are in preclinical development.'*® Table
4 summarizes some ASO-based therapeutics that have
advanced from the bench to the clinical stages. The application
of siRNA to neurodegenerative diseases is not as advanced as
ASO technology.

5. FUTURE DIRECTIONS

Targeted gene modification via gene-editing tools (ZFNs,
TALENs, and CRISPR/Cas9) has been emerging as a new
therapeutic pgption for the treatment of neurodegenerative
diseases.>*'>> However, there are still relevant drawbacks that
need to be overcome before their clinical implementation. The
major challenge is increasing the specificity and efficiency by
decreasing the off-targets side effects. Furthermore, these
components are more challenging to deliver, especially to the
brain, due to the complexity and high molecular weight.'"'*° 1t
is anticipated that research in gene editing will continue and
advance significantly in the coming years.

A lesson learned from the research performed to date is that
delivery tools do not necessarily adapt to all applications. The
gene therapy approaches developed thus far have their own
advantages and limitations, and therefore, choosing the best
tool largely depends on the situation and clinical need.

6. CONCLUSIONS

This review highlighted the chemical modifications and
nanocarriers systems that are currently under investigation
for ASOs and siRNA delivery to the brain. There are many
opportunities to optimize the formulation design to allow for
systemic delivery. A combination strategy for delivery
including chemical modification in tandem with a smart
delivery system designed to achieve stability in the circulation,
permeability across the BBB, diffusion to the diseased site, and
specific uptake by the diseased cells may help the translation of
these therapeutics for neurodegenerative diseases.

In summary, the past two decades have seen an exponential
increase in RNA-based therapies. Several clinical trials have
been approved, are ongoing, or completed, with successful
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launches worldwide; however, RNAi has not yet achieved its
full therapeutic potential. It is expected that new RNA-based
medicines capaable of reaching nonliver or nontumor tissues
following systemic administration will be produced in the
coming years.
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The successful development of nonviral delivery systems for
nucleic acids has been reported extensively over the past number
of years. Among them, lipid-based nanoparticles (LNPs) represent
the most advanced platform. This review provides an overview of
the state-of-the-art in LNP technology, focusing on the delivery of a
range of nucleic acids. Recent advances in the development of an
efficient and safe lipid-based system are critically analyzed with a
particular emphasis on the rationale behind the design of LNPs and
on attempts to elucidate the resulting molecular assembly and
structure, their interactions with cellular proteins and biodistribu-
tion. In addition, manufacturing methods including microfluidics
and their potential to influence stability and scale-up are
summarized.
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Introduction

Gene therapy is a promising treatment option for a wide range of
diseases including genetic disorders, cancer, cardiovascular and
autoimmune diseases. It is based on the introduction of specific
genetic material into cells of the patients to: (i) increase the
expression of the transferred gene; (ii) silence the expression of
the disease-causing gene; or (iii) modify a target gene by insert-
ing, removing or replacing the gene with its functioning version
[1-2]. Currently, therapeutic nucleic acids primarily include
complementary Watson-Crick base-pairing, such as ribozymes,
deoxyribozymes, antisense oligonucleotides (ASOs), plasmid
DNA (pDNA), small interfering RNAs (siRNAs), microRNA
(miRNA), clustered regularly interspaced short palindromic
repeat (CRISPR)-associated protein (Cas) and other gene-editing
technologies; as well as nucleic acids that are not
complementary to the target sequence, such as aptamers, and
decoy nucleic acids [3].

Despite considerable progress in the field, safe and effective
delivery to diseased sites including biodistribution beyond the
liver remains a major challenge (Fig. 1). Nuclease degradation,
following intravenous administration, leads to a short half-life
(<10 min). Physicochemical properties of nucleic acids including
the high molecular weight, the hydrophilic nature, and the neg-
ative charge impede uptake across biological membranes. Addi-
tional barriers include nonspecific tissue distribution, poor
intracellular trafficking, high renal clearance and off-target
effects. At the cellular level, endosomal escape is essential for
activity and remains one of the main challenges [4-5]. To over-
come these barriers to the clinical translation of gene therapeu-
tics, extensive research into the design and evaluation of smart,
effective and safe delivery systems has been performed [6].

Currently, there are two clinically relevant approaches to
delivery: viral and nonviral. Viral-based strategies are very effec-
tive; however, drawbacks including manufacturing challenges
and immunogenicity issues of viral vectors [7] have promoted
the development of nonviral approaches [8-10]. In general, non-
viral delivery vectors are easy to scale up and have the capacity to
address many of the limitations of viral vectors, mainly concern-
ing safety [8,11]. A range of biocompatible materials has been
designed to complex, encapsulate and deliver therapeutic nucleic

acids with varying degrees of effectiveness [12-14]. Among the
diversity of formulations based on nanocomplexes, lipid-based
nanoparticles (LNPs) represent the most advanced platform for
systemic delivery [15].

This review provides an overview of the state-of-the-art in LNP
technology, focusing on the delivery of nucleic acids. Recent
advances in the development of an efficient and safe lipid-
based delivery system are critically analyzed with a particular
emphasis on the rationale behind the design of LNPs and on
attempts to elucidate the resulting molecular assembly and struc-
ture, their interactions with cellular proteins and biodistribution.
In addition, manufacturing issues including scale-up and stabil-
ity and the role of production methods including microfluidics
are summarized.

Design rationale of lipid-based nanoparticles:
Composition and molecular assembly
Over the past decades, several lipid-based systems have been
examined for gene delivery including liposomes, lipid
nanoemulsions, LNPs, solid-lipid nanoparticles and nanostruc-
tured lipid carriers. Previous studies have shown that LNPs are
suitable carriers for different types of nucleic acids including
siRNA, mRNA and pDNA [16-18]. Generally, LNPs are composed
of ionizable cationic lipids, phospholipids, cholesterol and
polyethyleneglycol (PEG)-lipids. As such, iterative screening pro-
cesses were combined with rational design approaches to deter-
mine the optimal combination of amino headgroups, linkers
and alkyl chains [19,17,20-22]. Selected examples of lipids used
for the therapeutic delivery of nucleic acids are shown in Fig. 2.
Here, a description of the technical basis of LNP composition
is provided. The latter topic is a major focus on ongoing efforts
for LNP optimization with a particular emphasis on the rationale
behind the design of LNPs for specific nucleic acids.

lonizable cationic lipids

Ionizable cationic lipids (ICLs) are amphiphilic structures con-
structed with a positively charged hydrophilic head linked to a
long lipophilic body (Figs. 2 and 3) [23]. After systemic adminis-
tration, ICLs should be able to modulate their charge based on
the pH of the environment, such as blood (pH 7.4) and endocytic
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FIG. 1

Barriers encountered by nucleic acids following systemic administration. Extracellular barriers: enzymatic degradation in the bloodstream, phagocytosis and
renal excretion. Cellular barriers: cell-specific uptake, endosomal uptake and release.

organelles (pH 5.5-6.5), to ensure appropriate vector formation,
optimal blood circulation and effective nucleic acid release into
the cytosol [24]. This flexibility is dependent on the ionization
character of the incorporated lipid [16]. For example, ionizable
lipids should be positively charged (protonated) at low pH during
the preparation of LNPs to maximize the electrostatic interac-
tions with the negatively charged nucleic acid. Then, a neutral
surface charge at pH 7.4 is essential to ensure prolonged circula-
tion time in the bloodstream by preventing rapid sequestration
by reticuloendothelial system (RES) cells (e.g., splenic macro-
phages and Kupfer cells). Ideally, at acidic pH (i.e., endosomal
environment), the heads of the ICLs should be positively
charged again to promote binding to the negatively charged
lipids exposed on the endosomal membrane. As a result of this
interaction, the original endosomal membrane organization is
disrupted, leading to the formation of a hexagonal Hy, lipid phase
structure (Fig. 3) with consequent delivery of the nucleic acid
payload into the cytoplasm and unrestricted interaction with
the cell machinery (Fig. 1) [24-25]. The endosomal release is
often the rate-limiting step for successful delivery and in vivo
activity of the nucleic acid [26,23,27].

