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General introduction

1 Medical nanotechnology

Progress in nanotechnology over the last decad@stampplication in the biomedical field
emerged as nanomedicine around the beginning ofntilennium. According to the
European Science Foundation’s (ESF) report “Foriimak on Nanomedicine” from 2005
[1], the term nanomedicine characterizes nano-smekkcular tools for diagnosing, treating
or preventing disease, injury and pain aiming atgeehensive monitoring, repair and
improvement of biological systems [2-4]. In partaiu nanoparticles (NPs), such as
liposomes, micelles and polymeric NPs gained dttna@s carriers for small-molecule drugs,
proteins and nucleic acids. These nanocarriersiesgned to fulfill a number of tasks upon
parenteral application, most importantly: efficieatgeted cargo delivery (e.g. promoted by
homing devices for passive or active targetingptemtion of the active pharmaceutical
ingredient (API) from degradative environment (éaipile protein or oligonucleotide drugs),
reduction of undesirable side effects of the ARJ.(eontrolled release of highly-potent drugs
upon stimuli-sensitive triggering at the targeé)itand controlling the pharmacokinetics (e.qg.

provided by sustained drug delivery systems) [5-7].

2 Polymeric gene delivery

The central idea of gene therapy is introducingapeutic genes into target regions in the
human body for the purpose of curing patients smuffefrom inherited or acquired diseases.
For this reason, the development of appropriatee geelivery systems is essential for
improving the so far poor efficiency in gene traamstais well as maintaining their safety and
efficacy. Hurdles related to the use of viral vest(e.g. immunogenicity of viral components
[8-10]) and limitations of physical methods (suck gene gun, electroporation and
microinjection) in reaching metastatic cancer anthe efficient delivery of genes, make non-
viral vectors based on polymers an attractive @adtieve carrier system. However, polymeric
oligonucleotide complexes - so-called polyplexehave to overcome several biological
extra- and intracellular barriers to act as effiti@ucleotide delivery system, including

proneness ton vivo aggregation, rapid clearance from the bloodstreamd, selective and

successful gene expression at the desired talgébgather presenting a huge challenge for
efficient gene transfer [11, 12]. Polymeric casibased on polyethylenimine (PEI) are often

considered the gold standard polycations for geslaty. This can be attributed to many
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General introduction

reasons, including PEI's unique nucleic acid bigdability, protecting the genetic cargo
against inactivation by degradation. This essefagture - paired with its high endosomolytic
activity - makes the cationic polymer PEI an atikac carrier system for delivering nucleic
acids [13]. Once entering the target cell by entlusig, endosomal acidification increases
PEIs” cationic charge density leading to influxcbforide ions and osmotic water, a process
described as proton-sponge-effect [14-16]. Theiooaus swelling provokes the rupture of
the endo-/lysosomal membranes and the releases afethetic payload into the cytoplasm, a
crucial step in intracellular trafficking as illuated in

Figure I.1. However, PEIs” favourable endosomolytic potersygsimultaneously the main
disadvantage of the cationic polymer — namely ytotoxicity promoted by the high charge
density [13].




General introduction

Figure I. 1. Cellular trafficking of polymeric gene delivery sfgms. Cationic
DNA/PEI polyplexes enter the target cell via endosys and escape the adversely
acting endo-/lysosomal compartment due PEIs” hidtarge density enabling
osmotic swelling, membrane rupture and releaseha&f payload into the cytosol.
Once entered the nucleus, pDNA expression via wdptson and translation
results in the production of corresponding proteins

3 Functionalization of polymeric non-viral delivery systems - A

step closer to artificial viruses

In general, naked polymeric gene delivery systeraslacorated with functionalized domains,
mimicking artificial viruses. For successfirl vitro andin vivo gene delivery, polymeric
complexes are often equipped with shielding agdatgieting ligands, as well as domains

facilitating endosomolysis and the nuclear entry.

3.1 Targeting ligands

For improving the efficacy and cytotoxicity of aatic polymer carriers like PEI, naked
polymer/nucleic acid polyplexes are equipped witinctionalized domains. For instance,
targeting ligands are exposed on the nanopartistese for active cell targeting via ligand-
receptor interactions between the particulate saysted the cell membrane structures. Several
homing devices, e.g. antibodies, antibody fragmegitgcoproteins, vitamins and peptides
[17-21] enable enhanced cellular uptake of theieraand its payload via receptor-mediated

or related forms of endocytosis.

Mimicking the uptake behavior of natural virusesie Nt al. developed dual-targeted

polymeric complexes, fusing transferrin and integargeting [20]. Systems equipped with
dual-targeting domains showed significantly inceshé vitro gene expression, where
integrin-targeting domains predominantly mediatbée@ tellular binding and transferrin-

targeting facilitated cellular uptake via receptoediated endocytosis [20]. Exposure of folic
acid on the polyplex surface is another strategyeiasing the efficiency of polymeric carrier
systems. Folate receptors are abundant and oveessqa in certain tumor tissues [22],
making this strategy attractive for tumor-targetgshe delivery [23]. Polyplexes based on
poly(dimethylaminomethyl methacrylate) were decedatwith folate-targeted PEG-coats
[24]. Homing domain folate markedly increased trensfection levels of OVCAR-3 cells
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related to the untargeted polyplexes [24]. Anoligand which gained great interest in gene
delivery is the epidermal growth factor (EGF). Wagmand co-workers reported on EGF-
conjugated PEI/DNA polyplexes for targeted genevdey [25]. The internalization of EGF-
conjugated complexes proceeded via the assumedwidBGF receptor-mediated pathway.
EGF-conjugated PEI/DNA polyplexes resulted in u®-88ld increased gene transfection
compared with the non-targeted counterpart [25feilLdhe EGF-mediated internalization
route was confirmed for EGF-conjugated polyplexsimgi live-cell imaging [26]. In another
approach, the HER2-specific (human epidermal grofebtor receptor-2) monoclonal
antibody trastuzumab was coupled onto LPEI/DNA playes [17]. The transfection
efficiency in HER2-overexpressing breast cancer loeds markedly increased compared to
non-targeted LPEI polyplexes, while access of frastuzumab in the cell culture medium
diminished the level of transfection, clearly irmting HER2-mediated cellular uptake [17].
Similarly, flow cytometry analysis showed high HERRgeting specificity for cyclodextrine-
PEIl-oligopeptide conjugates leading to highvitro andin vivo gene transfection activity
[27].

