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Introduction

1. Introduction

This chapter is a brief introduction into the concept of coordination polymers and
peptide nucleic acids to put the experimental data of the following chapters into

a broader context. It is not a complete review of the whole scientific area.

1.1 Metal-organic frameworks in a biological context

Metal organic frameworks (MOFs) are inorganic/organic hybrid materials
composed of metal ions or metal clusters and organic linkers with Lewis base
functions [1]. Coordination driven self-assembly of the organic linkers and metal
nodes leads to the creation of highly ordered, in many cases porous, two or three
dimensional frameworks which spatial structure highly depends on metal ion and
linker (Figure 1) [1-3]. Although MOFs are overwhelmingly crystalline structures,
non-crystalline MOFs such as amorphous MOFs, MOF liquids, MOF glasses and
other coordination polymers are reported in the literature [4]. Different linkers
hosting wide range of functional motives such as carboxylates, amino acids,
imidazolates, sulfonates and phenolates have been used for generating MOFs
[5-9]. Similarly large number of metals such as zirconium, copper, chromium, iron,
zinc, cadmium, gadolinium, and hafnium also used for MOF construction [7, 8,
10-15]. The versatile assembly strategy enables the creation of hybrid materials
with a variety of features by selecting suitable building units [16]. It is also worth
mentioning that multiple approaches have been developed to control size of the
MOFs which is a crucial attribute for any nanomaterial [17-19]. This design
flexibility creates an enormous interest with a high number of generated MOFs

and coordination polymers for diverse purposes in multidisciplinary areas such

6



Introduction

as gas storage, catalysis, imaging, separation, energy storage and drug delivery

[20-29].

Metal lon
or Cluster Organic

Linker

Metal Organic Framework

Figure 1 Schematic representation of MOFs. Coordination driven self-
assembly of the metal ions or clusters and organic linkers leads to

highly ordered framework. Created by BioRender.com (2022).

In the context of biomedical applications, MOFs and coordination polymers have
been designed as carriers for small molecular drugs or biomolecules as well as
frameworks with photo-sensitizing, radiation-enhancing and bio-imaging
properties [30-38]. MOFs are able to be design for specific biological function
because of their almost limitless variety that combines beneficial characteristic of
metal cluster and organic linkers with structural diversities and tunable chemical
properties for many biological applications [39]. This almost limitless variety
provides always increasing library of materials with various properties. Of course
some features are especially critical for biological applications. For example, most

of the medical applications needs MOFs that are stable in aqueous environments
7



Introduction

otherwise first contact with the blood stream results in rapid disassociation of the
material [40, 41]. Being nanosized is a huge adventage for MOFs as they have
more surface area to enhance activity and stability or have more surface area for
modifications. They also have improved dispensability and biological distribution
[42-46]. One generally critical parameter for the application of
nanopharmaceuticals is represented by the potential toxicity of the material. In
case of MOFs, the tolerability of the individual components as well as the
nanotoxicity of assembled particles have to be taken into consideration [47, 48].
Even MOFs that are formed from biologically occurant metals could be toxic [49,
50]. Organic ligands can also cause toxicity, which make finding of biocompatible
organic linkers with low toxicity necessary for biological applications [51]. One
strategy to overcome some of the toxicity issues is the utilization of well tolerated
endogenous organic ligands, such as amino acids, peptides or nucleobases. The
MOFs which have been generated based on this principle represent an own
subset of the material class, called bio-MOFs [52]. However, even in case of well-
tolerated nanomaterials, a high drug loading capacity and minimal exposure of
patients with excessive carrier materials is favorable to prevent the risk of adverse
reactions. Theoretically, maximal loading capacities could be achieved by
nanomaterials which are formed by the bioactive entities themselves. Metal-
organic nanopharmaceuticals built from drug molecules with Lewis base
functions which assembly into coordination nanoparticles with metal ions
approximate the envisioned nanocarriers with maximal loading capacity and
minimal passive additives [53, 54]. While this concept has already been realized

with low molecular weight therapeutics [55-58], coordination polymers containing
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linkers based on bioactive biomolecules or synthetic analogs have not been

reported.

1.1.1 Bio-MOFs

Bio-MOFs are sub-class of MOFs derived from biological ligands such as amino
acids, peptides, nucleobases and saccharides. They are emerging materials
since their ligands improve biocompatibility of MOFs while retaining favorable

MOF properties [52, 59].

1.1.1.1 Amino acids, peptides and proteins

Amino acids are compounds that contain carboxyl and amino groups as well as
an organic side chain. They are a starting point of bio-derived organic ligands
because of their various interaction sites for coordination with metal ions [60].
They can form chelates with metal ions via their carboxyl and amino groups.
Amino acid side chains can also contain metal binding sites such as imidazoles,
carboxylates and phenol rings [61]. Generally, natural amino acids were reported
to form chelates with metal ions through O,N-chelation [62]. Use of amino acids
alone predominantly leads to one dimensional frameworks, but it is also possible
to get three dimensional frameworks with additional multidentate ligands or amino
acids modified with additional metal binding sites [63-66]. For example, L-
aspartate has been used to form a nickel aspartate oxide ([Ni2O(L-
Asp)(H20)2]-4H20). This complex had 1D, homochiral helical chain structure [67].
Then, the same group modified and tuned their framework by addition of [NiAspz]2
which works as bridge between helixes to form a three-dimensional chiral

material ([Niz2.5-(OH)(L-Asp)2],6.55H20) with one-dimensional channels [68].
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Modified and natural amino acids have been utilized as biological ligands for
MOFs and specifically can provide chirality and asymmetry to the framework [69-

71].

Peptides are short chains of amino acids linked via amide bonds. They are the
rational next step of amino acids as bridging ligands for MOFs. Like their
monomers, peptides have both amino and carboxylic acid terminus which can
form O,N-chelate with metal ions [62, 72]. Simplest peptides utilized as MOF
ligands are dipeptides. They are also most abundant type of peptide linker for
MOF synthesis [59, 73]. However, there are also examples of longer peptide
linkers [74, 75]. Peptides form different structures based on stereochemical
configuration of their amino acid sequence [76]. This feature of peptides is quite
useful for asymmetric catalysis and enantioselective separation [77]. Peptide
linkers can introduce flexibility to the MOF structure via amide bonds or additional
carboxylate groups via use of suitable amino acids such as aspartate or
glutamate for polydentate ligands [59, 73, 78-82]. In opposite direction, dipeptide
Gly-Thr has been utilized to form [Zn(Gly-Thr)2JCH3OH which has more
conformational rigidity by the intralayer hydrogen bonding of the specific
sequence of amino acids which enhances stability [83]. Just comparing dipeptide
linkers alone shows that use of both rigid and flexible peptides is possible for
designing MOFs. It also demonstrates tunability of stability and flexibility of future
bio-porous material. In addition to advantages above, amino acids and peptides
are cost-efficient and biologically compatible. It is not a surprise that modified and
natural amino acids and peptides draw wide spread attention as MOF linkers [84-

87].
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Proteins are large nitrogenous organic compounds formed by one or more long
amino acid sequences with complex and flexible three dimensional structure.
Although they have ability to coordinate metal ions and some even require metal
ions to properly fold, for a long while there were no examples of extended
coordination frameworks constructed with metal ions and proteins [88-90]. Major
obstacle for ordered coordination with metal ions are complexity and flexibility of
the proteins as well as their heterogeneous surfaces which can unpredictably
interact with each other or with metal ions [91]. However, Tezcan et al. were able
to generate first protein—-metal—organic crystalline framework composed of ferritin
engineered with Zn coordination sites, Zn?* metal ions and ditopic linker bearing
hydroxamic acid and later expanding their protein-MOF library with various

metals and linkers again with ferritin [92, 93].

1.1.1.2 Nucleobases

Nucleobases are basic building blocks of nucleic acids which are essential
molecules for information carrying that are present at all known living organisms.
Bio-MOFs constructed from nucleobases have been reported [94-97].
Nucleobases have rigid structure, hydrogen bonding capabilities and accessible
nitrogen and oxygen to act as multidentate organic ligands [98]. Between
nucleobases, adenine was so far most utilized because of its five potential metal-
binding sites enabling different binding patterns which even form three
dimensional porous structures [96, 99-101]. Unlike amino acids or peptides, there
is no MOF structure described containing nucleotides or oligonucleotides as
linkers through metal interaction. However, value of incorporating complex

nucleic acids to the MOFs can be tremendous for biological applications. To
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incorporate oligonucleotides in to MOF structures methods for conjugation or
adsorption can be used [102]. Several conjugation-based DNA functionalized
MOFs have been reported, first example being realized by strain promoted click
reaction between DNA with dibenzylcyclooctyne and azide-functionalized UiO-
66-Ns3 [31, 103, 104]. Oligonucleotide diffusion to MOF interior is also possible
due to nucleic acid affinity towards metal centers and MOF inner
microenvironment. Moreover, they were already utilized as biosensor with
integrated fluorescently modified DNA for human immunodeficiency virus RNA or
DNA [105-107]. Interestingly to the subject of the thesis, similarly labeled PNA
probes were absorbed into the porous structure of UiO-66 (Figure 2) to monitor

miRNAs in living cells [108].

HO o C O 7rQ—,
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Figure 2 Structure of UiO-66. Adapted from Winarta et al. and DeStefano
et al. [109, 110]. Created with BioRender.com (2022).

1.1.1.3 Saccharides

Another major group of bio-molecules is represented by saccharides. They are
organic molecules composed of carbon, hydrogen and oxygen atoms which

perform numerous roles in living organisms. However, they have not been
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extensively used as ligands to generate bio-MOFs with several exceptions. For
example, y-cyclodextrin (an oligosaccharide) and KCI have been used to
generate edible MOFs according to authors claim [111]. Other saccharides such
as mucic acid and glucaric acid were also reported to form three-dimensional

frame works [112, 113].

1.1.1.4 Small molecules

There are numerous other acids and bases present in living organisms with
potential to be a MOF ligand. Especially small molecules that harbor more than
one carboxylate group because of their simpler form and rich coordination
chemistry make perfect candidates as bio-MOF linkers. Thus, acids such as
formic, fumaric, glutaric, malic, oxalic, succinic and tartaric acid were all
extensively used to obtain a wide diversity of MOFs (Figure 3) [94, 114-118]. For
example, nickel succinic acid based MOF have been generated by biphasic
solvothermal synthesis. Its possesses three-dimensional structure with

hydrophobic, one-dimensional channels [116].
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Figure 3 Small linker molecules harboring carboxylate groups.

1.2 Nucleic acid therapeutics

Every day, new information becomes available on various biological functions of
nucleic acids and their role in genetic diseases [119, 120]. With elucidated
additional roles of noncoding RNAs, microRNAs, short interfering RNAs (siRNA)
and ribosomal RNA in transcription and translation regulation, new opportunities
opened for therapeutic interventions at the nucleic acid level [121-124]. Given the
enormous information available on various nucleic acids and their role in biology

as well as genetics, this thesis will only focus on nucleic acid therapeutics.

The quest for modern therapeutic development aims for selective and efficient
action on specific targets that are associated with the diseases. Unlike drugs that
target proteins which often bind to non-target proteins which can result in
unpredictable side effects, nucleic acid therapeutics aims to bypass non-specific
effects to modulate gene expression directly. Almost five decades ago with first

conceptualization of treating dysfunctional gene products by introducing
14
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functional gene copies, nucleic acid therapeutics developed at much slower pace
than initially assumed [125]. This slow pace can be explained by unsolved three
hard questions; which sequence should be the physical target and how and what
should be delivered [126, 127]. Delivery problem itself comes with more
questions; “How can nucleic acids be protected against degradation by
nucleases?”, “How can stability in circulation be ensured?”, “How can immune
reactions be prevented?” and most importantly “How can nucleic acids be
transmitted to target locations and into target cells?” [128]. Scientists already
developed various strategies such as chemical oligonucleotide backbone
modifications, conjugation to transport vehicles, and supramolecular assembly
into nanosized formulations to overcome mentioned problems and increase the
number of treatable genetic diseases and cancers by elegant nucleic acid
therapeutics [129-132]. Therefore, giving a comprehensive introduction to all
nucleic acid delivery system is not focus of this thesis. To limit to scope, leading
Food and Drug Administration (FDA) and European Medicines Agency (EMA)
approved platform technologies; viral vectors, antisense oligonucleotides, ligand-
modified small interfering RNA conjugates and lipid nanoparticles as well as
promising system polyplex nanoparticles that utilized during this project, will be

explained [128].