Amine headgroups

The ICL headgroup is not only responsible for interacting with
negatively charged nucleic acids but also has an impact on
nanoparticle properties such as the surface charge/pK, [28]. Pre-
vious studies demonstrated a strong correlation between pK,
and in vivo activity [29-30]. Ideally, ICLs should have a pK, in
the range of 6.2-6.5, being largely neutral at neutral pH (7.4)
and positively charged at acidic pH (<6.0). ICLs with a pK, lower
or higher than 6.2-6.5 display a rapid decline in hepatic gene
silencing activity, emphasizing the importance of the ionization
behavior [31-32].

Modifications of the amine group have included substitution
with  piperazino, morpholino, trimethylamine or bis-
dimethylamino groups. Initially, DLin-K-DMA, which contains
a dimethylamino as the headgroup, was identified as a lead com-
pound. Subsequently, the distance between the dimethylamino
headgroup and the dioxolane linker in DLin-K-DMA was modi-
fied, because this distance affects the dissociation constant [23].
Then, DLin-KC2-DMA was created by adding additional methy-
lene groups in DLin-K-DMA, which enabled an increase in
potency. A  headgroup length  greater than  di-
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FIG. 2

Chemical structure of representative lipids used for delivery of therapeutic nucleic acids. Abbreviations: DLin-K-DMA, 1,2-dilinoleyloxy-keto-N,N-dimethyl-3-
aminopropane; DLin-KC2-DMA, 2,2-dilinoleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane; DLin-MC3-DMA, heptatriaconta-6,9,28,31-tetraen-19-yl 4(dimethy-
lamino)butanoate; DOPE, dioleoylphosphatidylethanolamine; DSPC, sistearoylphosphatidylcholine; mPEG,000-DSPE, 1,2-distearoyl-ras-glycerol-3-phospho-
ethanol amine-N-polyethyleneglycol-2000; PEG,0-C-DMG 1,2-dimyristoyl-rac-glycero-3methoxypolyethylene glycol-2000; ALC-0159, 2-[(polyethyleneglycol)-

2000]-N,N-ditetradecylacetamide.

methylaminopropane showed decreased activity. DLin-KC2-
DMA has been used frequently for the delivery of nucleic acid
into liver cells [20,27,31]. Further optimization distance of the
dimethylamine headgroup from the linker led to DLin-MC3-
DMA, which was the ‘gold standard’ cationic lipid for LNP for-
mulations containing nucleic acids for several years [16,31].
DLin-MC3-DMA was employed in the first ever RNAi thera-
peutic product that was clinically approved by the FDA and
launched by Alnylam in 2018: Onpattro® (patisiran) [33].
DLin-MC3-DMA-based LNPs have also been used in inclisiran
(Leqvio®, ALN-PCS) a first-in-class siRNA developed by Novartis
for the treatment of hypercholesterolemia. It was approved by
the European Commission in 2020 and is currently under review
by the FDA [34]. However, because siRNA products require
repeated dosing for chronic diseases, biodegradable derivatives
of DLin-MC3-DMA have been developed to increase biocompat-
ibility while preserving high transfection efficiency. Representa-

tive examples of this new class of biodegradable lipids include
L319, Lipid 5, SM-102 and ALC-0315. Compared with DLin-
MC3-DMA, biodegradable L319 was developed by replacing
one double bond with an ester linker, assuming this compound
could be metabolized through B-oxidation and hydrolysis. SM-
102 and ALCO09315 have ester linkages in the lipid tail (Fig. 2).
The distribution of esters in two tails keeps the pK, in the opti-
mal range (6.2-6.5), whereas the side-chain consisting of sec-
ondary ester can facilitate the formation of a ‘cone shape’
structure (Fig. 3) [35]. It is worth mentioning that SM-102 and
ALC-0315 are the ionizable delivery components in the Moderna
Spikevax, also referred to as mRNA-1273, and BioNTech-Pfizer
Comirnaty (BNT162b2) COVID-19 vaccines, respectively [36-
37].

Linker
The linker is the next important functional moiety, which con-
nects the amine headgroup with the lipid tail. The linker oxygen
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FIG. 3

Schematic representation of the mechanism of action proposed for membrane disruptive effects of cationic lipids. Left: cationic lipids are divided into amino
headgroup (orange), linker (grey) and tail chain domains (green). Right top: in isolation, cationic and anionic lipids adopt a cylindrical structure, which causes
them to assemble into a bilayer configuration (lamellar phase). Right bottom: when cationic lipids are mixed with anionic lipids they combine to form ion
pairs that adopt an inverted conical structure, which assembles into the hexagonal H; phase.

plays a key part in transfection efficacy by affecting the pK, of
the ICL and controlling the chemical and enzymatic stability
of the lipid. Depending on the structure, linkers are grouped into
ethers, esters, amides, carbamates and disulfide groups (Table 1).
Besides the functional group, the spacing between the head-
group and the linker, the length and steric hindrance also impact
transfection efficiency [38,28].

Lipid tail
Lipid tail saturation/unsaturation (double bond content), length,
level of substitution and the tail structure (branched vs linear)

TABLE 1

Representative chemical structures of linker groups.

Linker bond Chemical Examples
structure

Ether O DOTMA (cationic lipid)
7N

Ester (0] DLin-MC3-DMA (ionizable
)I\ - cationic lipid)

(0]
Amide TT3 (ionizable cationic lipid)

(o}
M-
H

Urethane (or o PEG,000-C-DMG (PEG-lipid)
carbamate) ~ /u\ -
N (0]
H
Disulfide BAME-O16B (ionizable cationic

lipid)

can affect the ICL transfection efficiency [28]. Given the impor-
tance of the lipid tail saturation for transfection efficacy, a series
of analogs to 1,2-dioleoyl-3-dimethylammonium propane
(DODAP) with different degrees of unsaturation, lengths and lin-
ker groups were synthesized. DODAP was the first ICL that con-
tains two alkyl chains bound through ester bonds and has a pK,
value of 6.6-7.0. This milestone served as a benchmark for the
next generations of lipids with even greater transfection effica-
cies. The introduction of double bonds led to a decrease in the
pK, of the LNP surface, from 7.0 down to 6.7, owing to the
altered arrangement of the lipids within the LNP.[36 ]DLin-
DMA, an ether analog of DODAP containing linoleic acyl chains
and with a pK, of 6.7, was the first type of rationally designed
ionizable lipid. It was used to develop the first therapeutically rel-
evant RNAi-mediated approach for gene silencing in non-human
primates [39] and, further, the RNAi therapeutics designed to
treat solid tumors: TKM-080301 (TKM-PLK1) from Tekmira Phar-
maceuticals, ALN-VSP and ALN-TTRO1 from Alnylam Pharma-
ceuticals, currently being investigated in clinical trials [40].