3.2 Domains for endosomolysis and the nuclear entry

Designing artificial viruses is often associatedhwthe incorporation of endosomolytic
domains enhancing the escape of harsh conditioesept in the endo-/lysosomal
compartment. PEI is a proton sponge, leading to lonene rupture and endosomal escape
under the effect of endosomal acidification. Inesrdo further enhance the endosomolytic
potency of cationic polymer carriers, polyplexesthwisurface-attached endosomolytic
domains are developed. The endosomolytically acpeetide melittin gained particular
interest for escaping the endosome and releasmg@alyload into the cytosol [28, 29]. For
instance, Boeckle et al. developed smart PEI-nrelitbnjugates for selective membrane
destabilization at the acidic pH 5 present in thdosome. Melittin-incorporation markedly
increased the transfection efficiency compared tbyglexes without fusion peptide
attachment [30].

Decorating polymeric gene carriers with nuclearal@zation signals (NLS) peptides is
another promising option for efficient gene transiLS peptides enable the transport of the
genetic payload into the nucleus via nuclear pampiex. PEI polyplexes containing NLS

signals showed markedly higher gene transfectifinieficy both,in vitro andin vivo [31].
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However, coupling of NLS peptides onto DNA usindypeerase chain reaction (PCR) did
not significantly boost the transfection performanelated to PEI/DNA complexes without

nuclear entry domains [32].

3.3 Shielding agents

Coating NPs with the hydrophilic polymer poly(ettye glycol) PEG became the golden
standard for imparting stealth character to nartagdes. PEG is a neutral, hydrophilic and
highly water-soluble polymer. Since the first expemtal studies using PEG for the
improvement of thein vivo biodistribution of large molecules in the 197033]f the

PEGylation technology was established as standeandaisking drugs and drug carriers from
the body’s immune system. Several advantages av&dpd by covalent attachment of PEG
chains onto the target molecule: i) improvementtte drug solubility and stability, ii)

extended blood circulation time, iii) reduced dtogicity, and iv) reduced proneness of the

drug to proteolytic degradation [34, 35].

Meanwhile, several PEGylated protein, peptide aadiqulate pharmaceuticals entered the
pharmaceutical market [36-38] and generate billiohslollars in turnover (e.g. PEGylated
interferon (IFN)e2b - PEGasyy Cimzid - a PEGylated anti-TNFe. Fab’, or Doxif, a
doxorubicin loaded PEGylated liposome system). i§danumber of other candidates are on
the verge of being launched onto the market or unligcal trials. PEGylation can mediate
particles” escape from phagocytic uptake by makiegparticles “invisible” to the immune
system. Surface-masking of polymeric gene deliveoynplexes using PEG coats is an
important prerequisite for reaching distant targétsr parenteral application.

Apart from PEG, several alternative polymers asrbpghilic coating were investigated,
including poly[N-(2-hydroxypropyl)methacrylamide]39-41], poly(glycerol)s [42, 43],
poly(saccharide)s [44-46], poly(oxazoline)s [47¢lygamino acid)s [48, 49]. All alternative
approaches are aimed at masking the drug/geneedelsystem with hydrophilic polymers

escaping the phagocytic system and extending ith&ivo half-life time.
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4  Importance of shielding and deshielding in gene dielery

The development and intravenous application of raped particles can be used for cargo
delivery to tumoral or inflammatory sites after gatieral application. Passive targeting of
nanosystems to solid tumors and sites of inflamwnatian be achieved by extravasation into
the sites of disease via the distinctive vasculeshigecture present in tumoral and

inflammatory environment. Irregular shaped and yeblood vessels and endothelial cells
with large fenestrations allow the accumulatiodawfg-circulating macromolecules and NPs
into tumors by a phenomenon known as the enhaneeahgability and retention (EPR)

effect. Beside anatomical characteristics, factidts vascular endothelial growth factor

(VEGF), nitric oxide (NO), prostaglandins and briitdyn promote further permeation [50,

51] (for EPR effect reviews see [52-54]).

However, a crucial prerequisite for exploiting tBER effect is a sufficient long circulation
time after parenteral application of nanomedicires,well as sufficient colloidal particle
stability in the blood stream. Cationic nanopaesgisuch as naked LPEI polyplexes tend to
electrostatically interact with blood componentsd amon-target cells in the bloodstream,
leading to uncontrolleth vivo aggregation. Aggregates of LPEI-based polyplexxsashort

in vivo half-life, due to rapid accumulation in the lung well as elimination from the
circulation by the reticuloendothelial system (RES)-57]. Surface-decoration of NPs with
PEG became the gold standard for imparting stegitiracter to nanosystems as it offers
several benefits: steric shielding, extended catioih times and escaping the body’s
phagocytic system, allowing time for passive turnasgeting by the EPR effect.
Nevertheless, stealthiness provided by PEG bribgsitareduced efficiency, since the non-
biodegradable stealth polymer PEG can diminishutzelluptake, endosomal escape and
intracellular trafficking by the effect of steriénldrance, what is known as the PEG-dilemma
in gene delivery [58]. Additionally, production ddnti-PEG antibodies [59] and the
accelerated blood clearance of PEGylated NPs upgosated injection [60, 61] further limit
the applicability of PEGylated nanoparticles fomgedelivery. For these reasons, several
approaches were developed for overcoming the Plggitha by shedding the interfering
PEG coat after reaching the target site. Stimuisg&re linker molecules were designed and
introduced between PEG and the nanoparticle syrfagarder to get cleaved in response to
triggers such as pH-value, temperature, reducing@mment, ultrasound or enzyme activity
[62-69].
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5 Enzyme-triggered shedding approaches for nanomediues

The majority of enzymes used for deshielding apgrea belong to enzyme category 3 (for
classification see Table I. 1), for instance pregsa esterases and glycosidases. Such enzymes
catalyze the hydrolysis of chemically labile borafsthe corresponding coating materials,
allowing site- and stimuli-specific deshielding wanopatrticles. Selective and site-specific

acting makes enzymes a promising tool for contdoliemasking strategies.