1.2.1 Viral vectors

Nucleic acid therapeutics holds huge promise for treatment of genetic diseases
and cancers if the problem of efficient delivery can be solved. It is not surprising
that scientist have been working on the development of viral vectors for decades,

since viruses are natural carriers of nucleic acids. Initial clinical trials were as
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early as 1975 and first successful gene therapy trail has happened at 1989 with
recombinant retrovirus carrying human retrovirus adenosine deaminase gene
[133, 134]. Use of viral vector platforms mostly divided two groups according to
whether their genomes integrate into host chromatin (retroviruses and
lentiviruses) or stay and functions as extrachromosomal episomes
(adenoviruses, adeno-associated viruses and herpes viruses) [135, 136]. Viral
vectors are usually composed of a protein capsid and/or envelope that
encapsulate nucleic acid cargo and these capsid and/or envelope define target,
cargo of interest, which when expressed in cells, serves to confer a desired effect;
and regulatory elements for stable or transient somatic expression such as
enhancer and promoter [137]. Gene therapy by these vectors can follow two
pathways: direct administration of viral vector carrying therapeutic nucleic acid
into the patient or extraction of a patient’s cells to carry out viral vector assisted
genetic modification, selection and expansion in culture followed by re-
introducing the engineered cells back into the patient [137]. Viral vectors possess
ability to target specific cell types and actively deliver their cargo to the nucleus
unlike most non-viral systems which rely on cell division for nucleus delivery [128,
137]. However viral vectors come with major disadvantages such as limited cargo
capacity, immunotoxicities and genotoxicity caused by genome integration as
well as risk of reversion into replication-competent virions [138, 139]. Between
different viral vectors, adeno-associated viruses popularity increased in recent
years [140]. Adeno-associated viruses are non-enveloped small viruses with a
protein shell surrounding a single-stranded, 4.8 kb long DNA genome [141, 142].
They hold several advantages such as, non-pathogenic nature, the need of
helper virus to replicate and inverted terminal repeats that drive recombination
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however limited cargo space is the major challenge for adeno-associated virus
vectors [142-144]. For example, EMA and FDA approved voretigene neparvovec-
rzyl (Luxturna) is an adeno-associated virus vector containing cDNA encoding
the human RPEG5 gene with cytomegalovirus enhancer and a hybrid chicken (3-
actin promoter. It remains episomal in the nucleus and facilitate RPE65
expression to introduce wild type gene against autosomal recessive disease

inherited retinal dystrophy [145].

1.2.2 Antisense oligonucleotides (ASOs)

ASOs are typically between 13 and 30 nucleotides long single-stranded
oligonucleotides that can hybridize with cellular RNA by classic Watson-Crick
base pairing resulting in gene expression regulation [146]. They are known to
cause competitive inhibition and sterically blockade translational machinery, and
cause degradation via endogenous RNA degradation pathways. ASOs are also
able to modify pre-mRNA processing and splicing which forms a sub group called
splice-switching oligonucleotides (SSOs) [147, 148]. Ability to interact with both
MRNA and pre-mRNA dramatically increases available RNA sequences which
can be targeted by ASOs. They also show high sequence specificity compared
to miRNA [149]. Although ASOs can be administered through multiple ways
because of their small size, unmodified ASOs are rapidly degraded by serum
nucleases [150]. Because of this reason ASOs are mostly chemically modified.
Modifications such as 2'-O-methyl (2'-OMe), 2'-O-methoxyethyl (2-MOE) and 2'-
O-aminopropyl (2-O-AP) are utilized to improve RNA target binding affinity and
increase nuclease resistance [151]. In additionally to chemical modification, ASO

can be conjugated to a ligand to control targeting and cellular tropism. For
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example cholesterol and GalNAc conjugation to ASOs reduces renal
accumulation and results in liver targeting [152]. First clinically available example
of ASO use was Vitravene, in which phosphorothioate-based ASO binds to the
major immediate-early protein messenger RNA of human cytomegalovirus and
inhibit the viral replication in the immediate-early stage of the replication [153,

154].

1.2.3 Small interfering RNA conjugates

Small interfering RNAs (siRNAs) are typically between 20 and 30 nucleotides
long, noncoding, double-stranded RNAs that can down regulate gene expression
via RNA interference pathway [155]. In this pathway effector nucleases form a
RNA-induced silencing complex and siRNAs guide that complex to homologous
substrates [156]. Similar to ASOs, chemical modification to increase stability in
the circulation is essential for siRNA [157]. Ligand conjugation is an efficient way
to provide organ or cell targeting and improve cellular uptake for most
therapeutics. A prominent example is GalNAc conjugated siRNAs. These
conjugated siRNAs can target asialoglycoprotein receptor with GalNAc moiety
[157]. This receptor is predominantly present at hepatocytes and can bind
carbohydrates with terminal galactose or GalNAc [158]. Engineering triantennary
GalNAc structure can further be used to improve ligand affinity and similar
chemical modifications as used for ASO therapeutics, such as 2'-OMe, can be
applied to siRNA therapeutics [159, 160]. A clinical example for this technology
is the EMA and FDA approved RNAI therapeutic Givosiran for the treatment of
acute hepatic porphyria [161]. It utilizes a GalNAc ligand to direct covalently

attached siRNA against aminolevulinate synthase 1 to hepatocytes . The siRNA
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reduces and prevents elevated aminolevulinate synthase expression by the RNAI

pathway.

1.2.4 Lipid nanoparticles

Nucleic acids do not permeate across plasma membranes because of their large
size and charged nature. Lipid nanoparticles (Figure 4) offer an alternative way
to deliver a variety of cargos such as hydrophobic or hydrophilic molecules,
including small molecules, proteins, and nucleic acids [162]. These nanoparticles
generally work by temporarily compromising the permeability barrier and allowing
their cargo to enter the cell. First lipid nanoparticles used to deliver DNA were
small unilamellar liposomes containing 1,2-di-O-octadecenyl-3-
trimethylammonium propane (DOTMA) [163]. Later various lipid nanoparticles
such as solid lipid nanoparticles, nanostructured lipid carriers, and cationic lipid—
nucleic acid complexes were generated [164-166]. Lipid nanoparticles are the
earliest nanomedicine delivery platform used for clinical applications [167]. They
are one of the most successful delivery systems, because of several
characteristic features: (1) they provide a compartment for their cargo protected
from external nuclease activity [162], (2) cargo distribution can potentially be
controlled by functionalization with ligands added to the particles [168, 169], (3)
they can be coated with inert polymers, such as poly(ethylene glycol) (PEG) to
avoid immune response as well as increase circulation time and passive
accumulation in cancer tissues by the enhanced permeability and retention effect
[170-172]. (4) controlled drug release is possible with modifications resulting in
stimuli responsive liposomes which can also improve endosomal escape by pH

response [173-175]. A recent example of the relevance and potential of lipid
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nanoparticles is presented by their role during the global COVID-19 pandemic.
The vaccines by Pfizer/BioNTech and Moderna both contain ionizable pH
responsive lipids for mMRNA complexation and controlled release [162, 176-179].
These ionizable lipids have neutral charge physiological pH and became cationic
in lower pH. This makes them less toxic in the blood stream because of neutral
charge. Cationic charge at lower pH enabling RNA complexation and facilitates
membrane disruption during endosomal escape [166, 180]. The vaccines by
Pfizer/BioNTech and Moderna also contain PEGylated lipids to reduce clearance
by phagocytes and to achieve longer systemic circulation. The phospholipid
distearoylphosphatidylcholine and cholesterol in the vaccine formulation helps
mRNA incorporation and improves hydrophobic stability. The vaccines transfers
mMRNA that encodes for the SARS-CoV-2 spike protein. Translation occurs at the
host cells generating the spike protein that acts as antigen resulting in the

development of an immune response [162, 176-179].

1.2.5 Polyplex nanoparticles

Another elegant strategy to overcome the therapeutic nucleic acid delivery
problem is the use of cationic polymeric carriers. As a result of the entropy-driven
ionic interaction between anionic nucleic acids and cationic polymers, the nucleic
acid can be compacted and transported in vectors called ‘polyplexes’ (Figure 4)
[126, 181, 182]. These compacted nucleic acids are protected against nucleases
[183]. The positive charge of polyplexes can enhance transfection efficiency by
binding with negatively charged cell surfaces and can mediate endosomal
membrane destabilization for endosomal escape [184, 185]. Whereas they can

also cause interaction with cells and blood components and nonspecific uptake
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[126]. Therefore, PEG is commonly used as shielding agent [186]. PEG
molecules come with change in nucleic acid complexation, size and stability of

polyplexes [187-189].

5 %

Lipid Nucleic acids Lipid nanoparticle
+
+

. ]

i + -  —> %
+

+ +

Cationic polymer  Nucleic acids Polyplex nanoparticle

Figure 4 Simple schematic illustration of a lipid nanoparticle and polyplex
nanoparticle. Created with BioRender.com (2022).

Polyplexes also provide opportunity of surface design with ligands to increase
effective and specific transfection. Generally, receptors which are overexpressed
by the target cells are selected [190]. One of the most commonly used peptides
for tumor targeting is arginine—glycine—aspartic acid (RGD) to target cell surface
integrins [191-194]. Other receptors for tumor targeted delivery are folate receptor

(FR) and transferrin receptor (TfR), which are transport proteins for the uptake of
21
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nutrients and cofactors. These receptors are overexpressed in tumor cells and

can enhance receptor mediated uptake in cancer cells [195, 196].

Polyplexes have to escape from endosomes for effective nucleic acid delivery.
Some nucleic acid binding polymers such as polyethylenimine (PEI) show
endosomal escape performance and high transfection efficiency [197]. Even after
cellular delivery and endosomal escape the fate of the nucleic acid cargo still
depends on the carrier. For instance, polyplexes with both linear PEI (LPEI) and
branched PEI (BPEI) were capable of endosomal escape, however LPEI
polyplexes showed higher and faster expression than BPEI because BPEI were
more effective at condensation of pDNA and restricted cytoplasmic release [198].
Polyplex based delivery systems hold promise to become ‘smart carrier systems’

that can dynamically respond to environmental factors.

1.3 Peptide nucleic acids

Peptide nucleic acids (PNAs) are synthetic polymers which combines features of
both peptides and oligonucleotides. They are DNA/RNA analogues with peptide
backbone composed of N-(2-aminoethyl)-glycine units instead of sugar-
phosphate and nucleobases attached to this backbone via carbonyl methylene
linkers (Figure 5) [199]. Although they are not naturally present biological
compounds, their building blocks peptide backbone and nucleobases are quite
essential biological components present at ever organism. Similar to natural
nucleic acids, PNA oligomers bind with high affinity and specificity to
complementary DNA, RNA or PNA sequences. In fact, the affinity and binding
strengths of complementary PNA-PNA, PNA-DNA or PNA-RNA duplexes are

higher and less affected by ionic stress then duplexes from analog DNA or RNA

22



Introduction

sequences [200, 201]. PNAs represent a powerful synthetic nucleic acid
technology due to (1) their stable and strong binding ability, (2) good mismatch
sequence discrimination, (3) synthetic accessibility and flexibility, and (4)
resistance to degradation by nucleases and proteases [202-204]. Besides
bioanalytical applications such as nucleic acid probing, in situ hybridization and
polymerase chain reaction (PCR) modulation [205-208], PNAs can function as
antisense oligonucleotides to silence gene expression and modulate cellular
mMRNA splicing [209, 210]. For instance, a PNA oligomer targeting the collagen
gene was found to decrease mRNA and reduced production of type | collagen in
fibroblast cells [211]. Another antisense PNA oligomer targeting microRNA-155,
which is an oncogenic microRNA, successfully inhibited its overexpression in vivo
[212]. Accept from their antisense function, sequence-specific interference of the
MRNA splicing machinery is also possible with PNA based drugs [209, 210].
Kang et al. generated a HelLa cell reporter system for the detection of correction
of aberrant B-globin intron splicing by synthetic oligonucleotides (including
PNAs), resulting in upregulated luciferase activity [213, 214]. Similar to other
nucleic acid chemistries, cellular delivery represents a major challenge for
antisense applications of PNAs. Despite the neutral charge and lipophilic
character, peptides do not efficiently cross the cellular membrane. For this
reason, PNAs were conjugated to cell-penetrating peptides, formulated in
delivery systems, or chemically modified in the backbone to enable cellular

delivery. [215-218]
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Figure 5 Chemical structure of PNA polimer. From N-terminus to C-

terminus; adeninine, cytosine, guanine and thymine [199].