DLin-DMA was further modified to produce DLin-KC2-DMA
and DLin-MC3- DMA. DLin-KC2-DMA having a pK, of 6.7 is
100-fold more powerful than DLin-DMA for silencing liver tar-
gets. DLin-MC3-DMA, which has a pK, of 6.44, has a 1000-fold
higher potency than DLin-DMA [41,30]. Besides the liver,
DLin-KC2-DMA and DLin-MC3-DMA were both also effective
in the delivery of siRNA to dendritic cells derived from human
monocytes; however, particularly in these cells, DLin-KC2-
DMA was more effective at silencing programmed cell death
ligand-1 (PD-L1) gene than DLin-MC3-DMA [42].
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Helper lipids

Helper lipids, such as 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) and 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC), are important components of LNP for-
mulations included to provide fusion with cell and endosomal
membranes, facilitating cellular uptake and endosomal release
[43].

DOPE was one of the first helper lipids successfully used for
the delivery of nucleic acids using cationic liposomes [44]|. DOPE
has a very similar structure to DSPC; however, it also exhibits
important differences (Fig. 2). DOPE is a phosphoethanolamine
with two unsaturated chains (C18). As a consequence of the
unsaturation, DOPE has fusogenic characteristics and, therefore,
facilitates improved fusion of LNPs with the endosomal mem-
brane via promoting the non-bilayer inverted hexagonal Hy
phase [45]. By contrast, DSPC is a saturated amphiphilic lipid.
It has a neutral overall charge, consisting of a quaternary amine
and a negatively charged phosphate group, connected to two sat-
urated chains (C18). As a consequence of the saturated hydrocar-
bon chains, DPSC has a cylindrical shape and therefore, does not
show membrane destabilizing characteristics, rather it tends
toward the formation of the stable bilayer phase [16,45]. Note-
worthy, both mRNA-based COVID-19 vaccines contain DPSC
as the helper lipid. Interestingly, LoPresti et al. investigated
helper lipids with varying characteristics (neutral, cationic and
anionic) and could show that altering the chemistry and concen-
tration of helper lipids affects nanoparticle surface charge and,
therefore, impacts the distribution and effectiveness of nanopar-
ticles in specific tissue. Neutral helper lipids, such as 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC), sphingomyelin and cera-
mide, preserved liver targeting, whereas anionic helper lipids
(phosphatidylserine, phosphatidylglycerol and phosphatidic
acid) increased the distribution to the spleen. The pioneer for
cationic lipids, 1,2-dioleoyl-3-trimethylammonium propane
(DOTAP), now used as a cationic helper lipid, shifted the protein
expression to the lung [46].

Cholesterol

Cholesterol belongs to a class of steroid compounds and shows a
unique structure compared to the other LNP components
(Fig. 2). The tetracyclic core bestows a planar and rigid structure
that enables cholesterol to intercalate into bilayer structures and
stabilize them, hence it protects the particle in the presence of
serum proteins [45,47]. By contrast, cholesterol, depending on
its percentage in the composition, can promote the fusion of
the LNP with the membrane of endosomes in the presence of
unsaturated lipids, which improves intracellular delivery [47].
Cheng et al. reported that high concentrations of cholesterol
enhance the activity of cationic lipids which supports the afore-
mentioned fusogenicity. These characteristics give cholesterol
the ability to be evenly distributed within the LNP [45].

PEG-lipid

The incorporation of PEG-lipids into LNPs has been widely used
to improve the pharmacokinetics of therapeutic LNPs. It helps
prevent the interaction with serum proteins, reduce opsoniza-
tion and, therefore, recognition by the cells of the RES, resulting
in longer circulation times [48]. Besides, PEGylation decreases

the particle size and prevents LNP aggregation during storage
and extends the shelf-life [49]. However, PEGylation also has lim-
itations. The addition of PEG on the surface of the NPs can
reduce the cellular uptake and endosome escape efficiency by
limiting the interaction between the ionizable cationic lipid
and the lipids into the cellular membrane owing to steric hin-
drance [50]. Although PEG is considered safe, repetitive adminis-
tration of PEGylated NPs can induce the production of anti-PEG
antibodies (IgG and IgM), which causes accelerated blood clear-
ance phenomenon, hypersensitivity reactions and, in some rare
cases, fatal anaphylaxis [51]. For example, PEG has been associ-
ated with some cases of anaphylaxis to BioNTech-Pfizer Comir-
naty and Moderna Spikevax COVID-19 vaccines in individuals
with a known allergy to PEG [52-54].

By optimizing the PEGylation chemistry and the density of
PEG on the LNP surface, it is possible to alter the pharmacokinet-
ics and pharmacodynamics of the NPs [48].

For example, very short PEG (<1 kDa) did not prevent interac-
tion with serum proteins and hence cannot extend the circula-
tion time efficiently whereas very long PEG (>5 kDa) or a high
mole fraction of PEG (>15 mol%) led to a decrease in the mem-
brane permeability, which severely reduces the cellular uptake
[48,55-56]. Thus, generally, PEG molecules with moderate
molecular weight (~2 kDa) are used for LNP modification in a
ratio <5% [57,50,58-59]. Currently, the Moderna COVID-19 vac-
cine uses 1.5% of PEG;000-DMG, whereas the BioNTech-Pfizer
vaccine uses 1.6% of ALC-0159 in their respective formulations
[36]. Regarding the chain length, much faster dissociation was
observed for PEG-lipids with a chain length of 14 carbons (e.g.,
PEG-DMPE and PEG-DMG) compared with those with a chain
length of 18 carbons [e.g., PEG-DSPE and PEG-1,2-distearoyl-ra
c-glycero-3-methoxypolyethylene (DSG)], which could facilitate
cellular uptake and endosomal escape of LNPs [37,60].

There are multiple approaches under investigation to reduce
PEG-associated immunity. Promising alternatives for the replace-
ment of PEG include synthetic polypeptides or polypeptoids -
analogs of polypeptides such as Polysarcosine (PSar) [61-62]. In
arecent study, the incorporation of PSar lipids into LNPs resulted
in higher RNA transfection potency with a reduced immunos-
timulatory response compared with the PEGylated counterpart
(PEG-DMGQG) after intravenous injection. Similar to PEGylated
lipids, the molar fraction and the number of PSar repeat units
also influence the physicochemical characteristics of the result-
ing delivery system [63].