Table I. 1. Classification of enzymes according to the Nomatwke Committee of
the International Union of Biochemistry and MoleaulBiology.

Enzyme category (EC) Catalyzed reaction

EC1 Oxidoreductases Catalysis of oxidative/reductive reactions

EC 2 Transferases Catalysis of transfer reactions of functional greup
EC 3 Hydrolases Catalysis of hydrolytic cleavage of chemical bonds
EC4 Lyases Catalysis of non-hydrolytic cleavage of chemicahth®
EC5 Isomerases Catalysis of transformation reactions of isomers
EC6 Ligases Catalysis of joining of chemical bonds

5.1 Extracellular and intracellular shedding

Imparting stealth character to NPs using hydrophibating materials is the state-of-the-art
technology enabling efficient drug delivery withffszient long residence in the bloodstream.
Non-degradable stealth coats (specifically PEGS)gatomote favorable features on the way
to the target site (tumoral or inflammatory sitesdmely increased stability and prolonged
circulation time in the bloodstream by reduced wir@e interactions to non-target cells and
other biological components. However, after arrsfalhe target it would be desirable to shed
down the disturbing non-degradable PEG-coat tolifate efficient cellular uptake,
endosomal escape and intracellular trafficking. yEmz-induced surface deshielding
represents a smart option for selective overcortieg?EG-dilemma due to its high selective
and site-specific acting.

As illustrated in Figure I. 2, two routes of enzyoally-catalyzed shedding are in the focus

of scientific interest: i) extracellular or ii) matcellular enzyme-responsive decoating.
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Figure I. 2. Stimuli-sensitive shedding of stealth coats — psxgd mechanisms of
extracellular (A/B) and intracellular (C) enzymeduaced decoating after reaching
the pathological target site. A) Extracellular drugelease upon controlled
cleavage of the hydrophilic stealth polymer. B) Diesding of nanoparticles in the
extracellular matrix for enhanced cellular uptakg bmproved particle-membrane
interactions due to shedding down of the stericatlindering stealth polymer
coats. C) Intracellular deshielding approaches pitb protection from

degradative environment.

Enzyme-responsive extracellular or intracellulaedsting approaches are designed to allow
scenarios of interaction with target cells andaséeof payload. For instance, deshielding of
nanoparticles under the effect of extracellularrgctenzymes is advantageous, when the
release of small-molecule drugs in the extracallatatrix is desired (Figure I. 2 A). Such
small molecules can then enter the target celldssie diffusion. Furthermore, extracellular
shedding approaches are beneficial - for instancerhen stealth coats prevent the
nanoparticles from interacting with their targeliceue to shielding their targeting moieties
or their positive surface charge (Figure I. 2 B)][7The latter is the trigger for electrostatic
interaction between positively charged particle aeti membranes with negative charge.
Meanwhile, if shielded particles are phagocytoskd, polymer coat can provide protection
for labile drugs and genes from degradative enzyimése endo-/lysosome, however, stealth
coats can reduce the carriers” ability to escapestido-/lysosomal compartment (Figure |. 2

C). Intracellular shedding can allow efficient gzedrom the endosome [71].
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5.2 Enzymatic deshielding strategies

Designing enzyme-responsive stealth-coats is aiatethe combination of exploiting the

advantages provided by shielding in the bloodstresswell as functional reactivation under
stimuli-sensitive shedding after arrival of the glrcarrier system at the target site. Enzyme-
triggered decoating provides high cleavage selégtiMwo shedding strategies exist for

enzyme-responsive stealth coats for nanosystemmselpai) cleavage of a bioresponsive

linker molecule between hydrophilic shielding pobmand anchor under enzymatic effect,
and ii) cleavage of the fully biodegradable stealtating material. These strategies are
explained below.

5.2.1 Strategy |I: Enzymatic cleavage of a bioresponsiveinker between stealth
polymer and the anchor

The incorporation of enzyme-labile bonds as linkerlecule between well-established PEG

polymers and the anchor molecules is the most egpdhedding strategy in the field of

enzyme-induced deshielding. These stimuli-sensitimker molecules are susceptible to

hydrolytic cleavage by proteases and esterasede Tal?2 provides an overview of the

different published approaches of bioresponsivelding via enzyme-labile linker molecules.

Table I. 2. Deshielding strategy I: Enzymatically-catalyzedaslage of bioresponsive

linkers between stealth polymer and anchor.

Enzyme  Linker molecule  Site of shedding Type of Invivo References
class nanomedicine studies
Proteases = MMP-sensitive  Extracellularly, tumor FeO4 NPs - [72]
peptide environment + [73]
Quantum dots - [74]
Silica NPs + [75]
Liposomes + [58, 76]
- [77]
Polycaprolactone NPs + [78]
Tetrapeptide Extracellularly, tumorLiposomes + [79]
environment
Esterases  Ester linker Extracellularly, serum  Mesjdiposomes - [80]
+ [81-84]
Solid lipid NPs + [85, 86]

-10-
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Particularly, matrix-metalloproteinases (MMPs) havattracted great interest for
enzymatically-catalyzed shedding approaches ddleeio high abundance in the extracellular
tumor matrix. The group of MMPs is composed of ayédanumber of versatile enzymes,
classified by their substrate specifity, most nbtdbe gelatinase (MMP-2 and MMP-9) and
collagenase, and by their cellular localizationmembrane-type matrix-metalloproteinases
(mt-MMPs) [87]. MMPs are involved in degradatioropesses of the extracellular matrix
(e.g. cleaving collagen) and in the tumor angiogen@and metastasis. The predominant
secretion in the tumor tissues makes MMPs a vatualger-system for targeted and
controlled shedding approaches [87-89].