1.4 Aim of the thesis

Nucleic acid therapeutics had been on the spotlight from the first time they had
been conceptualized until now and yet there are only a handful of authorized
examples on the market. Although enormous amount of information is available
on different nucleic acids that can be utilized to treat various diseases, a major
limiting factor to develop therapeutics always had been delivery. Development of
selective and efficient delivery systems for nucleic acids that specifically target
the diseases without causing unwanted side effects is the key to successfully

overcome this bottleneck and so revolutionize molecular medicine.

The aim of this thesis was the development of PNA based Zr coordination
nanoparticles to combine superior adjustability of coordination polymers with
sequence-specific therapeutic effects of oligonucleotide analog PNAs. By doing
so, generated nanocarriers will have a low amount of inactive carrier materials

and have extremely high content of the therapeutic cargo. For this purpose, the
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architecture of single- or double-stranded PNAs was systematically varied to
identify design criteria for the coordination driven self-assembly with Zr(IV) nodes.
After establishing a novel method for generation of coordination nanoparticles,
peptide nucleic acid — zirconium coordination nanoparticles (PNA-Zr) were
characterized. Then bio-imaging capability was assessed by dye loading and
subsequent confocal laser scanning microscopy (CLSM). The thesis further
aimed at evaluating the suitability of PNA-Zr particles for therapeutic PNA delivery
by generating and formulating particles from an antisense PNA sequence for

splicing correction of the (-globin intron mutation IVS2-705.
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2. Material and Methods

This chapter has been adapted from:

Oztiirk O., Lessl A., H5hn M., Wuttke S., Nielsen P., Wagner E., Lachelt, U.,
Peptide Nucleic Acid — Zirconium Coordination Nanoparticles. Manuscript to be

submitted.

2.1 Materials

All reagents were purchased from commercial chemical suppliers. Reagents
were used as received without further purification unless otherwise stated. The
reagents used for the experiments are summarized in Table 1. Buffers used for

the experiments are summarized with their composition in Table 2.

PNA syntheses were carried out with a Biotage Initiator+ SP Wave semiautomatic
peptide synthesizer (Biotage, Uppsala, Sweden). Disposable syringe micro
reactors were purchased from Multisyntech (Witten, Germany) with pre-fitted

polytetrafluoroethylene (PTFE) filters.

Table 1 Reagents used for experimental procedures

Materials CAS-No./Cat- Supplier
No.
(10x) Trypsin 0.5 %/EDTA 0.2 % in P10-024100 PAN-Biotech (Aidenbach,
PBS, w/o: Ca and Mg Germany)
1,2-Dioleoyl-sn-glycero-3- 4235-95-4 Sigma-Aldrich (Munich,
phosphocholine (DOPC) Germany)
1-Hydroxybenzotriazole hydrate @ 123333-53-9 Sigma-Aldrich (Munich,
Germany)
2,6-Lutidine 108-48-5 Sigma-Aldrich (Munich,
Germany)
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2-Chlorotritylchloride resin

4-(Fmoc-aminomethyl)benzoic

acid

4-(tert-Butoxycarbonyl)benzoic

acid

4’,6-Diamidino-2-phenylindole

(DAPI)

Acetic anhydride

Acetonitrile

Agarose NEEO Ultra

Beetle luciferin sodium salt

Calcein

CellTiter-Glo®

Dichloromethane

DMEM

Ethanol absolute

Fetal bovine serum (FBS)

Flasks and multi-well plates

Fmoc-PNA-A(Bhoc)-OH

Fmoc-PNA-C(Bhoc)-OH

Fmoc-PNA-G(Bhoc)-OH

42074-68-0

164470-64-8

20576-82-3

D9542

108-24-7

75-05-8

9012-36-6

E1605

154071

G7571/2/3

75-09-2

D6046

64-17-5

F9665

186046-82-2

186046-81-1

186046-83-3

Iris Biotech
(Marktredewitz, Germany)

Iris Biotech
(Marktredewitz, Germany)

BLD Pharmatech GmbH
(Mehlingen Germany)

Sigma-Aldrich (Munich,
Germany)
Sigma-Aldrich (Munich,
Germany)

VWR Int. (Darmstadt,
Germany)

Carl Roth (Karlsruhe,
Germany)

Promega (Mannheim,
Germany)
Sigma-Aldrich (Munich,
Germany)
Promega (Mannheim,
Germany)

Bernd Kraft (Duisburg,
Germany)

Sigma-Aldrich
Germany)

(Munich,

VWR Int. (Darmstadt,
Germany)

Sigma-Aldrich (Munich,
Germany)

TPP (Trasadingen,
Switzerland)

ASM Research Chemicals
GmbH (Hannover,
Germany)

ASM Research Chemicals
GmbH (Hannover,
Germany)

ASM Research Chemicals
GmbH (Hannover,
Germany)
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Fmoc-PNA-T-OH

GelRed

HEPES
H-Rink-Amide-ChemMatrix®
LP LenA

Luciferase cell culture lysis
buffer

Methanol

Methyl-tert-butyl ether
N,N'-Diisopropylcarbodiimide
N,N-Diisopropylethylamine
N,N-Dimethylformamide
n-Hexane
N-Methyl-2-pyrrolidone
OxymaPure
Penicillin-Streptomycin
Piperidine

Pybop®

Rhodamine-Phalloidin

Sephadex® G-10

169396-92-3

41003

7365-45-9

CM-7600

E1500

67-56-1

1634-04-4

693-13-0

7087-68-5

68-12-2

110-54-3

872-50-4

3849-21-6

P4333

110-89-4

128625-52-5

R415

9050-68-4

ASM Research Chemicals
GmbH (Hannover,
Germany)

VWR International GmbH
(Darmstadt, Germany)

Biomol (Hamburg,
Germany)
Iris Biotech

(Marktredewitz, Germany)

In house synthesis [219]

Promega (Mannheim,
Germany)
Fisher Scientific

(Schwerte, Germany)

Brenntag (Mulheim/Ruhr,
Germany)

Iris Biotech
(Marktredewitz, Germany)

Iris Biotech
(Marktredewitz, Germany)

Iris Biotech
(Marktredewitz, Germany)

Brenntag (Mulheim/Ruhr,
Germany)

Iris Biotech
(Marktredewitz, Germany)

Iris Biotech
(Marktredewitz, Germany)

Sigma-Aldrich (Munich,
Germany)

Iris Biotech
(Marktredewitz, Germany)

Merck KGaA (Darmstadt,
Germany)

Life Technologies/Thermo
Fisher Scientific (Munich,
Germany)

GE Healthcare (Freiburg,
Germany)
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ds

Sodium Hyaluronate, HA 20 kDa

Sodium Hyaluronate, HA 100 kDa

Terephthalic acid

Trifluoroacetic acid

Triisopropylsilane

Trypsin-EDTA

Zirconium(iv) propoxide solution

028292

026472

100-21-0

76-05-1

6485-79-6

P10-024 100

23519-77-9

Lifecore Biomedical
(Minneapolis, USA)

Lifecore Biomedical
(Minneapolis, USA)

Sigma-Aldrich (Munich,
Germany)
Iris Biotech

(Marktredewitz, Germany)

Sigma-Aldrich
Germany)

(Munich,

PAN-Biotech (Aidenbach,
Germany)

Sigma-Aldrich
Germany)

(Munich,

The buffers used for the experiments are presented in Table 2.

Table 2 Buffers used for experimental procedures

Buffer

Composition

Freeze-dry solvent
HBG

HEPES

LAR Buffer

Luciferin

Phosphate-buffered
saline (PBS)

Size Exclusion
Chromatography
Mobile Phase

TBE buffer

30 % (v/v) acetonitrile in water

20 mM HEPES, 5 % glucose, pH 7.4

20 mM HEPES, pH 7.4

20 mM glycylglycine, 1 mM MgClz, 0.1 mM EDTA, 3.29 mM
DTT, 0.548 mM ATP (adenosine 5'-triphosphate), 0.55 mM
Coenzyme A stock solution, pH 8.0-8.5

10 mM Luciferin-Na, 1M Glycylclycine, pH 8.0,

137 mM NaCl, 2.7 mM KCI, 8.1 mM Na:HPO4,1.5 mM

KH2POq4, pH 7.3-7.5

700 mL water, 300 mL acetonitrile

89 mM Trizma® base, 89 mM boric acid, 2 mM EDTA-Na;, pH

8.0
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2.2 Methods

2.2.1 Resin loading with 4-(Aminomethyl)benzoic acid (PAMBA)

An amount of 1 gr of 2-chlorotrityl chloride resin (approximately 1.6 mmol
chloride) was swelled in 10 mL of dry dichloromethane (DCM) for 30 minutes
(mins) in a syringe reactor (Multisyntech, Witten, Germany). Then DCM was
removed by vacuum filtration. The resin was agitated for 60 mins with mixture of
4 mL of dry DCM, 3 mL of N,N-dimethylformamide (DMF), 0.6 mmol of 4-(Fmoc-
aminomethyl)benzoic acid (Fmoc-PAMBA-OH) and 1.8 mmol N,N-
diisopropylethylamine (DIPEA) in order to load PAMBA to the resin. Then solvent
was discarded via vacuum filtration and resin was agitated with capping mixture
of 4 mL DCM, 3 mL methanol and 500 puL N,N-diisopropylethylamine (DIPEA) for
30 mins. This step turns unreacted chlorides to unreactive methoxy ethers. Then
the resin was washed three times with DMF and then three times with DCM under
vacuum filtration. The resin was dried under high vacuum and stored in airtight
container at 4 °C. From the dry resin, three aliquots of approximately 20 mg were
taken in order to determine resin loading by Fmoc quantification. Aliquots were
agitated with 1 mL of 20 % piperidine in DMF at room temperature (RT) for 1 hour
(h) and left for 2 mins for resins to settle at the bottom. 50 pL of the supernatant
of each aliquot was diluted with 1.95 mL DMF and absorbance was measured at
301 nm wavelength with Cary 3500 UV-Vis Spectrophotometer (Agilent
Technologies, United States of America). As a blank solution 50 pL 20 %
piperidine in DMF diluted with 1.95 mL DMF was used. Fmoc quantification was

determined by using average absorbance value of samples with following
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formula: resin load [mmol/g] = (Absorbance (Asoinm) X 1000) / (resin mass [mg] x

7800 [L*mol-"*cm"] (molar extinction coefficient) x 0.025 (dilution factor)).