Structural and physicochemical properties of LNPs
To elucidate the structure of nanosystems, it is important to carry
out detailed systematic investigations. Cryogenic transmission
electron microscopy (Cryo-TEM) and scattering techniques [X-
ray diffraction (XRD), small angle X-ray scattering (SAXS) and
small angle neutron scattering (SANS)] give information about
shape, inner structure and dimensions of nano pharmaceutical
forms that could not be identified otherwise [64-65]. However,
characterization of mRNA delivery vehicles with cryo-TEM is
more common because it facilitates quantitative and qualitative
analysis of the nanomaterial structure [66].
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The structure of LNP is highly dependent on the lipid compo-
sitions and proportions as well as the type of nucleic acid encap-
sulated. Based on Cryo-TEM analysis it has been proposed that
LNPs containing a high ICL content (>40 mol%), cholesterol
and possibly a small amount of DSPC form inverted micelles
around the siRNA (Fig. 4a). The excess of these compounds form
‘empty’ inverted micelles. By contrast, LNPs containing a lower
ICL content (~20mol%) and a higher amount of DSPC
(~30 mol%) results in the formation of some inverted micelles
mainly consisting of ICL and cholesterol, whereas DSPC accumu-
lates in the bilayer area (Fig. 4b) [20].

The design rationale for using DSPC and cholesterol on siRNA
LNP formulations relies on the fact that DSPC interacts with the
ICL via its phosphate group on one side and complexes with the
negatively charged nucleic acid via its choline group on the other
side. This is vital for a stable encapsulation of siRNA and, conse-
quently, LNP-siRNA function [67]. Cholesterol serves as a filler in
the curvature formed by the ICL and siRNA interaction. In the
presence of high DSPC and low ICL cholesterol also helps in
the formation of the bilayers [68,38]. The PEG-lipid is located
on the outer layer owing to its relatively high hydrophilicity
and its steric size [50].

Owing to electrostatic interaction, the more pronounced the
electronegativity of the nucleic acid the more effective the forma-
tion of the inverted micellar structure. This assembly pattern will
subsequently affect the loading capacity of the LNPs, the biodis-
tribution and in vivo efficacy [49]. Although important, these

parameters alone fail to give a full insight and understanding of
the performance of LNPs. The performance of LNPs is strongly
impacted by the chemical structure of each component, the inter-
actions between them and the physicochemical properties of the
final formulation. Another factor that influences the structure of
LNPs is the preparation technique used, discussed in detail below.

Physicochemical characteristics

Physicochemical characteristics of the LNPs, including size, sur-
face charge (zeta potential) and surface modifications, have a
direct influence on the efficacy, pharmacokinetics and biodistri-
bution of LNPs [45]. Nanoparticles with sizes <10 nm are more
likely to undergo renal filtration, whereas NPs > 200 nm can acti-
vate the Complement system and be quickly removed from the
bloodstream [69]. For this reason, NPs in the range 20-200 nm
are preferential, with NPs of ~100 nm considered optimal for cel-
lular uptake [70-71].

The charge of the formulated LNP is also a crucial factor for
sufficient exposure in the circulation and uptake into tissue.
High surface charge, either positive (+30 mV) or negative
(=30 mV), usually results in faster blood clearance and quick
RES capture whereas neutrally charged LNPs (from —10 to
+10 mV) promote prolonged blood circulation and reduced RES
uptake. In addition, positively charged NPs exhibited higher
internalization than neutral or negatively charged NPs owing
to the interaction with the cell membrane which is negatively
charged, resulting in increased toxicity [72-73]. For this reason,
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FIG. 4

Schematic representation of the proposed structure of LNPs containing siRNA. (a) Nanostructure dense core. LNPs displayed a nanostructured, electron dense
core, where the siRNA is complexed with the cationic lipids into inverted micelles, surrounded by cholesterol and DSPC stabilizing the micelles. (b)
Multilamellar structure presents an outer bilayer and solid interior core. Adapted, with permission, from [20].
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LNPs with near-neutral zeta potential have been predominantly
used in the clinic.

Lipid composition and molar ratio

LNP composition is reported in molar ratios between each lipid
component, varying between certain ranges depending on the
incorporated nucleic acid: 40-50 mol% for the ICL, 10-12 mol
% for the phospholipid, 38-45 mol% for cholesterol and 1-
2 mol% for the PEGylated lipid. Table 2 lists the lipid compo-
nents and molar ratio employed in LNPs. The ratio between
the lipid components and the nucleic acid is reported as N:P
ratio, referring to the ratio of nitrogen atoms from the cationic
lipid to the number of phosphate atoms from the nucleic acid,
or as weight ratio, referring to the ratio of cationic lipid mass
per nuclei acid [28].

Following the successful development of the first RNAi Onpat-
tro®, Moderna applied a similar rational design in the develop-
ment of Spikevax. As shown in Table 2, Onpattro® and
Spikevax exhibited the same molar lipid ratio and similar compo-
sition, except for the replacement of DLin-MC3-DMA by the
degradable lipid SM-102, identified as optimal for intramuscular
administration [74]. ALC-0315 combined with DSPC, cholesterol
and the PEGylated lipid ALC-0159 is the delivery system in the
BioNTech-Pfizer vaccine. To achieve satisfactory results the
molar ratios were adjusted: a decrease of ~3.7 in the cationic
lipid and 0.6% in DSPC, with an increase of 4.7% in cholesterol

TABLE 2

and 0.1% in the PEGylated lipid in comparison to Onpattro® and
Spikevax (Table 2).

The main goal of this review is to better understand how LNP
composition influences the morphology and effectiveness of the
final formulation. For this reason, the modification (nature and
quantity) of the following parameters: N:P molar ratio, helper
lipids, PEGylated lipid as well as the type of nucleic acid, will
be discussed in more detail.

The formulation DLin-KC2-DMA, DSPC or DOPE, cholesterol,
and PEG3pp0-c-DMA have been investigated by Leung et al. [20]
for the encapsulation of siRNA, pDNA and mRNA. Cryo-TEM
and molecular simulation studies indicated that LNPs formed
from DLin-KC2-DMA/DSPC/cholesterol/PEG499-c-DMG
(40/11.5/47.5/1 mol%) exhibit the characteristic electron-dense
interior as described above (Fig. 4a). When the amount of catio-
nic lipid is decreased by 20 mol% and the amount of DSPC
increased by 20 mol% [DLin-KC2-DMA/DSPC/cholesterol/PE
G2000-c-DMG (20/31.5/47.5/1 mol%)], lamellar structures start
to comprise the outer layer of the LNP, whereas the interior
remains solid (Fig. 4b), probably as a consequence of the decrease
in unsaturation. This electron-dense core was also detected in
mRNA-LNPs at 50/10/38.3/1.5 mol% (Dlin-MC3-DMA/DSPC/ch
olesterol/PEG,00o-DMPE) [75].

Alterations in the ICL content not only influence the mor-
phology of the LNP but the encapsulation efficacy as well. A
30% rise in the ICL molar ratio followed by a proportional reduc-
tion of cholesterol content (Table 2) resulted in a reduction of

Formulation composition of LNPs.