The group of Harashima developed a multifunctieralelope type nano device (MEND) for
controlled tumoral delivery of genes by the EPR&f{58]. MEND was composed of pDNA-
loaded liposomes equipped with an MMP-2-sensititi#&sBeptide-lipid for overcoming the
PEG-dilemma. PEG coating enabled tumor accumulatidmnle the biodegradable PEG-
peptide-lipid resulted in 65 times higher lucifexasansfection levels compared to the non-
degradable PEG-MENDs [58]. Similarly, PEGylated pPManoparticles were generated
using PEG-peptidyl lipids for controlled pDNA retsain the tumor [77]. Peptide-linkers
were elastase- (amino acid sequence: AAPV) or MMieiisitive (amino acid sequence:
GPLGV). Under enzymatic effect, the vitro transfection was boosted by improved cellular
uptake and intracellular trafficking [77]. Ma#t al. reported on a PEG-shielded and MMP-2-
specifically deshielded quantum dot (QD) systemhwdifferent PEG chain densities [74].
Shielding diminished the cytotoxicity of heavy metans of the QDs. Shedding the stealth
coats upon addition of MMP-2 increased the uptakeQD by uncovering of surface-
immobilized cell penetrating peptides [74]. The groof Bhatia developed iron oxide NPs
with MMP-2-sensitive PEG coats enabling particlé-assembly by the effect of shedding
[72] and magnetofluorescent iron oxide NPs withlgmged blood circulation times (8x
slower blood clearance) for passive tumor targetind tumor imaging following enzymatic
particle unmasking [73].

Other reports report on the use of masking and skim@ approaches for the controlled
delivery and targeted-release of small cytotoxiclemwles, such as docetaxel (DOC) or
doxorubicin (DOX) [75, 78]. Liu et al. prepared P@&ed DOC-loaded poly{
caprolactone)-based NPs with/without gelatinaseitea peptide linkers [78]. The
therapeutic effect of DOC-PCL NPs was benchmarkginat a commercially available DOC
drug (Taxoter®). Reversible shielded DOC-PCL nanoparticles shohigtier DOC release

and cellular uptake under enzymatic stimuli comgangth non-reversible coated NP

-11-
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vivo treatment revealed high tumor accumulation indase of PEG-peptide-PCL NPs that
was detectable for 72h. The developed DOC-loaddd W resulted in a higher therapeutic
effect and lower cytotoxicity than the commerciadlyailable control [78]. Similarly, DOX-
loaded silica nanoparticles were decorated with MiBradable PEG-peptide. PEGylation
drastically reduced the NPs™ toxicity via diminidhaindesired interaction with cell
membranes. MMP-catalyzed dePEGylation restored ciemotoxic potency of highly-
cleavable DOX-loaded silica NPs contrary to non-law-cleavable PEGylated analogs,
indicating stimuli-triggered doxorubicin releasevitro andin vivo [75].

The accelerated blood clearance (ABC) phenomenon nof-reversible PEGylated
nanosystems following repeated injections is ofegrorted in literature [60, 90]. In order to
address this problem, PEGylated nanosystems caquipped with enzymatically-cleavable
PEG shields, where Zhao et al. showed that coatfrngplid lipid NPs using the esterase-
cleavable PEG-cholesteryl hemisuccinate (PEG-CHEM®Yyented the ABC phenomenon
after both s.c. and i.v. injections [85]. PEG-lipidased on cholesterol, namely PEG-CHEMS,
PEG-CHMC (PEG-cholesteryl chloroformate) and PEGSTHtris(hydroxymethyl) amino-
methane salt of cholesteryl hemisuccinate) werachéd onto liposomal and vesicular
systems to reduce or stop the induction of the AB@nomenon [81]. In another approach
overcoming the accelerated clearance of PEGylated, the PEG-CHEMS conjugate was
extended with the pH-sensitive hydrazone molecuigite a PEG-Hz-CHEMS conjugate that
is susceptible to serum esterases and low pH vi#3és

The effect of the degree of PEG-decoration and mezgoncentrations on the extent of
enzyme-triggered cleavage of PEG-lipids was ingastid by Xu and co-workers [80].
Increasing the PEG chain density on the particiéasa is associated with lowered extent of
biodegradation, while the rate of biocleavage wasaaced under the effect of high enzyme
concentrations. The enzymatic removal of the PE& auduced controlled release of the
loaded drug [80]. Stability issues were studiechgdPEGylated solid lipid nanoparticles.
Upon addition of carboxylesterase polysorbate dePiBonostearate coatings were gradually
degraded after 60 min resulting in a decrease enptirticle size. A 24h enzyme-treatment
resulted in increased nanoparticle sizes inducedpdnyicle destabilization and enzyme-
triggered drug release [86]. Esterase-catalysisded PEG detachment from the liposomes’
surface and resulted in tumor-specific pPDNA gengression [84].

-12-
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5.2.2 Strategy II: Fully biodegradable stealth coats fodong-circulating nanosystems
Beside the use of “bio-labile” linkers between tien-cleavable shielding polymer and the
anchor molecule, only few attempts were performegbléementing fully biodegradable
coating materials for enzymatic shedding, mostlyseldla on poly(amino acid)s and
polysaccharides. Coating nanosystems using fulymatically-cleavable stealth shields
offers benefits in relation to the shedding apphoatilizing bioresponsive linker-molecules:
i) easier-achievable synthesis and purificatiothefsynthesis products due to two-component
synthesis versus three-components approaches gelg(amino acid)-anchor vs. PEG-
peptide-anchor), ii) no need for incorporating abt& bonds over long-term and iii) two
features provided by one component, namely shigldind deshielding ability. Shedding

approaches using fully biodegradable coatings &mosystems are listed in Table I. 3.