2.2.2 Solid phase synthesis

PNA syntheses were carried out with a Biotage Initiator+ SP Wave semiautomatic
peptide synthesizer (Biotage, Uppsala, Sweden) at 30 pymol scales in 10 mL
reactors. Several different PNA sequences were produced. If there was PAMBA
at C terminal end of the structure, PAMBA loaded 2-chlorotrityl chloride resin was
used otherwise H-Rink-Amide-Chemmatrix® was used. Syntheses were usually
performed at 30 pmol scale, which corresponded to optimal solvent volumes for
10 mL reactors. Fmoc-PNA-C(Bhoc)-OH solubility was the limiting factor for more
concentrated synthesis. First, resin was swelled in 5 mL of DCM for 30 mins.
Then, the resin was deprotected by four times incubation with 3 mL of 20 %
piperidine in N-methyl-2-pyrrolidone (NMP) for 10 mins at RT. Then, the resin
was washed five times with 4 mL NMP. After deprotection, the coupling cycle for
the first PNA monomer was carried out by incubating 4 equivalents (eq) PNA
monomer, 4 eq of Oxyma and 4 eq of DIC with the resin for 6 mins at 75 °C.
Coupling reagents were individually dissolved in NMP and mixed just before the
coupling manually. After first coupling, the resin was washed three times with
NMP. Then, the second coupling step was performed exactly the same way as
the first one. After double couplings, acetylation was carried out by 3 mins
incubation at RT with 2.25 mL of a mixture containing NMP, 2,6-lutidine and
acetic anhydride at the ratio 89/6/5 (v/v/v) to block residual free amines.
Afterwards, the resin was washed five times with 2.4 mL NMP. Double coupling

steps and acetylation steps are optional for short PNA sequences but
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recommended for sequences longer than 12 monomers. Finally, the first cycle
was finished with deprotection of the first monomer. Deprotection was performed
by four times incubation with 2.4 mL of 20 % piperidine in NMP for 10 mins at RT,
followed by five times resin wash with 2.5 mL NMP. Same coupling, acetylation,
deprotection cycles were performed until all PNA monomers were added to the
structure. It is important to make sure that washing steps have slightly higher
volume then previous steps. After each coupling and deprotection step, presence
of free amine groups was determined by the Kaiser test. A small amount of resin
sample was taken into a 1.5 mL reaction tube with help of a spatula. Inside the
tube, single drops of 80 % phenol in ethanol (w/v), 5 % ninhydrin in ethanol (w/v)
and 20 uM potassium cyanide in pyridine were added with help of glass pipettes.
The mixture was vortexed and agitated at 99 °C for 4 mins. The Kaiser test
indicates presence of free amines by change of the yellow solution to a deep blue
color, otherwise the color does not change. The resin was washed three times
with DCM and dried under high vacuum to be stored in airtight container at 4 °C

or modifications were performed to N terminal end of the structure.

2.2.2.1 N terminal end modification

After the PNA sequence has been completed, N-terminal modification was
accomplished with a slightly modified coupling procedure. First, resin was swelled
in 5 mL of dry DCM for 30 mins. The resin was incubated with a mixture of 4 eq
of mono-tert-butyl terephthalate, 4 eq 1-Hydroxybenzotriazole (HOBt), 4 eq
benzotriazol-1-yloxy-tripyrrolidinophosphonium hexafluorophosphate (PyBOP)

and 8 eq DIPEA dissolved in DMF for 10 mins at 70 °C. After washing three times
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with 3 mL DMF and three times with DCM, resin was stored in airtight container

at4 °C.

2.2.3 Cleavage and purification of the PNA product

PNA products were cleaved from previously dried resins by addition of cleavage
cocktail composed of 2.85 mL trifluoroacetic acid (TFA), 75 pL triisopropylsilane
(TIS) and 75 pL double distilled water. The resin was agitated for 90 mins with
cleavage cocktail. The cleavage solution was added into 45 mL of a pre-cooled
mixture of methyl-tert-butyl ether (MTBE) and n-hexane 1/1 (v/v) in a 50 mL
reaction tube. Formed precipitate was centrifuged for 5 mins at 4000 rpm
(Megafuge 1.0 R, Heraeus, Hanau, Germany) and the supernatant was removed.
The formed pellet was dried under nitrogen flow. Then, the dry product was
dissolved in 30 % acetonitrile in water and snap-frozen by liquid nitrogen. Freeze
drying was performed with a Christ Alpha 2-4 LD plus (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode, Germany). The product was purified
by size exclusion chromatography using 30 % acetonitrile in water as mobile
phase through Sephadex G-10 column. Akta purifier system (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) was used to perform size exclusion
chromatography. It is important to avoid any additional acid in the mobile phase

because particle formation experiments are sensitive to presence of the acids.

2.2.4 MALDI mass spectrometry

Samples were spotted on a MTP AnchorChip (Bruker Daltonics, Bremen,
Germany) by first crystallizing 1 yL of saturated Super-DHB matrix solution (2,5-

dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid), followed by
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addition of 1 yL of sample solution. After drying in a dust free environment, mass
spectra were recorded in positive mode with a Autoflex Il mass spectrometer
(Bruker Daltonics, Bremen, Germany). MALDI-TOF mass spectrometry
measurements were performed by Teoman Benli-Hoppe, Simone Berger and

Tobias Burghardt (LMU Pharmaceutical Biotechnology)

2.2.5 Particle synthesis

PNA-Zr particle synthesis required a two-step process to enable the assembly at
RT and avoid melting of PNA duplexes. A previously reported method for the
synthesis of UiO-66 at RT served as basis for particle synthesis [110]. First step
was the formation of Zr nodes. Nodes were formed by mixing 71 uL of a 70 wt.
% zirconium(lV) propoxide solution in 1-propanol (0.0519 g, 0.158 mmol), 7 mL
of DMF, and 4 mL of acetic acid in a glass sealed container. The solution was
heated 130 °C for 2 h. Then, a noticeable change in solution color from colorless
to yellow was observed. The solution was allowed to cool to RT before
continuation with the second step. Scaling down the node formation is possible,
however storage of the node solution for later use is not recommended. Nodes
were freshly synthesized and used just after cooling to RT. PNA linkers were
subjected to an aneling process if they were double stranded structures or
palindromic. PNA strands were completely dissolved in double distilled water,
concentrations were determined photometrically by using the formula: ymolar
amount = Azsonm / extinction coefficient of specific PNA (umole). Measurements
were performed with a Cary 3500 UV-Vis Spectrophotometer (Agilent
Technologies, United States of America). After concentration determination,

equal molar amounts of complementary strands were added together and slowly
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heated up to 90 °C over 30 mins and cooling to RT over 30 mins. Annealing step
was skipped for single stranded, non-palindromic PNA linkers. Then acetonitrile
was added to the aqueous PNA solution until 30 % (v/v) of acetonitrile. Samples
were snap-frozen in liquid nitrogen and freeze-dried. PNA linkers were re-
dissolved in DMF at concentrations of 1-4 mg/mL, depending on the solubility.
Finally, the pre-formed Zr node solution was mixed with the PNA linker solution
at equimolar ratio. It is important to note that, palindromic PNA strands form
double-stranded linkers and their molar ratio should be calculated accordingly.
This mixture was incubated for 24 h at RT with magnetic stirring. The formed Zr-
PNA particles were separated from the supernatant by centrifugation for 5 mins
at 4000 rpm and were washed three times by resuspending the pellet in DMF and
centrifugation. Then solvent was exchanged with ethanol and particles were
washed two times by resuspending the pellet in ethanol and centrifugation.

Finally, the pellet was resuspended at 1 mL ethanol and stored at 4 °C.

2.2.6 X-ray diffraction of the PNA-Zr particles

Previously dried approximately 2 mg of PNA-Zr particles was used for X-ray
diffraction (XRD) measurements with a STOE transmission diffractometer system
Stadi MP with Cu Ka1 radiation (1 = 1.54060 A) and a Ge (111) single crystal
monochromator. Diffraction patterns were recorded with a DECTRIS solid-state
strip detector MYTHEN 1K (step size of 4.71°, counting time of 120 s per step).

Generated data was analyzed with WinXPOW RawDat v3.0.2.5.
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2.2.7 Nitrogen sorption measurements

Approximately 20 mg of dry PNA-Zr particles was degassed at RT under high
vacuum for 38 h. Nitrogen sorption isotherm was determined with Autosorb iQ
Station 1 at 195.8 °C and generated data evaluated via the ASiQwin™ software
(Version 3.0, Quantachrome Instruments). Surface area of the samples was
calculated by linearized Brunauer-Emmett—Teller equation (BET). Pore size was
calculated according to quenched solid density functional theory carbon model

(at 195.8 °C, nitrogen and relative pressure between 0 to 1 atm).

2.2.8 Determination of Zr content of PNA-Zr particles

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was
performed with three independent samples. Samples were first vacuum dried for
24 h followed by 4 h drying at 90 °C. Digestion was performed with 69 % HNOs3
in water until no undissolved material was left. Then the samples were diluted
with 3 % HNOs in double distilled water and Zr content was measured by ICP-
AES (CCD simultaneous ICP AES Vista RL by Agilent, wavelengths 257.2, 327.3,
339.2, 343.8 and 349.7, suction time 35 seconds, stabilization time 45 seconds,
power 1.25 kW). The average ratio of Zr to total mass of three samples was

calculated.

2.2.9 Dynamic light scattering (DLS) and zeta potential

Size and zeta potential measurements were performed with a Zetasizer Nano ZS
with backscatter detection (Malvern Instruments, Worcestershire, UK). PNA-Zr
particles were sonicated for 5 mins before the measurement. Approximately 2.5

Mg of PNA containing particles (2-3 pyL) was added to 125 pL of distilled water.
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Samples were placed in folded capillary cuvettes (DTS1070). Hydrodynamic size
and polydispersity index (PDI) were measured by DLS. Samples were measured
three times at RT with 1 min equilibration time and at least 6 subruns. Refractive
index (1.330) and a viscosity (0.8872 cP) of water were used for the calculations.
After size and PDI measurements, 835 uL of 10 mM NaCl was added to the
samples and mixed for zeta potential determination by electrophoretic light
scattering (ELS). Samples were measured three times at RT with 1 min
equilibration time and at least 12 subruns. Smoluchowski equation was used for

zeta potential calculations.

2.2.10 Scanning electron microscopy (SEM)

Stock solutions of PNA-Zr particles were vortexed and 5 uL of samples were
further diluted with 45 uL ethanol. Diluted solutions were spotted onto the
hydrophobic surface of a SEM sample holder. Ethanol from the samples was
evaporated by overnight incubation in a dust free environment. Dried samples
were coated with a carbon layer by three cycles of carbon vacuum deposition.
SEM measurements were carried out with a Dual beam FEI Helios G3 UC SEM
operated at 3 kV. Measurements were carried out by Dr. Steffen Schmidt (LMU

Munich, Germany).

2.2.11 Particle stability

The stability of PNA-Zr in presence of HBG and HEPES was investigated by
photometric measurement of the optical density of particle suspensions. For this
purpose, approximately 50 yL of PNA-Zr particles solutions was added into

quartz cuvettes with 2 mL of HBG or HEPES. The same volume of ethanol was
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added into separate cuvettes with HBG or HEPES as blank controls. Absorbance
values of the samples at 400 nm wavelength were determined each min for 1 h.
Data collection was performed with an automated program by Cary 3500 UV-Vis

spectrophotometer under constant stirring.

For thermal stability assessments, approximately 50 uL of PNA-Zr particles was
added into 2 mL water. Same volume of ethanol was added into water as blank
control. A temperature probe was placed on top of quartz cuvettes while making
sure that the temperature reader was completely submerged by liquid and cuvette
was sealed. Samples were exposed to a temperature gradient between 25 °C to
70 °C with an increase rate of 1 °C per min. Absorbance values of the samples
at 400 nm wavelengths were collected for each half degree celsius increase of
the temperature. Data collection was performed with an automated program by

Cary 3500 UV-Vis spectrophotometer under constant stirring.

Particle stability at different dilutions of PBS and 20% FBS was investigated
similarly by photometric measurement of the optical density of particle
suspensions. Different PBS dilutions were prepared and approximately 50 uL of
PNA-Zr particle suspension was added into quartz cuvettes to 2 mL of solution.
The same volume of ethanol was added into separate cuvettes with PBS dilution
as blank control. For the stability determination in presence of serum, 20% FBS
in water was prepared and 50 pL of PNA-Zr particle suspension was added into
2 mL of 20% FBS. As blank 2 ml 20% FBS with 50 pL of ethanol was used.
Absorbance values of the samples at 400 nm wavelength were determined each
min for 1 h. Data collection was performed automatically with a Cary 3500 UV-

Vis spectrophotometer under continuous stirring.
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2.2.12 Particle coating

For 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) coating, the amount of 1
mg PNA-Zr particle was redispersed in 100 yL water/ethanol mixture (20/80, v/v).
100 pL solution of 7.2 mM DOPC in water/ethanol mixture (20/80, v/v) was mixed
with particles. Then on top of the mixture, 1800 puL water was rapidly added and
vortexed. Particles were isolated via centrifugation (5 min, 13000 rpm) and

dispersed in 100 yL water.

For hyaluronic acid (HA) coating, 20 mg/mL HA (20 or 100K) solution in water
was prepared. Approximately 1 mg particle in 100 yL water and 100 yL 20 mg/mL
HA solution were mixed and vortexed. Particles were isolated via centrifugation

(5 min, 13000 rpm) and dispersed in 100 pL water.