Components Molar ratio (%) Payload
Condition 1 Condition 2
Onpattro® (patisiran) DLin-MC3-DMA 50 siRNA
DSPC 10
Cholesterol 38
PEG,000.c-DMG 1.5
Spikevax SM-102 50 mRNA
(mRNA-1273) DSPC 10
Cholesterol 38
PEG;000-DMG 1.5
Comirnaty ALC-0315 46.3 mRNA
(BNT162b2) DSPC 9.4
Cholesterol 427
ALC-0159 1.6
Leung et al. (2015) DLin-KC2-DMA 40 20 siRNA
DSPC 11.5 315
Cholesterol 47.5 475
PEngoo'C'DMA 1 1
Leung et al. (2015) DLin-KC2-DMA 50 80 pDNA/mRNA
DSPC or DOPE 11.5 11.5
Cholesterol 37.5 7.5
PEGzooo-C-DMA 1 1
Arteta et al. (2018) DLin-MC3-DMA 50 mRNA
DSPC 10
Cholesterol 40
PEG3000-DMPE 0.25-3.00°
Kulkarni et al. (2019) DLin-KC2-DMA 50 19-94 siRNA
DSPC 10 2.5-40.0
Cholesterol 38.5 2.5-40.0
PEG3000-DSPE 0.5-2.5 1

2 Content decreased by cholesterol content.

8 www.drugdiscoverytoday.com



Drug Discovery Today ® Volume 28, Number 3 ® March 2023

KEYNOTE (GREEN)

encapsulation efficiency of siRNA, although the same solid core
structure was maintained. Neutral cyclic lipids, such as choles-
terol, enhance the ability of ICLs to interact with nucleic acids,
hence using an inadequate molar ratio leads to a decreased
encapsulation [38,67,32]. If the formulation contained higher
percentages of PEG lipid (2.5 or 5 mol%), the encapsulation effi-
ciency reduction was even more pronounced [20]. As expected,
the LNP becomes smaller as the PEG-lipid content is increased
[67]. However, LNPs with low PEG-lipid content (0.5 mol%)
exhibited the best gene silencing activity, owing to superior
endosomal release [75].

Of note, the size of LNPs increased from 50 nm to 100 nm as
the ICL content was increased from 50% to 80 mol% and choles-
terol decreased from 37.5 to 7.5mol% [20]. A comparable
decrease in particle size was observed by increasing cholesterol
content (10-60 mol%) and decreasing the ratio of the cationic
lipid DDAB (78 to 28 mol%) while maintaining the structural
lipid DSPC and the PEG-lipid at fixed molar ratios (10 and
2 mol%, respectively) (DDAB/DSPC/cholesterol/PEG;p00-DMG)
[76]. This phenomenon highlights the importance of cholesterol
in the formulation for improving the size of LNPs.

Using a different approach, Kulkarni and collaborators main-
tained the cholesterol:DSPC ratio at 1:1 (mol:mol) and evaluated
the morphology and encapsulation of the LNP as the amount of

DSPC:cholesterol was increased (5-80 mol%) in relation to the
amount of ICL (94-19 mol%). The PEG,00o-DSPE was maintained
at 1 mol%. As visualized by cryo-TEM, LNP exhibited a conven-
tional solid core that decreased in size as the DSPC-cholesterol
level was increased from 5 to 60 mol%; and then showed a
remarkable hybrid solid core within a lipid bilayer morphology
for LNP containing 80 mol% DSPC-cholesterol. Regarding the
encapsulation efficiency, at low DSPC-cholesterol levels
(<40 mol% DSPC-cholesterol) the efficiency of siRNA encapsula-
tion is gradually reduced whereas, for systems containing
>40 mol%, DSPC-cholesterol encapsulation efficiencies ~80%
were achieved [67].

Nowadays, DSPC is frequently used as the helper lipid in LNP-
nucleic-acid commercial formulations (Table 2), although several
groups reported that DOPE, instead of DSPC, resulted in a higher
release of mRNA and pDNA as a result of the fusogenic character
of the phosphoethanolamine [45,77-78]. Using molecular
dynamics (MD) simulations, the strong associations between
the DOPE headgroups, the lipid tails and the oxygens of the ester
linker of DLin-MC3-DMA were confirmed. This association
resulted in the positioning of DLin-MC3-DMA at the membrane
surface, which slows down the lateral diffusion of all simulated
bilayers. This could explain why lipid bilayers with phos-
phatidylethanolamines have low water penetration and why
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FIG. 5

Schematic representation of the ‘bleb’ structure. Cationic lipid (rose) is primarily associated with the mRNA to form a solid core structure whereas DSPC is
largely segregated into bilayer bleb structure. Adapted, with permission, from [20].
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LNPs containing a mix of DOPE and DLin-MC3-DMA in the for-
mulation are most likely to exhibit poor transfection capabilities
[79].

Type of nucleic acid

The impact of the nucleic acid type was investigated by compar-
ing siRNA, mRNA and pDNA loaded into LNPs formulated using
the same lipid composition (50/11.5/37.5/1 DLin-KC2-DMA/DS
PC/cholesterol/PEG-lipid) [20]. As visualized by Cryo-TEM, the
loading of larger nucleic acids, such as mRNA and pDNA, leads
to the formation of a ‘bleb’ structure (Fig. 5). Owing to the smal-
ler size of siRNA, it exposes a larger surface area per base to inter-
act with the helper lipids. The comparably larger nucleic acids
cannot accommodate as much helper lipids as siRNA, which
leads to the segregation of DSPC in bleb structures on the surface,

which are protrusions where DSPC forms a separate bilayer with
an aqueous interior.

This alteration in the morphology is followed by differences
in the encapsulation efficacy. The encapsulation efficiencies for
mRNA and pDNA were >70% compared with full encapsulation
(100%) of siRNA [20]. This difference is a result of the different
size of the nucleic acids. The larger the nucleic acid is the lower
is the amount that can be encapsulated. This indicates that the
lipid composition needs to be adjusted accordingly. The adjust-
ments can include the replacement of components and changes
in the molar ratio [77-78]. For example, using DOPE instead of
DSPC led to the loss of the bleb structure, supporting the hypoth-
esis that unsaturation of the lipids highly impacts the formation
of an electron-dense core, consisting of inverted micellar struc-
tures [20,38,75]. In summary, different nucleic acids require
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FIG. 6

Schematic illustration of microfluidic mixing methods: T-junction mixing, hydrodynamic flow focusing, staggered herringbone and toroidal mixer. The
aqueous phase is illustrated in blue and the organic phase in yellow, the resulting mixture containing nanoparticles in green.
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slightly different lipid compositions to achieve the same LNP
structure and efficacy.