Table I. 3.Deshielding strategy Il: Enzymatically degradableelding coats.

Shielding agent Enzyme class Site of shedding Type of Invivo References
nanomedicine studies

Poly(amino Proteases Extracellularly, Liposomes, Fg, - [48, 91, 92]

acid) endo-/lysosomal  NPs + [93]

compartment
Oxidoreductases Mitochondrial area Peptosome, + [49, 94]

lactosome

Dextrin Glycosidases Extracellularly, = Polymer-protein - [95, 96]

tumor environment conjugate

+ [97]

Hyaluronic acid  Glycosidases Extracellularly Polyrpeotein - [98]
conjugate

Starch Glycosidases Intracellularly,  Silica NPs - [99]

lysosome

Romberg et al. generated poly(amino acid) coatiraged on poly(hydroxyethyl L-glutamine)
(PHEG) aiming at prolonged circulation time, lipos® stabilization and drug release under
enzymatic cleavage [48]. Following proteolytic stied) of the PHEG coat, dioleoyl
phosphatidylethanolamine (DOPE)-based liposomesvezted from the lamellar to the
hexagonal state, which was monitored by dynamiuat Iggattering as increase in the particle
size and polydispersity of the liposomes and irsedaelease of the encapsulated model-drug
calcein [48]. In addition, the pharmacokinetic baba of PHEG- and PHEA

13-
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(poly(hydroxyethyl L-asparagine))-decorated lipogsmvas assessed in rats. The hydrophilic
coating materials significantly increased the ti&f-of shielded liposomes compared with the
non-coated particles [93]. Poly(amino acid)s cagiare also used in the field of molecular
imaging [49, 94]. Near-infrared fluorescence (NIR&)eled peptosomes [49] and lactosomes
[94] were equipped with poly(sarcosine) shields tiamor targeting. A thin brush-layer of
surface-grafted poly(sarcosine) can promote pra&pellent properties, an important
prerequisite for efficient stealth polymer potendyndesired protein interactions were
diminished with increasing poly(sarcosine) surfadensity [100]. Incorporation of
hydrophilic poly(sarcosine) onto the surface of @solar imaging nanocarriers encapsulated
with a NIRF-probe allowed tumor accumulation by #RR effect and cancer imaging [49,
94]. Similarly, different poly(saccharide) polymeshowed in several studies beneficial
shielding and shedding performance for proteinapeutics, bothn vitro andin vivo. For
instance, in the research group around Ruth Durtbanpolymer-masked-unmasked-protein
therapy (PMUPT) was applied using dextrin-phosglade A2 (PLAZ2)-conjugates to
decrease the systemic toxicity of phospholipase (RRA2) from honey bee venom and
restore its antitumoral activity after enzymatianasking [95]. Similar PMUPT approaches
were made using stealth polymers dextrin or hyalgracid: Conjugates of dextrin and
recombinant-human epidermal growth factor (rhEGK)terted the growth factor from
proteolysis by elastase, while shedding by alphglase restored rhEGF’s potency for
increased proliferation of fibroblasts [96]. Dermabund application with dextrin-rhEGF
conjugates significantly accelerated wound healoghpared to rhEGF application [97].
Coupling hyaluronic acid (HA) onto model-proteirygsin resulted in increased trypsin
activity related to that of the free enzyme undher éffect of the glycosidase [98]. The effect
of adding pancreatin ¢-D-galactosidase to starch-coated silica nanopestiwvas studied on
the release of the encapsulated dye. Upon enzystatiali the dye was released in different

manners depending on the grade of hydrolyzed s{8ajh

6 Alternative shielding agent: Hydroxyethyl starch (HES)

An optimal coating material ideally comprises seVv&eneficial characteristics: i) hydrophilic
and non-charged polymer, ii) non-immunogenic arutiégradable coating material allowing
efficient shielding and controlled deshielding) tirotein-repellent properties, and iv) non-

toxic cleavage-products. While PEG offers many falbte properties, its lack of
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biodegradability and immunogenic potential makeasrahtive candidates for stealth coating
very attractive. In the current dissertation, hygethyl starch (HES) was proposed as a
biodegradable substitute of PEG offering an opmityufor controlled shielding and
enzymatically-catalyzed deshielding of nanomedgine

HES is a water-soluble, biodegradable and semist¥iotistarch derivative, mostly derived
from amylopectin-rich waxy maize starch or potatreh. The polysaccharide predominantly
consists of-1,4-glycosidic D-glucose units with few sites aabching viaa-1,6-glycosidic
bonds (Figure 1. 3). Industrial HES generation pegts in three main stages, namely:step:
acid or enzymatic hydrolysis of amylopectin-richrsh (for adjustment of molecular weight),
2" step: hydroxyethylation of cleavage products Miemical modification with ethylene
oxide under alkaline conditions (for adjustmentlod degree of hydroxyethylation of HES),

and 3° step: purification/fractionation of HES (for adjment of HES’ polydispersity) [101].

B CHy0—— CHy — CHyOH

Hz
0—C =—CH,0H

Figure 1. 3. General structure of hydroxyethyl starch . Numbeepresent the
order of enumerated carbohydrates of the anhydroghe unit of HES.
Hydroxyethylation of amylopectin-rich starches ctake place at position C2, C6
and C3 (ordered by frequency).