2.2.13 Cell culture

The Hela pLuc/705 and wild type cell lines were cultured in low glucose (1 g/L
glucose) Dulbecco’s Modified Eagle Medium (DMEM). DMEM medium was
supplemented with 10 % FBS, 100 U/mL penicillin and 100 ug/mL streptomycin.
Both cells lines were cultivated in ventilated flasks at 37 °C and 5 % COz in a

humidified atmosphere (relative humidity of 95 %).

2.2.14 Splice-switching and luciferase activity assay in vitro

Hela pLuc/705 cells were seeded in 96-well plates with 5x102 cells per well 24 h
prior to transfection. A lipopeptide LP LenA (Y3-Stp2-K-¢[G-K-a,g(linolenic
acid)2]aStp2-Y3-K-¢(N3)) was used for coating of PNA-Zr nanoparticles which
was previously used for conjugation with splice-switching phosphorodiamidate

morpholino oligomers (PMOs) [219]. PNA-Zr particles were formed by same
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splice-switching PNA sequence and formulated with several stoichiometric
amounts of LP LenA by 40 mins incubation in HBG before further dilution in HBG
for application. The PNA content of nanoparticles was determined by
disassembly of a small sample via competition with phosphate buffer (PBS) and
photometric quantification of released PNA at 260 nm. The cell treatment was
initiated by replacement of the medium with 90 pL fresh serum-containing DMEM
and 10 pL PNA-Zr particles. As control 10 yL HBG was used. Cells were placed
in an incubator with a relative humidity of 95 % at 37 °C and 5 % CO2. After 48 h
(or alternative incubation times as stated in kinetic studies), medium was
removed and 100 pL of lysis buffer (12.5 mM tris(hydroxymethyl) aminomethane
buffer (pH 7.8) with phosphoric acid, 1 mM dithiothreitol (DTT), 2 mM 1,2-
diaminocyclohexane-N,N,N’,N'-tetraacetic acid, 5 % glycerol, 0.5 % Triton® X-
100; Promega, Mannheim, Germany) was added to each well. Cells were
incubated in lysis buffer for 45 min at RT. From toughly mixed cell lysate, 35 pL
was placed in measurement plates and luciferase activity was measured with
addition of LAR buffer solution (20 mM glycylglycine, 1 mM MgClz, 0.1 mM EDTA,
3.29 mM DTT, 0.548 mM ATP (adenosine 5'-triphosphate), 0.28 mM coenzyme
A stock solution, pH 8.0-8.5) with 10 % (v/v) of 10 mM luciferin and 29.375 mM
glycylglycine. Measurements were performed with a Centro LB 960 plate reader
luminometer (Berthold Technologies, Bad Wildbad, Germany). The relative light
units (RLU) were normalized to HBG-treated cells and the results are presented

as ‘fold increase in luminescence’. All experiments were carried out in triplicates.
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2.2.15 Metabolic activity

Cell viability of HeLa wild type cells were investigated via CellTiter-Glo® assay
after treatment with PNA-Zr particles. HeLa pLuc/705 cells were seeded in 96-
well plates with 5x103 cells per well 24 h prior to transfection. Then, the medium
was replaced with 90 pL fresh serum-containing DMEM and 10 yL of PNA-Zr
particles was added to each well. After 48 h, medium was removed and 25 pL of
DMEM and 25 uL of CellTiter-Glo® Reagent (Promega, Mannheim, Germany)
were added to each well. Then, cell plates were incubated on a shaker for 30
mins at RT and viability was measured with a Centro LB 960 plate reader
luminometer (Berthold Technologies, Bad Wildbad, Germany). Relative cell
viability calculated by the following formula: cell viability [%] = mean(sample) /

mean(control) x 100. All experiments were carried out in triplicates.

2.2.16 Reverse-transcription PCR (RT-PCR)

HelLa pLuc/705 cells were seeded in 24-well plates with 5x10* cells per well 24 h
prior to transfection. Then, the medium was replaced with 900 pL fresh serum-
containing DMEM and 100 uL of particle suspensions with varied concentrations
was added to each well. Cells were incubated for 48 h then medium was removed
and total RNA isolation was performed with Tri-Reagent® (Sigma-Aldrich,
Munich, Germany) according to the manufacturer's protocol. Then cDNA
synthesis was done with 200 ng of the isolated RNA via cDNA synthesis with the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Munich,
Germany) again according to the manufacturer's protocol. Standard PCR was
carried out with 300 ng of cDNA using the HotStarTaq Plus DNA polymerase kit

(QIAGEN, Hilden, Germany) and the following primers: 5'-
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TTGATATGTGGATTTCGAGTCGTC-3' (forward) and 5'-
TGTCAATCAGAGTGCTTTTGGCG-3' (reverse). PCR program was composed
of an initial cycle at 95 °C for 5 mins, followed by 29 cycle of 95 °C for 30 seconds,
55 °C for 30 seconds, 72 °C for 30 seconds and finally one cycle at 72 °C for 10
mins. The RT-PCR product was analyzed via agarose gel electrophoresis (1.25
% agarose in TBE buffer containing GelRed®) at 90 V for 45 mins and was imaged
on a Biostep Dark Hood DH-40 (Biotec-Fischer, Reiskirchen, Germay) with

biostep argus onesoftware (Biotec-Fischer, Reiskirchen, Germay).

2.2.17 Calcein loading to PNA-Zr particles

PNA-Zr particles in ethanol were centrifuged and supernatants were removed.
Then particles were resuspended in 1 mL 0.25 mM calcein in water and were
incubated on a shaker for 15 mins at RT. Afterwards, the particles were
centrifuged and washed three times with water, three times with ethanol and
stored in ethanol. The amount of 50 to 100 pL of calcein labeled PNA-Zr
suspensions were disassembled via competition with 1 mL PBS. Concentration
of PNA and calcein content were determined photometrically by using extinction
coefficient of specific PNA at 260 nm wavelength and extinction coefficient
calcein at 515 nm. Data collection were performed with a Cary 3500 UV-Vis

spectrophotometer.

2.2.18 Confocal laser scanning microscopy (CLSM)

To investigate calcein loaded particles, 2x10* HelLa pLuc/705 cells in 300 yL
DMEM medium were seeded in 8 well-Ibidi p-slides (Ibidi GmbH, Munich,

Germany). Cells were incubated at normal cell culture conditions (37 °C and 5 %

42



Materials and Methods

CO2) for 24 h. Then medium was removed and 240 uL fresh medium and 60 uL
calcein loaded PNA-Zr particle solution was added to each well. Cells were
incubated for 4 h with particles then solution was removed and incubation was
continued with fresh medium for 4 h. Then, cells were washed with PBS and
fixated with 300 yL/well 4 % paraformaldehyde for 45 mins at RT. After fixation,
wells were washed again twice with PBS and stored in PBS at 4 °C. Cell staining
was performed by incubation for 30 mins (at RT light protected environment) with
300 pyL PBS solution containing DAPI (2 pg/mL) for staining of nuclei and
phalloidine-rhodamine (1 pg/mL) for staining of actin cytoskeleton. Staining

solution was removed and replaced with 300 uL PBS.

To assess the effect of LP LenA coated particles on endosomal membrane
integrity, HeLa mRuby3/gal8 cells were used, which are based on the plasmid
PB-CAG-mRuby3-Gal8-P2A-Zeo provided by Jordan Green (Addgene plasmid #
150815 ; http://n2t.net/addgene:150815 ; RRID:Addgene_150815). For the
experiment, 2x10* HeLa mRuby3/gal8 cells in 300 yL DMEM medium were
seeded in 8 well-lbidi y-slides. Cells were incubated at 37 °C and 5 % CO:2 for 24
h. Then medium was removed and 270 uL fresh medium and 30 pL of LP LenA
coated (1/1.25 molar ratio) and uncoated 705 SSO-Zr particle suspensions
containing 25 uM PNA were added to each well. Cells were incubated for 8 h with
particles then the solutions were removed and incubation was continued with
fresh medium for 4 h. Then, cells were washed with PBS and each well was
fixated with 300 L 4 % paraformaldehyde for 45 mins at RT. After fixation, wells
were washed again twice with PBS and stored in PBS at 4 °C. Staining of nucleic

was performed by incubation for 30 mins (at RT light protected environment) with
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300 uL PBS solution containing DAPI (2 ug/mL). Staining solution was removed

and replaced with 300 uL PBS.

Images were taken by Leica-TCS-SP8 CLSM equipped with an HC PL APO 63x
1.4 objective with LAS X software from Leica (Leica Microsystems, Wetzlar,
Germany). Emissions were recorded at following wavelengths: DAPI at 460 nm,
calcein at 530 nm, phalloidine-rhodamine at 580 nm and mRuby3 at 585 nm.
CLSM imaging was performed by Miriam Hohn (LMU Pharmaceutical

Biotechnology).

2.2.19 Statistical analysis

Results are presented as arithmetic mean + standard deviation. If not otherwise
stated, significance levels were evaluated by two-tailed t-test (unpaired). The
following symbols were used to indicate significance levels (*p < 0.05, **p < 0.01,

***p <0.001 and ****p < 0.0001) and not significant was labeled as ns.
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3. Results and Discussion

This chapter has been adapted from:

Oztiirk O., Lessl A., H5hn M., Wuttke S., Nielsen P., Wagner E., Lachelt, U.,
Peptide Nucleic Acid — Zirconium Coordination Nanoparticles. Manuscript to be

submitted.

3.1 Design of Peptide nucleic acid — zirconium coordination
nanoparticles (PNA-Zr)

The design and selection of suitable organic linkers is a key step in MOF
synthesis and critically impacts the MOF properties and characteristics after
assembly. The linkers require Lewis base functions containing N- or O-donor
atoms such as carboxylic acids or aromatic N-heterocycles. Most established
MOF linkers possess a rigid structure with constricted flexibility due to
unsaturated bonds, cycles or arenes connecting the separated Lewis base
functions. In order to establish a platform for the creation of PNA based
coordination nanoparticles, different PNA linker architectures were designed to
mimic characteristics of established MOF linkers: (1) aromatic carboxylic acids
were attached at the PNA termini to provide Lewis base functions at distant
positions; (2) single- and double-stranded PNAs were used to modulate the linker
rigidity. Unfortunately, most common MOF syntheses under solvothermal
conditions were not found compatible with double-stranded PNAs, since PNA
duplexes melt and dissociate at the required high temperatures. Therefore, a
strategy for MOF synthesis at room temperature had to be chosen. The group of

Omar Farha developed a RT synthesis of UiO-66, which is constructed from
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hexanuclear zirconium oxide clusters (ZreO4(OH)4) and terephthalic acid (TPA)
[110]. In this strategy, classical one-pot solvothermal MOF synthesis is dissected
into the sequential steps of (1) preforming secondary building units from
zirconium propoxide [Zr(OnPr)4] at high temperatures in presence of excessive
acetic acid, followed by (2) addition of the TPA linker and incubation at RT. This
work served as basis for the adaption towards Zr-coordination nanoparticles with

temperature sensitive PNA linkers.