Formulation and manufacturing

Microfluidic technologies

Microfluidic platforms have been gaining popularity over the
past years owing to four important aspects: (i) high controllabil-
ity of the flow rate and mixing conditions, which resulted in uni-
form (monodispersed) NPs and reduced batch-to-batch variation;
(ii) ability to scale up to an industrial level and enhance produc-
tion rate; (iii) real-time monitoring of the production occurring
inside the microchannels; and (iv) microfluidic devices with cus-
tomized microchannel geometries and architecture for enhanc-
ing drug loading and colloidal stability of NPs [80-81].
T-junction mixing

The T-junction is one of the earliest and most basic geometric
designs of a microfluidic device. In the T-junction mixing (in-
line) method the aqueous medium containing the nucleic acid
is combined with the lipid-organic solvent (typically an ethanol
solution) in a T-connector using a dual pump system (Fig. 6).
Owing to this fast mixing, the lipid molecules became supersat-
urated, allowing LNPs to self-assemble into the desired structure
without the application of size-reduction methods. The last step
consists of filtration to further stabilize the particles. Although
this method exhibits many benefits compared with conventional
methods, some reproducibility challenges remain. For this rea-
son, optimized methods applying other microchannel designs
were developed [44,82-83].

Hydrodynamic flow focusing

One of the most widely used approaches for continuous produc-
tion of different types of LNPs is hydrodynamic flow focusing
mixing. In this approach, an organic solution containing the
lipids is passed through the central inlet channel, whereas an
aqueous solution is injected from two side-inlet channels. The
mixture of these two streams occurs in a small area, which allows
droplet generation under controlled laminar flow conditions.
Fig. 6 shows a typical T-shaped microfluidic channel; however,
the shape of the microchannels can be further modified for a
Y-shape or as a serpentine microchannel. The diameter of the
central channel and the microchannel design can also be modi-
fied to adjust the mixing time [84,81].

Staggered herringbone and toroidal mixer

It was possible to further improve this preparation process by uti-
lizing a staggered herringbone structure connected to a microflu-
idic device. This approach was developed to improve control
over the mixing process and reduce the mixing time. The lipids
in the organic solution and the nucleic acid in the aqueous solu-
tion are pumped into two separate inlets. Then, the staggered
herringbone structure induces chaotic advection of the laminar
stream causing a rapid and efficient mixing of the two solutions
owing to the exponential increase of the interface between the
fluids (Fig. 6) [44]. However, for commercial scale purposes, the
herringbone design has limitations because it is difficult to
achieve the high-throughput speeds (flow rate capacity) required
for good manufacturing practice (GMP). To overcome these
issues, the toroidal mixer architecture was developed by Preci-
sion NanoSystems (Fig. 6). The toroidal design allows improved
mixing by chaotic advection by increasing the number of vor-

tices and centrifugal forces. Currently, the classic NanoAssemblr
Benchtop® was replaced by NanoAssemblr NexGen Ignite® and
NanoAssemblr NexGen Blaze® [85]. A drawback of all above-
mentioned microfluidic techniques is the restricted solubility of
some lipids in organic solvents, which can result in lower con-
centrations of LNPs in the mixed solutions and the need to con-
centrate the LNPs post formulation [44].

Stability profile

To translate LNP-nucleic-acid formulations from bench to bed-
side and enable distribution, stability studies are essential to help
establish the shelf-life and the optimum storage conditions for
the final product. The stability of LNP-nucleic-acid formulations
depends on processing parameters such as temperature, humid-
ity and light; and also on the properties of the nucleic acids
and the lipid excipients [36,86].

Methods to improve LNP-RNA stability include formulation
strategies such as addition of buffers, surfactants and other
excipients, use of effective process controls, and by freezing or
lyophilization using appropriate cryoprotectants (sucrose, tre-
halose or mannitol) [87-88]. Moderna and BioNTech-Pfizer,
for example, use sucrose as a cryoprotectant. Both mRNA
COVID-19 vaccines are concentrated buffered dispersions in
water for injection (WFI). Moderna uses tromethamine (Tris)-
HCI buffer to regulate the pH of the final formula to 7-8,
whereas BioNTech-Pfizer uses phosphate (potassium dihydro-
gen phosphate and disodium hydrogen phosphate dihydrate).
Because the pH can change upon freezing and the COVID-19
vaccines must be stored at ultra(low) temperatures, the selection
of the buffering system and osmolyte is crucial [36,89]. Mod-
erna Spikevax is stored at —25°C to —15°C and is stable up
to 19h at 2°C to 25°C after initial puncture [90], whereas
BioNTech-Pfizer Comirnaty is stored at —90 °C to —60 °C and
is stable up to 6 h at 2-30 °C after thawing and dilution by sal-
ine [91]. At refrigerated temperatures (2-8 °C), the Moderna and
BioNTech-Pfizer vaccines are stable for 30 and 5 days, respec-
tively [36].

Several studies described the stability of LNP-nucleic-acid for-
mulations under different storage (aqueous, frozen or lyophi-
lized) temperatures and using different types of cryoprotectants
[36-37,87-89,92]. Ball et al. showed that a LNP-siRNA formula-
tion (lipidoid 30603, cholesterol, DSPC, PEG2000-DMG) was
stable at 2 °C for up to 160 days when stored at a pH of 3, 7.4
or 9. If freezing or lyophilization was necessary, the addition of
20% (w/v) sucrose or trehalose was essential to prevent aggrega-
tion and loss of drug efficacy [87]. Using LNP-mRNA, Zhao et al.
further confirmed that the addition of 5% (w/v) sucrose or tre-
halose in freezing conditions was a suitable method for long-
term storage [88].

In summary, given the complexity of the LNP composition
and assembly, as well as the possibility of nonlinear degradation
kinetics, stability tests should be conducted on several lots and as
early as possible during preclinical development [93]. According
to the International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use (ICH) guideli-
nes, the stability can be investigated by evaluating the mean par-
ticle size, size distribution, encapsulation efficiency and drug-
release kinetics over storage periods at various temperatures [94].
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Quality by design

Quality by design (QbD) brings a systematic approach to drug
development that aims to optimize the quality, efficacy and
safety of the final product by understanding the product, the
manufacturing process and risk assessment of variables [95]. As
shown in Fig. 7, QbD starts by establishing the quality target pro-
duct profile (QTTP). Based on the QTPP, the critical quality attri-
butes (CQAs) of the product and their ranges are determined.
Then, based on the CQAs, critical material attributes (CMAs)
and critical process parameter (CPPs) ranges are defined using a
risk assessment scoring. From these ranges, the design of experi-
ments (DoE) can be created obtaining a mathematical model of
the production process. Further, the control strategy dictates
each step of the manufacturing process including characteristics
and attributes related to the drug substances, drug product mate-
rials, excipients and final product specifications, as well as con-
trols for each step of the manufacturing process (facility and
equipment operating conditions, in-process controls and the
associated methods and frequency of monitoring and control)
[96-97].