Hydroxyethylation of starch increases the wateulsitity, lowers the viscosity and - more
importantly - reduces the degree of biodegradahiditthe polymer, increasing the systemic
half-life from few minutes (starch) up to severaubs (HES) [102, 103]. Additionally, HES”
protein-repellent action [104, 105] has attracteehginterest for the application of HES as
substitute for PEG for macromolecules [101, 106/]1&hd particulate systems [105, 108].
The rate and extent of enzymatic biodegradatioggétied by serumw-amylases can be
controlled by fine-tuning the HES" molecular chaeaistics. Hydroxyethylation of
amylopectin-rich starches predominantly takes plate position C2 of the HES’
anhydroglucose unit (AGU), less frequently at positC6 and C3. In particular, substitution
of position C2 has deep impact on HES  biodegradatinetics, where the attached

hydroxyethyl residues can reduce the level of kgoaéability by the effect of strong steric
-15-
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hindrance. Beside the degree of hydroxyethylattbe, pattern of substitution — here most
notably the C2/C6 ratio — and to a lower extentrtiidar mass of HES, can affect the degree
and kinetics of cleavage of1,4-glycosid bonds of HES by serum-amylases [109)]. In
addition, a high abundance of amylases in sevenabt tissues, such as breast, lung, ovarian
and pancreatic cancer [111-115], makes HES-deabraeocarriers attractive for enzyme-
responsive drug and gene delivery to distant tumiiigha-amylases are mainly secreted by
the saliva or the pancreas, act hydrolytically anel classified into enzyme-class EC 3.2.1.1
(according to the Nomenclature Committee of therhmtional Union of Biochemistry and
Molecular Biology, see chapter 1.5.1). Caldwellaktreported 1953 on stability and activity
issues of amylase and found that the cleavagermpeafoce of amylase is closely linked to the
presence of chloride and calcium ions [116]. Thettgccommon industrial use afamylase

is the application in detergents for removal ofdtas [117].

The polymer HES shows great structural similargdyhuman glycogen, the energy reserve
stored in liver and muscle cells that can be tamnséd to glucose in the case of energy
demand. This chemical resemblance between HES Isgndggn is believed to be the cause
for HES™ reduced immunogenicity [118]. HES soluti@re in clinical application for decades
as plasma volume expander in high doses showingd gwerability. Nevertheless, no effect
without adverse effect. Pruritis - induced by largt HES therapy in high dosages - is the
most often adverse effect (< 10%) according to mm@nufacturer's expert information
(Fresenius Kabi). Blood volume substitution usingSHimproves the hemodilution by
reduction of the coagulation factors fibrinogenctea VllIl, von Willebrand’s factor, and of
the platelet function, however, causing prolongkegding time [119-121]. Blood substitution
using low molar mass HES types with low degreeutfssitution can minimize such effect
[122]. In comparison to gelatin-, dextran- and afilubased blood volume substitutes, HES
infusions show the lowest tendency for anaphylacteactions with an incidence of 0.058%
[123].

Beside its clinical application as plasma subsittHES was utilized for many biomedical
applications. For instance, HES-drug conjugategewenerated for increasauvivo half-life
and sustained drug release of an erythropoietinetiinpeptide and the anti-cancer drug 5-
fluoruracil [124, 125]. In the field of magnetics@ance imaging, a novel macromolecular
contrast agent based on HES was designed, allowgigcontrast imaging [126]. Harlingt

al. developed hydrogel microparticles based on HESdfog delivery. Lysozyme-loaded
microparticles showed controlled releasevitro over 4 months that is expected to proceed

faster undem vivo conditions in presence of amylase [127]. SimilaAl C-labeled 1gG was
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encapsulated into hydrogel microspheres to achoardrolled release of macromolecules
[128]. The use of HES as cryoprotecting agentss described in the literature. For instance,
hEHC cells for tissue engineering and human ergies were cryopreserved using HES as
additive [129, 130]. In another study, cross-linkédS nanocapsules with/without folic acid
surface-attachment were prepared to study theipagisc or receptor-mediated cellular
uptake. CLSM measurements confirmed the stealthactex provided by HES, since HES
nanocapsules without surface-modification resuitedharkedly reduced unspecific cellular
uptake related to folate-decorated HES nanocap$iBdg. In addition, the effect of particle
shielding was reported on reduced phagocytic uptdleESylated nanospheres by Besheer
et al [108].

7 Objectives of the thesis

Dandelion spheres are formed of thick shields sumdong a small core, which get deshielded
as a response to external stimulus (namely wind)ulgting nature’s design, this work
describes the development and use of “nano-dam$giibiydroxyethyl starch (HES)-coated
core-shell nanoparticles with controlled shieldégeshielding for nucleic acid delivery. The
concept is shielding the polyplexes in the bloaganh from non-specific interactions, and
enhancing the cellular uptake at the tumor sitéhieydegradation of the coat under the action

W% \k\ f/ff

of a-amylase (Figure I. 4).

ey
~F /L i
AN HES-PEI amylase
¥ 'V,iﬁg"‘;’«
Naked polyplex HESylated Deshielded
nanoparticle polyplex polyplex
nanoparticle nanoparticle

Figure |. 4. Schematic illustration of the concept of contrdllshielding and
enzymatically-catalyzed deshielding of HES-decatatano-dandelions.

For this reason, the first major objective wasyotisesize several HES-PEI conjugates with

different molecular characteristics of HES, aimirg the generation of stable and
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bioresponsive HES-decorated PEI/DNA polyplexes aslsstitute for PEGylated polymeric

complexes. The proof-of-concept of nanoparticleelsiimg and enzymatically-catalyzed

polyplex surface deshielding using different HESatsoand alpha-amylase was tested in

severalin vitro andin vivo model experiments. Additionally, the effect of pyulization of

HES-coated polyplexes on their long-term stabgityg gene expression activity after storage

was investigated. Most of the experiments weregoeréd with naked LPEI polyplexes and

PEGylated polymeric complexes as controls.
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Abstract