The strategy for the formation of the particles is illustrated in Figure 6A. Analog
to the work by DeStefano et al.[110], coordination particles are formed in a two-
step process. First, Zr nodes are generated by incubating the solution containing
Zr(OnPr)s, DMF and acetic acid at 130 °C for 2 h. Then the solution of metal
nodes was cooled to RT and added to a PNA linker dissolved in DMF solution at
a 1/1 molar ratio of linker to Zr. In case of double-stranded or palindromic PNA
linkers, an initial annealing step (Heating to 90 °C then cooling to RT in water and
freeze-drying with acetonitrile) was carried out to ensure duplex formation. The
assembly mixture was incubated for 24 h at RT and the formed PNA-Zr particles

were separated by centrifugation as a white precipitate.
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Figure 6 Synthesis process, modifications and architectures. A) Synthesis
of PNA-Zr particles via a two-step process. B) PNA end-
modifications: left terephthalic acid (TPA, red), center para-
aminomethylbenzoic acid (PAMBA, green) and right acetic acid
(ACI, blue). C) PNA linker architectures. Created by BioRender.com
(2022).
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As illustrated by Figure 6C, several PNA linkers with different modifications were
designed; para-aminomethylbenzoic acid (PAMBA) and terephthalic acid (TPA)
end modifications were introduced at the C- (PAMBA) and N- (TPA) termini of
PNA sequences to serve as aromatic carboxylic acid functions for coordinative
interactions with metal nodes. In contrast, acetylated (ACI) N-termini served as
controls without Lewis base function. Table 3 summarizes the PNA sequences
that were evaluated and the capability to serve as linkers for particle formation
with Zr nodes. It is important to note, that PNA linkers generally were purified by
size exclusion chromatography without acid additives in the solvent, since it was
observed, that HCI salts of PNAs negatively affect particle formation. Palindromic
PNA sequences with modification of the N-terminus (TPA or ACI), which
assemble into duplexes due to self-complementarity, served as simple models of
double-stranded linkers. The shortest palindromic sequence that formed particles
with Zr nodes exhibited a length of 6 PNA monomer units, but only if the N-
terminus was modified with TPA. In contrast, palindromic 4- and 2-mers did not
form particles regardless of TPA or ACI end-modifications. It is suggested, that
the low melting temperature (lower than room temperature) of the shorter PNA
sequences is responsible for a lack of dimerization and formation of linkers with
two coordinative end functionalities [220]. The observation, that acetylation
generally prevented particle formation with Zr nodes indicates the need of TPA
as Lewis base end modification. Consistently, the combination of two
complementary, non-palindromic 6-mer PNAs with TPA at the N-termini was also

able to form particles, but an exact 1/1 molar ratio of both PNAs was essential.
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Table 3 Summary of investigated PNA linkers. The linkers are composed of either

double-stranded (ds) or single strand (ss) PNA architectures. Successful particle

formation is indicated by ‘YES’ (observed) or ‘NO’ (not observed).

PNA Linker Description Architecture Particle
Formation
GC-ACI palindromic ds NO
GC-TPA palindromic ds NO
CATG-ACI palindromic ds NO
CATG-TPA palindromic ds NO
GCATGC-ACI palindromic ds NO
GCATGC-TPA palindromic ds YES
CAGTACTG-ACI palindromic ds NO
CAGTACTG-TPA palindromic ds YES
CGTGAC-TPA + GTCACG-TPA non-palindromic ds YES
CGTGAC-TPA + GTCACG non-palindromic ds minor formation
PAMBA-CGTGAC-TPA + non-palindromic ds YES
GTCACG
PAMBA-CGTGAC-TPA non-palindromic  ss YES
PAMBA-GCAGCT-TPA non-palindromic  ss YES
PAMBA- non-palindromic ss YES
CCTCTTACCTCAGTTACA- (705 SSO)
TPA

PNA sequences equipped with two metal coordination sites at the N- (TPA) and

C- (PAMBA) terminus were suitable for particle formation, independent whether
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it was used as duplex with an additional complementary strand (without PAMBA
and TPA) or as single-stranded linker alone. Interestingly, the combination of a
PNA sequence with one TPA at the N-terminus and the complementary PNA
without modification, which theoretically leads to a double-stranded PNA with
only one aromatic carboxylic acid end function, caused a slight particle formation.
Although in this case the particle yield was low compared to linkers with two TPA
or PAMBA and TPA, this result could eventually be explained by a certain extent
of PNA triplex formation, which again could lead to linkers with two TPA functions

at both sides [221].

3.2 Characterization of PNA-Zr particles

The obtained PNA-Zr particles were characterized by a set of physicochemical
analytics. Particle size, appearance and surface charge were determined by SEM
and DLS. Representative SEM images (Figure 7) show small (between 150-250
nm diameter) and mostly spherical particles formed with different PNA linkers.
DLS measurements (Figure 8) showed larger particles with z-averages between
500 nm to 1000 nm. The deviation can be explained by a high sensitivity of DLS
towards aggregates and larger particles as well as the fact that DLS detects
particle hydrodynamic diameter in solution, whereas SEM measurements are
carried out with dried samples.[222] Electrophoretic light scattering
measurements determined negative zeta potentials between -5 to -10 mV.
Having negative zeta potential was a good indicator for proper particle formation.

Failed particle formations were observed to have neutral zeta potential.

50



Results and Discussion

GCATGC-TPA

&s

Figure 7 Representative SEM images of PNA-Zr nanoparticles. The
sequences of individual PNA linkers is specified in the upper left
corner of the images. TPA leading to the formation of UiO-66 was
used as a reference (Scale bars = 3 ym). Images were taken by Dr.
Steffen Schmidt (LMU Munich, Germany).
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Figure 8 DLS and ELS of PNA-Zr particles. Linkers are specified below
each bar. A) Z-average in nanometers (measured in water). B)
Polydispersity index (measured in water). C) Zeta potential in

millivolt (measured in 10 mM NacCl).

Thermal stability of PNA-Zr particles were investigated by monitoring the optical
density (400 nm) of nanoparticle suspensions exposed to a temperature gradient
in water. Particles formed a turbid suspension that scatters light at a variety of
wavelengths. Any wavelength between 300 nm to 600 nm can be used. In
general, turbidity or light scattering measurements are carried out at a wavelength
in the visible spectrum (400 nm), which does not overlap with absorption maxima
of individual components. PNAs, similar to other nucleic acid analogs, have an
absorption maximum in the UV spectrum at 260 nm [223, 224]. As seen in Figure
9A, PNA-Zr particles are stable at RT regardless of the PNA linker architecture.
At higher temperatures, particles assembled from double-stranded linkers with
single TPA modifications on both strands disassemble at elevated temperatures,
which can be recognized as drop of the optical density. A reasonable explanation

52



Results and Discussion

is, that the PNA duplexes melt at the increased temperatures, which results in
disassembly of the linkers with TPA function on both ends. In contrast, particles
containing linkers with PAMBA and TPA in a single strand did not show similar
temperature sensitivity. These results suggest three key characteristics of the
PNA-Zr nanoparticles: (1) two aromatic carboxylic acid functions, located at both
ends of the PNA linkers, are essential; (2) linker can be composed of double or
single strand of PNA as long as two carboxylic acid functions were present; and
(3) double-stranded linkers with two aromatic carboxylic acid functions separated
on both strands are sensitive towards linker disassembly via duplex melting. The
stability of PNA-Zr particles in biological buffers, isohydric HEPES (20 mM, pH
7.4) as well as isohydric and isotonic HBG (20 mM HEPES, pH 7.4, 5% glucose),
was investigated with the same approach (Figure 9B and C). PNA-Zr particles
were added to either HBG or HEPES and the optical density was monitored at
400 nm over time. Similar to the results of the thermal stability study, particles
containing linkers with two aromatic carboxylic acid functions in a single PNA
strand exhibited higher stability, whereas particles composed of double-stranded

linkers with TPA modifications in separate strands dissociated.
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Figure 9 Stability of PNA-Zr particles determined by measurement of
optical density (400nm) A) at increased temperatures or after
incubation in B) HBG, C) HEPES. PNA linker architectures are
indicated by colors.

The utilization of coordination modulators is an effective way to adjust crystallinity
or size of the particles and one such competing modulator TPA can be used to
regulate crystallinity and size of UiO-66 MOFs [225, 226]. In similar way
concentration of starting martials also affects MOF morphology [227]. To
investigate possible ways to improve stability without changing architecture of the
linker, representative palindromic GCATGC-TPA linker was utilized with one eq

of TPA as modulator or at lower linker concentration during particle formation (10-
54



Results and Discussion

fold dilution in DMF). As seen in Figure 10, SEM images showed that both
modulation and dilution methods had a significant effect on particle size,
decreasing size from approximately 200 nm to 150 nm. This was expected as
both methods slowdown the particle formation. However, possible stability
improvement caused by slower formation was not observed. The differently

formed PNA-Zr particles showed similar stability characteristic in HBG as the

regularly formed particles (Figure 11A).

300+ sk ok ok

200

Diameter [nm]

100

Figure 10 Representative SEM images of PNA-Zr nanoparticles with
different particle formation methods (Top left corner; standard
protocol, top right corner; additional 1 eq TPA in solution; bottom left
corner, 10 fold increased solvent volume). For all cases GCATGC-
TPA linker was utilized (scale bars = 2 um). Images were taken by

Dr. Steffen Schmidt (LMU Munich, Germany). The graph shows
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evaluation of particles sizes obtained from SEM imaging (diameter,

nm). n=40 random particles were evaluated for the determination.

Particle coating is another way to increase stability of coordination polymers. Both
DOPC and HA coating have previously been shown to increase stability of
coordination polymers against physiological conditions [228-230]. Effects of
different coating strategies on stability in HBG was investigated with palindromic
GCATGC-TPA linker (Figure 11B). Unfortunately, both HA (20 kDa) and HA (100
kDa) did not improve particle stability. DOPC coating on the other hand lead to
slightly more stable particles in HBG. However, neither particle coating strategies
nor modified particle formation methods, resulted in stability improvements
comparable to the stability of particles generated from linkers possessing two

aromatic carboxylic acid functions in one single PNA strand.

2

Stability in HBG B) Stability in HBG
0.3 0.3

Absorbance(400nm)
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-= TPA Modulated

Figure 11 Stability of PNA-Zr particles determined by measurement of
optical density (400nm) in HBG A) Different particle formation
methods. B) Different coating methods. GCATGC-TPA linker was

used. Different methods and coatings are indicated by colors.
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XRD was used to elucidate the presence of crystalline structures in
representative PNA-Zr nanoparticles built from double-stranded (palindromic
GCATGC-TPA) or single-stranded (non-palindromic PAMBA-CGTGAC-TPA)
linkers (Figure 12). In contrast to the characteristic reflections obtained for UiO-
66, no indication for crystallinity of PNA-Zr NPs was found by XRD; therefore,
rather amorphous structures of PNA-Zr coordination polymers are suggested.
Further characterization by nitrogen sorption determined a surface area of 300
m?/g for PNA-Zr NPs built from GCATGA-TPA and 36 m?/g for NPs with PAMBA-
CGTGAC-TPA (Table 4) [231]. The absorption isotherm of PAMBA-CGTGAC-
TPA showed similarity to a type |l absorption isotherm indicating a non-porous or
macro-porous structure, whereas GCATGA-TPA could not be assigned to any

characteristic type [232, 233].

Table 4 Nitrogen sorption results of PNA-Zr particles. Surface areas of the

samples were calculated according to the linearized BET equation.

Linkers Correlation C constant Surface Area
coefficient (m3/g)

TPA r =0.999850 356.95 1260.79

GCATGC-TPA r=0.999352 2.68 300.53

PAMBA-GCAGCT-TPA r =0.999454 28.07 35.84
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Figure 12 XRD of metal-organic nanoparticles based on different linkers:
TPA (red), double-stranded palindromic GCATGC-TPA (yellow) and
single-stranded PAMBA-GCAGCT-TPA (green). TPA curve was
shifted by 6000 counts, GCATGC-TPA curve by 3000 counts to

enable direct comparison.

Next, the Zr content of PNA-Zr particles was determined by inductively coupled
plasma atom emission spectrometry (ICP-AES, Figure 13). A content of 52 mg/g
Zr was determined for PAMBA-CGTGAC-TPA particles and 31 mg/g Zr for
GCATGA-TPA particles. Based on the obtained results and the molecular
weights of PNA linkers, the molecular ratio composition of the particles was
calculated. Molar ratios of Zr to linker of around 1.2/1 were determined for both
representative types of PNA-Zr nanoparticles, which is close to the 1/1 ratio

reported for UiO-66 [234].
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Figure 13 Zr content of PNA-Zr particles determined by ICP-AES and
resulting molar ratios calculated under consideration of the

molecular weight of the linkers.