Recently, QbD has been used to assist the development and
optimization of new nanoformulations. For example, optimiza-
tion of LNP formulations for mRNA delivery were developed
using design of experiment (DoE) principles including definitive
screening and fractional factorial designs. By simultaneously
varying the C12-200:mRNA weight ratio, the phospholipid iden-
tity (DSPC, DSPE, DOPC or DOPE) and the molar composition of
the LNP formulation (40-60 mol% for ICL, 4-16 mol% for helper
lipids, 21.55-55.50 mol% for cholesterol and 0.5-2.5 mol% for
PEG2000-DSPE) the authors created a library to identify a lead
optimized formulation for mRNA delivery. The optimized formu-
lation (10:1 C12-200:mRNA weight ratio with 35% C12-200,
16% DOPE, 46.5% cholesterol and 2.5% C14-PEG,o9o molar
composition) increased EPO mRNA delivery in vivo by over sev-
enfold [98]. Similarly, Billingsley and collaborators applied an
orthogonal DOE methodology to screen a library of LNP formu-
lations with varied excipient molar ratios for improved mRNA
delivery to T cells. Ionizable lipid C14-4, DOPE, cholesterol and
PEG were used as a standard formulation and the molar ratio
of 40 C14-4: 30 DOPE: 20 cholesterol: 2.5 PEG exhibited a three-
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FIG. 7

Framework for production of lipid-based nanosystems for nucleic acid delivery by applying a quality by design (QbD) approach. Adapted, with permission,

from [97].
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fold increase in mRNA delivery in Jurkat cells [99]. Blakney and
collaborators applied a DoE approach to optimize LNP formula-
tions for self-amplifying RNA (saRNA) delivery in human skin
explants. The authors concluded that between all factors [i.e.,
cationic (DDA, DOTAP), ionizable (C12-200) and zwitterionic
(cephalin) lipids, the ratio of total lipid to RNA, the lipid and par-
ticle concentrations and the ratio of cationic to zwitterionic
lipids], only the lipid identity and lipid concentration had a sig-
nificant impact on luciferase saRNA expression in human skin
explants. Compared with the original formulation, the opti-
mized formulation exhibited a sevenfold increase in the expres-
sion of luciferase [100].

Delivery to the liver and beyond the liver:

Biodistribution and pharmacokinetics

Biodistribution, pharmacokinetics and therapeutic outcomes of
LNP-nucleic-acid formulations can be greatly influenced by the
administration route which is often determined by the properties
of the nanocarrier system and the therapeutic applications [37].
Thereby, understanding these issues can lead to the improve-
ment and development of more convenient noninvasive admin-
istration routes, optimized LNP-nucleic-acid formulations with
fewer side-effects, improved biodistribution and extended dura-
tion of effect.

Intravenous administration

After intravenous administration, the majority of LNPs accumu-
late in all major liver cell types (i.e., hepatocytes, Kupftfer cells
and liver sinusoidal endothelial cells) [101]. LNPs are directed
to the liver mainly because of their physicochemical properties
(size, cationic and neutral charge, presence of lipophilic ligands)
and owing to the anatomical and physiological features of the
organ including high blood flow, discontinuous nature of the
hepatic capillaries and lipid metabolism [102]. Within the liver,
the use of a specific receptor-targeted ligand can be effective for
distinguishing between the distinct hepatic cells preventing
accumulation in any other cell type. For example, apolipoprotein
E (ApoE)-binding receptors on hepatocytes was the strategy used
by Alnylam on Onpattro®, which is an LNP formulation of siRNA
for the treatment of polyneuropathies resulting from the hered-
itary ATTR amyloidosis. Initially, the LNP binds to circulation
ApoE. Then, this complex binds to lipoprotein receptors on the
hepatocyte surface, thereby promoting internalization by endo-
cytosis [49].

TABLE 3

Following the success of gene-editing therapy for the treat-
ment of ATTR amyloidosis, a new CRISPR-Cas9-based candidate
was developed by Intellia Therapeutics and Regeneron Pharma-
ceuticals, called NTLA-2001. NTLA-2001 comprises a LPN-
encapsulating mRNA for Cas9 protein and a single guide RNA
targeting TTR, which led to a decrease in the production of
wild-type and mutant TTR after a single intravenous administra-
tion [103].

To expand the use of LNP-nucleic-acids to treat a wider range
of diseases, biodistribution to other organs, not just the liver,
must be achieved. Modification of the LNP with targeting ligands
has been suggested to overcome this challenge. Representative
targeting moieties, with potential for nucleic acid delivery,
include antibodies, proteins, peptides, aptamers and small mole-
cules such as folate and vitamins (Table 3). These targeting moi-
eties interact with molecules on the target cell surface, for
example, ligand-receptor, enzyme-substrate or antibody-
antigen, and, in this way, increase retention at the target site
and NP uptake by the target cells [104-105]. Despite the benefits
of surface targeting, the formulation of targeted NPs is complex
because targeting efficiency varies with ligand density, receptor
density, hydrophilicity and molecular weights of ligands [106—
107]. Additionally, it is difficult to identify a receptor specifically
expressed at the diseased site, disease markers can vary among
diseased cells within a patient as well as between different
patients [105]. Based on a fundamental understanding of these
issues, there are now several groups designing high-throughput
libraries of NPs to identify optimal formulations that selectively
target specific tissues such as spleen, liver or lungs [108-111].
The Siegwart group reported a novel strategy termed selective
organ targeting (SORT) wherein a supplemental SORT molecule
is added to traditional LNPs (ionizable cationic lipids, DOPE,
cholesterol and PEG;000DMG) that direct them to particular loca-
tions in the body such as the liver, lungs and spleen as a function
of the percentage and biophysical property of the SORT molecule
[109]. This targeted delivery could be achieved owing to (i) des-
orption of PEG-lipids from the LNP surface exposing SORT mole-
cules, (ii) recognition and binding of exposed SORT molecules by
distinct serum proteins and (iii) interaction between surface-
adsorbed proteins and cognate receptors expressed by cells in tar-
get organs [112]. Permanently cationic SORT lipids include
DDAB, EPC and DOTAP whereas anionic SORT lipids include
14PA, 18BMP, 18PA. LNPs are compatible with multiple gene-
editing techniques, including mRNA, Cas9 mRNA/single guide

Targeted RNA-based therapeutics for systemic delivery to specific organs/cells.

Ligand Target Target organ Cargo Formulation Refs
Anti-EGFR Ab EGFR Tumors Vim and JAK3 siRNAs Liposomes [95]
ASSET (IgG mAbs) Ly6C+ Leukocytes IRF8 siRNA LNPs [96]
Folate Folate receptor Tumors Doxorubicin/Bmi1 siRNA Liposomes [97]
Glu-urea-Lys PSMA Androgen receptor Prostate tumor AR21 and AR25 siRNAs LNPs [98]
Peptide iRGD o, integrins Glioma EGFR and PD-L1 siRNAs SLNs [99]
RVG-9r nAChR Brain Ataxin-3 siRNA SNALPs [100]
RVG nAChR Brain HTT siRNA Cyclodextrins [101]
Tryptamine-derived lipidoids Neurotransmitters Brain Tau ASO LNPs [102]

Abbreviations: EGFR, epidermal growth factor receptor; IRF8, interferon regulatory factor 8; nAChRs, nicotinic acetylcholine receptors; PSMA, prostate-specific membrane antigen; RVG, rabies virus
glycoprotein; SLNs, solid lipid nanoparticles; SNALPs, stable nucleic acid lipid particles; HTT, Huntingtin.
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RNA (sgRNA) and Cas9 ribonucleoprotein (RNP) complexes
[109]. In a follow-up to this study, a novel class of multi-tailed
ionizable phospholipids (iPhos) was developed. Optimized iPhos
lipids contain a pH-switchable small zwitterionic head consisting
of an amine, a phosphate group and three hydrophobic tails,
facilitating endosomal escape and thus improving delivery of
mRNA and/or sgRNA for in vivo gene editing. According to SAR
studies, the chain lengths of iPhos are responsible for controlling
in vivo mRNA delivery effectiveness and organ selectivity. The
chain length at the amine side determined efficacy, and a 8-10
carbon chain length mediated high in vivo mRNA expression.
By contrast, the alkyl length next to the phosphate group influ-
enced organ selectivity, with shorter chains (9-12 carbons) show-
ing mRNA translation in the liver, whereas longer chains (13-16
carbons) transfer protein expression to the spleen [113].