The non-viral delivery of nucleic acids faces maxyracellular and intracellular hurdles on
the way from injection site to the site of acti&¢imong these, aggregation in the blood stream
and rapid elimination by the mononuclear phagocyystem (MPS) represent strong
obstacles towards successful development of theseiging therapeutic modalities. Even the
state-of-the-art solutions using PEGylation show loansfection efficiency due to limited
uptake and hindered endosomal escape. Engineéencatriers with sheddable coats reduces
aggregation and phagocytosis due to the effecti@dng, while the controlled deshielding
at the desired site of action enhances the uptalerdracellular release. This work reports
for the first time the use of hydroxyethyl star¢t&S) for the controlled shielding/deshielding
of polyplexes. HES, with different molar massessaafted to polyethylenimine (PEI) and
characterized usintH NMR, colorimetric copper-assay, and SEC. HES-&Eljugates were
used to generate polyplexes with the luciferaseesging plasmid DNA pCMVluc, and were
characterized by DLS and zeta potential measurem@&mashielding was tested vitro by
zeta potential measurements and, erythrocyte agtpagassay upon addition afamylase
(AA) to the HES-decorated particles. The additidrA8 led to gradual increase in the zeta
potential of the nanoparticles over 0.5 to 1 h amda higher aggregation tendency for
erythrocytes due to the degradation of the HES-andtexposure of the polyplexes’ positive
charge.In vitro transfection experiments were conducted in 2 logedks £+ AA in the culture
medium. The amylase-treated HES-decorated compih@sed up to 2 orders of magnitude
higher transfection levels compared to the untcebleS-shielded particles, while AA had no
effect on the transfection of PEG-coated or unabatelyplexes. Finally, flow cytometry
showed that the addition of AA increased the amairdelivered DNA per cell for HES-
shielded polyplexes. This study shows that deawmgatianoparticles with HES can be a
promising tool for the controlled shielding/desHia of polyplexes.

Keywords

Hydroxyethyl starch (HES), shielding and deshigdimioreversible coats, nucleic acid
delivery, polyplexes
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1 Introduction

Non-viral gene delivery to specific tissues andanigyis a promising treatment modality for
many diseases that are currently difficult to canest notably cancer. Since the seminal work
of Theodore Friedmann in 1972 [1], the developmeintafe and efficient gene delivery
systems has been the focus of many research grpaps;ularly the lipid- and polymer-
mediated nucleic acid transfection. They employooat lipids or polycations to condense the
DNA into lipoplexes or polyplexes, respectively,danvercome many extracellular and
intracellular hurdles on the way from the applioatsite to the desired site of action. Among
these hurdles, the nucleic acid complexes are pimevivo aggregation and rapid removal
from the systemic circulation. This is because loé hon-specific binding of cationic
complexes to the anionic plasma proteins and egiites, leading to aggregation and
accmulation in the lungs. Additionally, they arepicly eliminated by the mononuclear
phagocytic system (MPS), and thus have a shoremsysthalf-life. This is detrimental to
targeted-tumor-therapy, since sufficiently long ideace time in the bloodstream is
indispensable to allow passive gene targeting tilvotlne leaky vasculature of tumors or
inflammatory foci by the enhanced permeability agténtion (EPR) effect [2, 3].

PEGylation of nanomedicines is the state-of-the-tgthnology to overcome the
aforementioned problems. Incorporating the hydrappblymer poly(ethylene glycol) (PEG)
onto the surface of polyplexes [4, 5], and lipopleXx6, 7] prevents aggregation by masking
the surface charges and decreasing the non-speé&gftrostatic interactions. Additionally,
PEGylation prolongs thi vivo circulation time [8] - an effect coined “stealtéffect - by a
mechanism not yet fully known [9], however the effenight be due to 1) reducing protein
adsorption and opsonization, 2) selective adsamptib dysopsonins [10, 11] or 3) due to
influencing the rates of adsorption of differensopization/desopsonization proteins [12].
However, the PEG coat reduces transfection effogiém vitro andin vivo, in what is known
as the “PEG-dilemma” [13]. This is because it mayrdduce the cellular interaction and
uptake, 2) interfere with endosomal escape andn®xfere with DNA release from the
complexes [13, 14]. Different groups have addres$isese problems by developing sheddable
PEG coatings, which shield the DNA complexes in lih@odstream and are shed down
gradually or at the target site (deshielding). Fatance, PEG-lipids can be spontaneously
extracted out of lipoplexes for DNA delivery, aretrate of extraction can be controlled by
tuning the hydrophobicity of the lipid part [15]dAitionally, the linker between PEG and the

delivery vector can be a stimuli-sensitive bondichttleaves upon a drop of the pH [16-19],
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presence in a reductive environment [20], or by dloBon of proteases on biodegradable
peptide linkers [21, 22].

Contrary to PEG, shields composed of biodegradgalymers can get deshielded by
degradation of the protective coat itself. Ther lawwever very few reports on this approach
[23, 24]. For instance, Rombergt al used a protease-cleavable poly(hydroxyethyl-L-
asparagine) to impart stealth properties to lipa®i25, 26]. The latter polymer is then
deshielded extra- or intracellularly by the actadrproteases. Duncan’s group used dextrin for
shielding and deshielding of proteins rather thamaparticles, in what they dubbed as
“polymer masked-unmasked protein therapy” (PMUPZ}-£9]. For instance, they coupled
dextrin to rhEGF to stabilize it in wound environmheand slowly activate it by the action of
amylase on dextrin [29]. To the best our knowledge,similar approach was tested with
polyplexes. In this work, we describe the use dfi@edegradable polysaccharide, namely
hydroxyethyl starch (HES), for the controlled stie/deshielding of polyplexes for nucleic
acid delivery.

HES is a semisynthetic biodegradable polymer widslyd as plasma volume expander [30-
32]. It is degradedn vivo by seruma-amylase (AA) [33, 34]. Contrary to the above
mentioned biodegradable polymers, it offers theaathge of controllable biodegradation,
where the rate and extent of degradation can hdategl by fine-tuning the molar mass and
degree of hydroxyethylation. Additionally, it hasigh water solubility, low hypersensitivity
[35], and protein repellent characteristics [3@he$e favourable properties raised interest in
HES as a biomedical material, where it was tested macromolecular MRI contrast agent
[37], and as a substitute for PEG in the half-dif@ension of peptides and proteins [38, 39].