3.3 CLSM of calcein loaded particles

The fluorescent dye calcein, which contains Lewis base functions and can form
chelates with metal ions, was utilized for labeling of PNA-Zr particles by
coordinative interaction [58, 235]. For this, PNA-Zr particles were incubated with
an aqueous calcein solution (0.25 mM) at RT. At the end of the labeling
procedure, a clear color change from white to orange particles was observed
(Figure 14A). Direct comparison of labeled and unlabeled PNA-Zr particles in the
established stability assay confirmed that calcein loading did not affect the
stability characteristic in HBG (Figure 14B). Calcein-loaded PNA-Zr particles
based on GCATGA-TPA, degraded within one hour in HBG, while PAMBA-
CGTGAC-TPA particles did not show significant particle disassembly.
Subsequent ELS measurement showed that overall charge of the calcein loaded

particles were still negative (Figure 15).
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Figure 14 Physical appearance of calcein loaded particles and loaded
particle stability. A) Representative images of PNA-Zr particles
before and after calcein loading. B) Stability of calcein loaded and
unlabeled PNA-Zr particles in HBG as determined by measurement

of optical density (400nm).
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Figure 15 DLS and ELS of calcein loaded PNA-Zr particles. Linkers are
specified below each bar. A) Z-average in nanometers (measured
in water). B) Polydispersity index (measured in water). C) Zeta

potential in millivolt (measured in 10 mM NaCl).
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Further, the nanoscopic appearance of labeled and unlabeled PNA-Zr particles
was compared by SEM imaging. As seen in Figure 16, calcein loading did not

significantly impact the size and shape of the particles.

ns

250+

Diameter [nm]

Figure 16 A) Representative SEM images of calcein loaded and unlabeled
PNA-Zr nanoparticles. The individual linkers used for particle
assembly are stated in the upper left corner of each image (scale
bars = 2 ym). Images were taken by Dr. Steffen Schmidt (LMU
Munich, Germany). B) Evaluation of particles sizes obtained from
SEM imaging (diameter, nm). n=30 random particles were evaluated

for the determination.

These results showing unaffected particle properties were essential requirements
for the following determination of cellular uptake via CLSM imaging of calcein-
loaded PNA-Zr nanoparticles (Figure 17). HeLa pLuc/705 cells were incubated
for 4 h with labeled particles based on double-stranded palindromic GCATGA-
TPA or single-stranded PAMBA-CGTGAC-TPA linkers, followed by a medium
change and additional 4 h incubation. CLSM imaging showed that both types of
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PNA-Zr nanoparticles were internalized by the cells, whereas free calcein could
not be detected intracellularly. As the zeta potential, SEM size and stability
characteristics of the calcein loaded particle were similar to normal particles, it is
assumed that "naked" PNA-Zr particles behave similarly. This indicates, that
PNA-Zr nanoparticles are suitable for the intracellular transport of impermeable

compounds and that the particles did not dissociate in the cell culture medium.

PAMBA-GCAGCT-TPA (0.04 pg/pl GCATGC-TPA (0.04 pg/pl)

Figure 17 CLSM images of HelLa pLuc/705 cells treated with calcein
loaded PNA-Zr particles (left PAMBA-GCAGCT-TPA, middle
GCATGC-TPA, right free calcein control). HeLa pLuc/705 cells were
incubated for 4 hours with calcein loaded particles (0.04 ug/ uL) or
free calcein at the concentration corresponding to the maximal
calcein content of particles (0.0005 pg/ yL). Subsequently, the cells
were incubated for additional 4 hours with fresh medium before
imaging. Staining and imaging done by Miriam Hohn (LMU

Pharmaceutical Biotechnology).

3.4 Evaluation of biologically functional PNA-Zr particles

PNAs can strongly bind with high sequence specificity to complementary

oligomers of DNA, RNA or PNA. They also have good mismatch sequence
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discrimination and resistance to nucleases and proteases which make them
potential tools for molecular biology [200-204]. Since PNA can be utilized as
antisense oligonucleotides which modulate the cellular mRNA splicing process,
the capability of the PNA-Zr coordination nanoparticles to transport functional
splice-switching PNAs into cells was assessed. Kang et al. generated Hela cells
with stable expression of a luciferase reporter (pLuc/705) for detecting
corrections of aberrant B-globin splicing. The cell line contains a luciferase
reporter gene that is disturbed by the B-globin intron containing mutation (IVS2-
705) resulting in aberrant splicing of luciferase pre-mRNA. Sequence based
targeting of the aberrant splicing site corrects the splicing and increases
luciferase activity (Figure 18) [213, 214]. Here, we generated PNA-Zr particles
containing the PNA sequence against the location of IVS2-705, which is able to
induce splicing correction, if delivered into the nucleus of cells. With this test
system, successful cellular delivery and splice-switching activity can be detected
via bioluminescence due to the induction of functional luciferase expression [214,

219].

A single-stranded PNA linker with the  sequence PAMBA-
CCTCTTACCTCAGTTACA-TPA (705 SSO) has been used for particle formation
via the established two step formation process. HelLa pLuc/705 cells were treated
with the PNA-Zr NPs and the occurrence of splice-switching was assessed by
determination of luciferase activity via bioluminescence measurements after 48
h. In preliminary experiments, the bare PNA-Zr particles were not able to mediate
detectable splicing correction. Since cellular uptake of PNA-Zr particles was
demonstrated previously, insufficient endosomal escape, which generally

represents a critical hurdle for the delivery of biomacromolecules, was suspected
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to be responsible. To improve the endosomal escape and enable transport to the
intracellular target sight, PNA-Zr particles were coated with a cationic oligomer
(Figure 19B). The LP LenA (Y3-Stp2-K-¢[G-K-a,g(linolenic acid)2]aStp2-Y 3-K-
€(N3)) is a sequence-defined cationic oligomer which was previously shown to be
a suitable agent for the delivery of splice-switching PMOs into HelLa pLuc/705
cells after covalent conjugation (Figure 19A) [219]. In the previous work, LP LenA
was found to mediate a favorable endosomal release of PMO conjugates,
presumably due to endosomal membrane interactions of the contained

unsaturated linolenic acid residues.

Mature mRNA with -

B-globin intron

.»*7 NoSSO “"-~.
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*”  Aberrant Splicing T
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Corrected Splicing

Mature mRNA Luciferase

Figure 18 Schematic illustration of PNA assisted splicing correction in
HelLa pLuc/705 cells. The pre-mRNA contains a 3-globin intron with
a mutation (IVS2-705) resulting in aberrant splicing (indicated by
black lines). PNA targeted to the splice site blocks aberrant splicing
resulting in functional luciferase mMRNA (indicated by yellow line)
[213, 214]. Created with BioRender.com (2022).
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Figure 19 Structure of LP LenA and illustration intracellular delivery
process. A) Structure of LP LenA composed of: N-terminal
azidolysine, tyrosine (Y), lysine (K), succinyl-
tetraethylenepentamine (Stp), glycine (G) and linolenic acid [219].
B) Schematic illustration of LP-LenA coated PNA-Zr nanoparticles

and the intracellular delivery process. Created with BioRender.com

(2022).

SEM imaging confirmed, that particles could be successfully assembled with the
relatively long PNA linker (Figure 11A). The resulting particles were mostly
spherical and exhibited small sizes between 150-250 nm in diameter. After
surface coating with LP LenA, the spherical shape was preserved, though a slight
increase in size seemed to be observable. The successful modification of the 705

SSO-Zr nanoparticle surface with LP LenA was further confirmed by zeta
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potential measurements, which determined a distinct shift from negative (-12mV)

to positive zeta potential (+28 mV) after coating (Figure 20D).
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Figure 20 SEM, DLS and ELS of LP LenA coated PNA-Zr particles A)
Representative SEM images of PNA-Zr particles with 705 SSO
linker and without (left) or with (right) LP LenA coating. (Scale bars
= 3 ym). Images were taken by Dr. Steffen Schmidt (LMU Munich,
Germany). B-D) DLS and ELS of 705 SSO-Zr particles with or
without LP LenA coating. Linkers are specified below each bar. B)
Z-average in nanometers (measured in water). C) Polydispersity
index (measured in water). D) Zeta potential in millivolt (measured
in 10 mM NaCl).

Splice-switching activity of particles were investigated by using luciferase activity

assay with HelLa pLuc/705 cells. The cells were incubated with 705 SSO-Zr
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particles or free PNA with and without LP LenA for 48 h followed by a luciferase
activity assay. To rule out any background luciferase activity of the cell line,
luminescence levels were normalized to HBG treated control cells and
determined as ‘fold increase in luminescence’ [214, 219]. As shown in Figure
21A, an array of different ratios between PNA and LP LenA (1/0.5, 1/0.75, 1/1,
1/1.25, 1/1.5, 1/2, 1/2.5, 1/3) were used. Cells incubated with 5 uM free 705 SSO
PNA did not show increased luciferase activity at any PNA to LP LenA ratio, which
suggests that the lipopeptide is not capable of facilitating delivery of the PNA
without conjugation. In contrast, LP LenA coated 705 SSO-Zr particles clearly
increased luminescence levels at the ratios between 1/0.5 to 1/3. The highest
increase in luminescence (125-fold) was achieved at a PNA/LP LenA ratio of
1/1.25, which was determined as optimal coating condition. Dose-titrations with
free PNA and PNA-Zr nanoparticles at the optimal PNA/LP LenA ratio of 1/1.25
were carried out in a PNA concentration range between 0.156 uM to 5 uM (Figure
21B). Consistent with the previous results, free 705 SSO/LP LenA did not induce
increased luciferase activity at any concentration, whereas PNA-Zr particles
increased luminescence over 20- to 120-fold at PNA concentrations between

0.625 to 5 uM.
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Figure 21 Splice-switching activity and metabolic activity of 705 SSO-Zr
nanoparticles A) Splice-switching at different PNA/LP LenA coating
ratios (fixed concentration of 5 yM PNA) in HeLA pLuc/705 cells. B)
Splice-switching activity at different PNA concentrations (fixed ratio
of 1/1.25 PNAJ/LP LenA) in HeLA pLuc/705 cells. C) Metabolic
activity of HelLa wild type cells at different PNA/LP LenA coating
ratios (fixed concentration of 5 uM PNA) D) Metabolic activity of
HelLa wild type cells at different PNA concentrations (fixed ratio of
1/1.25 PNA/LP LenA). All luciferase and metabolic activity assays
were carried out in triplicates. Free 705 SSO with or without LP LenA

was used as a control.
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The impact of incubation time on splice-switching activity was investigated with
705 SSO-Zr/LP LenA particles at the optimal coating ratio (1/1.25). HelLA
pLuc/705 cells were incubated with varied doses of PNA-Zr nanoparticles for 12,
24, 36 and 48 hours and the increase of luciferase activity was determined
subsequently (Figure 22). After an incubation time of 36 h, over 300-fold increase
in luminescence was observed at a concentration of particles corresponding to
2.5 uM of PNA. Overall results indicate that 24 h incubation would be sufficient to
detect significant splice switching effects. Moreover, it is suggested that the very
low increase of luminescence after 12 h incubation could be the result of a need
for cell division to show antisense effect as the average doubling time of HelLa

cells is 33 h [236].

705 SSO Particle/LP LenA (1/1.25)
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g 8

£ £

- g - 0313 uM
S = 100+ -— 0.156 pM

0 1 I
0 12 24 36 48

Time(hours)

Figure 22 Splice-switching activity of LP LenA coated 705 SSO-Zr
nanoparticles in HeLa pLuc/705 cells. Different PNA concentrations
indicated with different colors (fixed ratio of 1/1.25 PNA/LP LenA)
were used and incubation terminated at different time points. All

luciferase activity assays were carried out in triplicates.
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To understand whether observed splice-switching activity is caused by the
sequence specific effect of the splice-switching antisense PNA, particles
composed of PNA linkers with alternative sequences (PAMBA-GAGTATGAGA-
TPA and PAMBA-GCAGCT-TPA) were used as controls (Figure 23). The cells
were incubated with the control PNA-Zr particles LP LenA coating at 1/1.25 ratio
for 48 h followed by a luciferase activity assay. Particles without SSO sequence
did not increase luciferase activity indicating, that the observed effect of 705 SSO

particles are sequence dependent.