Dan Peer’s group presented another strategy to overcome the
challenges of selective targeted delivery. The researchers devel-
oped a modular targeting platform named ASSET (anchored sec-
ondary scFv enabling targeting), which is based on the
incorporation of a lipoprotein into siRNA-loaded LNPs that inter-
act with the antibody crystallizable fragment (Fc) domain of a
selected targeting antibody. This approach allows the creation
of a hypothetically infinite amount of targeted carriers, which
enables a flexible switching between different targeting antibod-
ies [114].

Subcutaneous, intradermal and intramuscular administration
Besides intravenous injection, local injection [i.e., intradermal
(ID), subcutaneous (SC) and intramuscular (IM)] can also stim-
ulate systemic responses; for example, ID, SC and IM routes are
often employed for vaccination owing to the presence of active
antigen-presenting cells (APCs) in the skin and muscles [37].
Thus, LNP-mRNA vaccine administration can induce a robust
immune response by two distinct mechanisms: either LNP-
mRNA locally transfects APCs in the muscle which then
migrate to the lymphatics or the LNP-mRNAs are passively
drained via the lymphatic system, delivering the mRNA pay-
load directly near draining lymph-node-resident APCs and T
cells [115].

The majority of the licensed vaccines are administered by IM
injection including both LNP-mRNA vaccines for COVID-19. Fol-
lowing IM administration, myocytes effectively take up the LNPs
before the cytoplasmic release of the mRNAs for encoding SARS-
CoV-2 Spike protein. In comparison to the ID and SC routes, the
IM route enables a considerably larger volume to be injected
[116]. Even before the COVID-19 pandemic, several research
groups were developing delivery technologies including LNPs
for mRNA vaccines [117-120]. Now this is expanding for mRNA
flu vaccines and other infectious diseases [22,121].

Oral administration

Compared with parenteral administration routes, oral adminis-
tration is the most convenient for patients being noninvasive,
painless, safe and cheap. In addition, one of the main advantages
of oral administration is that it provides the opportunity to
locally treat a number of diseases in the gut tissue, for example
IBD and cancer, while avoiding the side effects associated with
systemic delivery. However, oral delivery of LNP-nucleic-acid for-

mulations comes with many challenges owing to the physiolog-
ical barriers in the gastrointestinal tract. The barriers include the
acidic milieu of the stomach (pH 1.5-1.9) and the presence of
bile salts and digestive enzymes (i.e., pepsin in the stomach
and amylase, trypsin or lipase in the intestine). In addition, the
existence of the mucus layer at the membrane surface can restrict
the diffusion of the LNP to the membrane surface. If systemic
versus local delivery is required, membrane permeability can also
be a significant barrier [122].

To help overcome these limitations to delivery a range of for-
mulation strategies have been explored [123]. Several systematic
mechanistic studies have investigated the application of LNPs for
oral delivery of nucleic acids. Data from these studies have been
key to quantifying the individual barriers to oral delivery, to elu-
cidating how these LNPs behave in the GIT and to identifying
how modifications in the formulation including the choice of
the lipid excipients used can help to overcome these barriers. A
total of 96 unique LNP formulations encapsulating DNA bar-
codes were synthetized and given orally to mice. Results showed
that LNP retention in the gastrointestinal system is improved as
the molar ratio of cholesterol to the PEGylated lipid is increased,
and a balance of hydrophobic:hydrophilic components can con-
fer stability and mucus-penetration abilities to LNPs [124]. Ball
et al. investigated oral delivery of siRNA-LNPs using in vitro and
in vivo models. LNP efficacies were unaffected by pH changes;
however, the presence of pepsin, bile salts and mucin decreased
efficacy. Mouse studies showed that, despite the barriers and the
lack of gene silencing efficacy, LNPs were able to enter mouse
intestine and colon cells. It was suggested that a coating with a
pH-responsive polymer (e.g., Eudragit®) preventing pepsin diges-
tion and bile salt interaction could help to increase efficacy in
oral delivery [125].

To facilitate regular oral administration by tablets and/or cap-
sules and to achieve long-term storage lyophilization might be
an option. To this end, tablets containing a freeze-dried LNP-
siRNA delivery system were prepared. Results indicated that, fol-
lowing exposure to the requisite compression forces, the struc-
ture of the siRNA and a degree of gene-silencing efficacy were
maintained [126].

In summary, although LNPs have demonstrated successful
delivery of siRNA to the liver after intravenous administration,
and of mRNA as a vaccine after intramuscular injection, further
development is necessary to enable this technology to reach
other organs in the body to exploit the potential of nucleic acids
to treat a wide spectrum of diseases. To achieve this goal, an
urgent need exists to develop new lipid excipients to further
enhance the delivery of RNA. The initiative to move beyond
the ‘tried and tested’ GRAS (generally regarded as safe) listed
excipients is already being pursued by the FDA [127]. Ongoing
work on the synthesis of novel lipid excipients, including lipi-
doids [29], will help to progress this delivery technology.

Concluding remarks and future perspectives

Given the clinical success of mRNA-based vaccines for COVID-
19, now is the right time to further push beyond the state-of-
the-art in RNA-based therapies and focus on the urgent and
unmet need for advanced therapies targeting noncommunicable
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diseases affecting tissues other than the liver. Successful delivery
systems for nucleic-acid-based drugs have been a bottleneck for
clinical translation. Although delivery using viral approaches
has traditionally been more well-established, recent studies have
raised concerns related to integration into the genome, resulting
in long-term life-threatening side effects. By contrast, nonviral
delivery has recently gained attraction with the success of the
siRNA product patisiran, for liver disease, marketed by Alnylam,
and the Moderna and Pfizer COVID-19 mRNA vaccines, all of
which deliver RNA using the nonviral approach of LNPs, indicat-
ing the potential of this delivery approach. The rapid develop-
ment and regulatory approval of mRNA vaccines has promoted
confidence across the industry, as well as with regulators and
the public. The opportunity now exists to capitalize on this
momentum and to expand this LNP technology to noncommu-
nicable and non-liver-based diseases. The commercial potential
for RNA therapeutics is growing rapidly, the market for mRNA
non-vaccine-based therapeutics alone is predicted to be US$4-5
billion by 2035 [10]; however, long-term opportunities will
depend on the availability of efficient delivery technologies
including LNPs.
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