A) PAMBA-GCAG PAMBA-GAGTA 705 SSO B) PAMBA-GCAG PAMBA-GAGTA 705 SSO
CT-TPA TGAGA-TPA Particle/LP CT-TPA TGAGA-TPA Particle/LP
Particle/LP Particle/LP LenA Particle/LP Particle/LP LenA
LenA LenA LenA LenA
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Figure 23 Splice-switching activity and metabolic activity of non-antisense-
Zr nanoparticles A) Splice-switching activity at different PNA
concentrations (fixed ratio of 1/1.25 PNA/LP LenA) in HelA
pLuc/705 cells. B) Metabolic activity of HeLa wild type cells at
different PNA concentrations (fixed ratio of 1/1.25 PNA/LP LenA).
All luciferase and metabolic activity assays were carried out in
triplicates. 705 SSO was used as positive control.
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To additionally confirm the advantage of PNA-Zr nanoparticle formation for
cellular delivery, another control experiment was performed (Figure 24).
Phosphate buffer was used to compete with PNA linkers and destabilize Zr-linker
interactions. 705 SSO-Zr nanoparticles with LP LenA at optimal ratio of 1/1.25
were disassembled by incubation with PBS. Treatment of HelLa pLuc/705 cells
with the obtained solution showed negligible effects on luminescence levels. The
results demonstrate, that the initially very efficient PNA-Zr nanoparticles lost their

delivery potential upon particle destruction.
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Figure 24 Splice-switching and Metabolic activity of destroyed PNA-Zr
particles. A) Splice-switching activity of destroyed PNA-Zr particles
containing SSO 705 in HeLA pLuc/705 cells. Cells were treated for
48 h with solutions of disassembled particles containing 0.16 to 5
MM SSO 705 and a 1/1.25 PNA to LP LenA ratio before luciferase
activity assay. B) Metabolic activity was determined by CellTiter-
Glo® assay in HelLa wild type cells after 48 h treatment with
destroyed particles containing 0.16 to 5 uM PNA and a 1/1.25 PNA
to LP LenA ratio. Metabolic activity was determined as percentage
of luminescence levels in treated cells normalized to HBG treated

control cells.
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As mentioned above, particles can be disassembled in phosphate buffer. This

observation raised the question, how stable the particles are at phosphate

concentration similar to serum (at adults, 1.12 mM to 1.45 mM) [237]. For

answering this, particle stability was investigated at different PBS dilutions

leading to different phosphate concentrations as well as in 20% filtered (0.2 pm)

FBS (Figure 25). Concentration depended stability decrease was observed for

the particles in PBS. Similarly, particles also disassociated in FBS over the course

of one hour, however coating with LP LenA, clearly increased the serum stability

of particles. This suggests, that one advantage of the particle coating is the

increase of particle stability.
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Figure 25 Stability of 705 SSO-Zr particles determined by measurement of

optical density (400nm) in PBS and FBS. A) Stability of 705 SSO-Zr
particles at PBS dilutions leading to different phosphate
concentrations indicated by colors. B) Stability of 705 SSO-Zr
particles (red), LP LenA coated 705 SSO-Zr particles (green) and
free LP LenA in 20% filtered FBS.
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The intended splice-switch of mutated B-globin intron in the HelLa pLuc/705
model was additionally confirmed by RT-PCR (Figure 26). Total RNA was
extracted from HelLa pLuc/705 cells 48 h after the treatment with 705 SSO-Zr/LP
LenA at optimal 1/1.25 ratio. Afterwards, the sequence surrounding 3-globin IVS2
was amplified by RT-PCR and analyzed via agarose electrophoresis. The single
band (268 bp) obtained from HBG treated control cells represents the unchanged
aberrant splicing product. In case of 705 SSO-Zr nanoparticle treated cells, a
dose-dependent appearance of an additional band (142 bp) could be detected,

which corresponds to the product after splicing correction.

PNA-Zr LP Len A HBG 100 bp
ladder
[ I . r—l—\ {_L\
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142 bp > | =
.QQQ %QQ“ ’f?\} g;b

Figure 26 RT-PCR of 3-globin IVS2 from HelLa pLuc/705 cells treated with
PNA-Zr/LP LenA at ratio 1/1.25. Total RNA was isolated 48 h after
treatments and B-globin IVS2 was amplified. Bands at 268 bp
represent the aberrant splicing product; bands at 142 bp correspond

to the product after splice-switch.

Potential cytotoxicity of the PNA-Zr particles was investigated by CellTiter-Glo®
assay with HelLa wild type cells (Figure 21C, D and Figure 22). Analog to the
splice-switching experiments, cells were incubated for 48 h with free PNA or PNA-

Zr particles at different concentrations and LP LenA ratios. Without LP LenA,
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neither free PNA, nor PNA-Zr particles mediated effects on metabolic activity at
5 uM, which indicates good tolerability at the relatively high concentration. In
combination with LP LenA a dose- and ratio-dependent reduction of metabolic
activity became obvious. It is speculated that LP LenA, similar to other potent
delivery agents and cationic lipids, is able to impair cellular processes due to
pronounced interactions [238, 239]. However, since the 705 SSO-Zr particles
were not able to induce substantial splice-switching alone, the combination with
the potent LP LenA coating is considered a reasonable measure to boost
endosomal release and enhance intracellular PNA delivery. It is suggested, that
fine-tuning particle parameters, coating ratios and dosing can lead to a favorable

balance between delivery efficiency and tolerability.

As mentioned, calcein loaded PNA-Zr particles were able to be visualized by
microscopy indicating cellular uptake of PNA-Zr particles. On their own, PNA-Zr
particles may not have enough uptake or have limited endosomal escape ability.
When combined with LP LenA these supposed weakness can be solved with cost
of effects on cell viability. To be specific, LP LenA changes charge of the
construct from negative to positive (Figure 20D) which enables better cell
membrane interaction probably by endocytosis like the most of the positively
charged carriers. After cellular uptake, nucleic acid containing polyplexes can
interact with phospholipids of the endosomal membrane, which destabilize the
membrane and release the cargo into the cytosol [240]. Similarly, LP LenA-PMO
conjugates were found to facilitate endosomal escape after cellular uptake [219].
Therefore, it is assumed that the addition of LP LenA to PNA-Zr can facilitate
endosomal escape of the particles to the cytosol. To confirm this, HelLa

mRuby3/gal8 reporter cells were used, which indicate effects on endosomal
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membrane integrity. HeLa mRuby3/gal8 express a fusion protein of galectin-8
and mRuby3. Galectin-8 is a cytosolic protein that accumulates at damaged
endosomes due to binding to glycosylation moieties located on the inner face of
endosomal membranes [241]. CLSM imaging of naked 705 SSO-Zr nanoparticles
and LP LenA coated 705 SSO-Zr particles were performed. HeLa Gal8 mRuby3
cells were incubated for 8 h with the particles followed by a medium change and
additional 4 h incubation. CLSM imaging showed that particles alone did not lead
to a redistribution of galectin8, indicating minimal endosomal disruption (Figure
27). On the other hand, LP LenA coated particles clearly disturbed the
endosomes, which is visible due to localized mRuby3/gal8 signals. Overall, the
results support the hypothesis that LP LenA plays a crucial role for endosomal

escape.

705 SSO-Zr particle (2.5 uM) 705 SSO-Zr LP LenA (2.5 uM, 1/1.25) HBG control

Figure 27 CLSM images of HeLa mRuby3/gal8 cells treated with 705 SSO-
Zr particles (left), LP LenA coated 705 SSO-Zr particles (1/1.25 ratio,
middle) and HBG control (right). mRuby3/gal8 cells were incubated
for 8 hours with particles (2.5 uM PNA content). Subsequently, the
cells were incubated for additional 4 hours with fresh medium before
imaging. Staining and imaging was done by Miriam Hohn (LMU

Pharmaceutical Biotechnology).
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4. Summary

Nucleic acid therapeutics such as antisense or splice switching oligonucleotides
are an innovative class of biopharmaceuticals. Despite the potential to treat
several live threatening, severe diseases, only handful of products are on the
market. Main problem faced by nucleic acid therapeutics is safe and efficient
intracellular delivery. This much needed delivery is only possible with potent and
flexible carrier systems. In this work, a novel delivery strategy based on
nanoscale coordination polymers formed by synthetic nucleic acid analog has

been developed.

After several trials, a robust coordination nanoparticle formation method has been
established. The synthesis requires a two-step procedure by a first preformation
of ZreO4(OH)4 nodes and second assembly with PNA linkers at RT. A systematic
variation of PNA linker design identified crucial need for two aromatic carboxylic
acid functions (PAMBA, TPA) for the coordinative interaction with Zr(IV) nodes.
By positioning said carboxylic acid functions into different PNA strands of the
double stranded linker, less stable and thermal degradation sensitive particles
are generated. Because of melting temperatures of the PNA sequences, particles
formed by double-stranded PNA linkers with separated aromatic carboxylic acids
on different strands require at least 6-mer sequences. On the other hand,
nanoparticles built from PNA linkers with both aromatic carboxylic acids on a
single strand exhibit higher stability and thermal resistance. Characterization of
the PNA-Zr particles revealed amorphous, spherical nanoparticles featuring an
extraordinary PNA loading capacity of > 94 % w/w. Further, PNA-Zr particles

showed loading capacity for the fluorescent dye calcein and were readily taken
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up by cells. The overall negative charge of the PNA-Zr particles, regardless of
linker sequence, makes electrostatic interaction with cationic carriers possible.
To facilitate endosomal release, coating with a cationic lipopeptide was utilized
and resulting particles were able to deliver functional antisense PNAs which show

splice-switching activity.

Overall, a highly flexible platform has been established, which combines
customizable PNA linker chemistry with coordinative driven self-assembly to
generate nanoparticles with imprinted biological activity. The presented bio-
active, sequence customizable PNA-Zr nanoparticle platform provides great
potential for oligonucleotide based applications, such as antisense or splicing-

modifying therapies.
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5.

Appendix

5.1 Abbreviations

ATP
ACI
ASO
BET
BPEI
CLSM
DAPI
DCM
DIPEA
DLS
DMEM
DMF
DNA
ds
DOPC
DOTMA
DTT
EDTA
ELS
EMA
FBS
FDA
FR

HA
HBG
HEPES
HIV
HOBt
ICP-AES

LP LenA

LP
LPEI
mM
MOF
mRNA
MTBE
mV

Adenosine 5'-triphosphate

Acetic acid

Antisense oligonucleotide
Brunauer—-Emmett-Teller equation
Branched PEI

Confocal laser scanning microscopy

4' 6-diamidino-2- phenylindole
Dichloromethane
N,N-Diisopropylethylamine

Dynamic light scattering

Dulbecco’s modified Eagle’s medium
N,N-dimethylformamide

Desoxyribonucleic acid

Double-stranded
1,2-dioleoyl-sn-glycero-3-phosphocholine
1,2-di-O-octadecenyl-3-trimethylammonium propane
Dithiothreitol

Ethylendiaminetetraacetic acid
Electrophoretic light scattering

European Medicines Agency

Fetal bovine serum

Food and Drug Administration

Folate receptor

Hyaluronic acid

Hepes-buffered glucose

N-(2-Hydroxethyl) piperazine-N*-(2-ethansulfonic acid)
Human immunodeficiency virus
1-Hydroxybenzotriazole

Inductively coupled plasma atomic emission
spectroscopy
(Y3-Stp2-K-¢[G-K-a,g(linolenic acid)2]aStp2-Y 3-K-
€(N3))

Lipopeptide

Linear polyethylenimine

Millimolar

Metal organic frameworks

Messenger RNA

methyl-tert-butyl ether

Millivolt
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nm
NMP
ns
PAMBA
PBS
PCR
PDI
pDNA
PEG
PEI
PFA
PMO
PTFE
PNA
PyBOP

RGD
RLU
RNA
RT
RT-PCR
SEM
siRNA
SS
SPS
SSO
TBE
TFA
TR
TIS
TPA
XRD

Nanometer
N-methyl-2-pyrrolidone

Not significant
para-aminomethylbenzoic acid
Phosphate-buffered saline
Polymerase Chain Reaction
Polydispersity index

Plasmid DNA

Polyethylene glycol
Polyethylenimine
Paraformaldehyde
Phosphorodiamidate morpholino oligomers
Pre-fitted polytetrafluoroethylene
Peptide nucleic acid
benzotriazol-1-yloxy-tripyrrolidinophosphonium
hexafluorophosphate
Arginine—glycine—aspartic acid
Relative light units

Ribonucleic acid

Room temperature
Reverse-transcription PCR
Scanning electron microscopy
Small interfering RNA

Single strand

Solid-phase synthesis
Splice-switching oligonucleotides
Tris-boric acid-EDTA buffer
Trifluoroacetic acid

Transferrin receptor
Triisopropylsilane

Terephthalic acid

X-ray diffraction
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5.2 Mass Spectrometry Data
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