In this paper, the biodegradation of HES is integtan the design of DNA complexes to
serve a smart function, namely, the controlledldhig/deshielding of DNA complexes. To
this end, HES with different molar masses was cadipb polyethylenimine (PEI) by Schiff’'s
base formation and reductive amination [40]. TheSHEEI copolymer was characterized by
'H NMR, colorimetric cupper assay, and SEC. Bioptsistharacterization of the polyplexes
included particle size and zeta potential measunésn®eshielding was testedvitro by zeta
potential measurements and erythrocyte aggregatisay upon addition of AA. The effect of
shielding/deshielding om vitro gene transfection was examined using Neuro2A dsase
HUH?7 cells in cell culture medium £ AA. UnmodifidREl polyplexes (unshielded) and PEG-
PEI polyplexes (shielded) were used as controfsast of the experiments.
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2 Experimental Section

2.1 Materials

Hydroxyethyl starch (HES) with an average molar snglsl,) of 70 kDa and a molar
substitution of 0.5 (MS; the mean number of hydeikyl groups per glucose unit) was
kindly provided by Serumwerk Bernburg, Germany. iSodcyanoborohydride (NaBJ€N)
was purchased from Merck Schuchardt OHG (Hohenhru@ermany). Linear
polyethylenimine with an average molar mass of P& KPEI22) and the PEI22 — PEG20
conjugate (PEG20: polyethylene glycol with the ager molecular weight of 20 kDa) were
synthesized as described in [4bkfamylase (AA) from porcine pancreas (with 30 units
amylase per mg), Triton-X 100, and citrated humiasrmpa were bought from Sigma-Aldrich
(Steinheim, Germany). Blood from C57BL/6 mice walstained from the Institute of
Pharmacology, Department of Pharmacy, Munich. RlAg@MVluc [42] was prepared by
PlasmidFactory, Bielefeld, Germany. Phadebas® Asgyl@est was purchased from Magle
AB, Lund, Sweden. Label IT® Cy™ 5 Labeling kit walstained from Mirus Bio Corporation

(Madison, USA). Other solvents and chemicals weagent grade and were used as received.

2.2 Methods

2.2.1 Acid hydrolysis of HES70

The acid hydrolysis was performed according tostiaech degradation process of Nitsch [43]
with some modifications. Briefly, 5 g HES70 weregsblved in 100 mL HCI (0.05 M) and
heated up to 100°C on oil bath (with reflux condeim). The reaction was stopped after 2 h
by the addition of 1 M sodium hydroxide (NaOH) san, and adjusting the pH to neutrality.
The resulting solution was dialyzed against highlyified water for 48 hours (Cellu Sep T1,
nominal MWCO 3500 Da, Membrane Filtration Produats Seguin, TX, USA). The product
was then lyophilized and stored in a desiccatoo@in temperature.

2.2.2 Determination of the molar mass of acid-hydrolyzedHES using asymmetric
flow field flow fractionation (AF4)

The AF4 instrument used for the characterization of ilgdrolyzed HES products consisted

of an Eclipse 2 separation system (Wyatt TechnolGgyp., Santa Barbara, CA) that was

coupled to an 18 angle multi-angle light scattefRALS) detector (DAWN EOS MALS,
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Wyatt Technology Corp.) with a laser of waveleng®8® nm. The Agilent HPLC system 1100
Series was used (Agilent Technologies, Palo Altd).Gt was equipped with a degasser,
isopump, autosampler, and a refractive index (Ridector. Samples were prepared at a
sample concentration of 5 mg/mL in filtered 50 mMQ solution (0.1 um cellulose nitrate
filter, Whatman GmbH Dassel, Germany) with 0.02 %% WaN; preservative. 100 uL sample
volume was injected into the standard separaticammmél system (25 cm), with channel
thickness of 350 um and equipped with a 5 kDa €utxfenerated cellulose ultrafiltration
membrane (Wyatt Technology Europe, Dernbach, Geyjndine separation was performed
with an applied channel flow of 2 mL/min coupledattinearly decreasing cross flow gradient
(from 2 mL/min to O mL/min over 30 minutes) [44].d\cular weight was calculated using
ASTRA software version 5.3.2.22 (Wyatt Technologgri€) using the refractive index
increment (dn/dc) of 0.1475 &g for HES [44].

2.2.3 Biodegradation of HES70 and HES20 with pancreatia-amylase (AA)

The enzymatic activity of pancreatic AA was detered using the Phadebas Amylase Test
according to the standard protocol provided by henufacturer. Mixtures of HES70 or
HES20 with AA were prepared at a HES concentratioh mg/mL in either HBG pH 6.0 or
7.1 (HEPES buffered glucose; 20 mM HEPES, 5 % gladov/v)) or PBS pH 7.4. 100 pL
sample volume was injected into the AF4 channetrabdy, using a regenerated cellulose
ultrafiltration membrane (Wyatt Technology, cut-of kDa). All samples containing
pancreatic AA were adjusted to an enzyme activitg@U/L. Mixtures were incubated at 25
or 37 °C, and samples were withdrawn at time pdnt3.5, 1, 2, 4, 6, and 24 h. To stop the
enzymatic degradation of HES, samples were heate€d®t°C for 3 min. All samples and
controls were treated under aseptic conditions sittrile filtration to prevent possible
degradation caused by microbial contamination. fduiction in the molar mass of HES70
and HES20 was followed by the Wyatt Eclipse 2 Alydtam in combination with MALS-

and RI-detection as explained earlier.

2.2.4 Synthesis and purification of HES-PEI conjugates

Conjugates of HES20 and HES70 with PEI22 were pegbi the molar ratio of 25:1 HES to
PEI according to a modified procedure of PEI madifion described by Kircheet al.[45].
PEI was attached to HES via Schiff's base formagioth reductive amination. An amount of
50 mgq linear PEI22 was added to HES20 or HES7®hrtM PBS buffer (pH 7.4), and was
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shaken at room temperature. After 2 hours 59.8 mthe reducing agent NaBBN was
added and reductive amination was performed foh@rs. lon exchange chromatography
was carried out to remove unbound HES, where HESy&ures were loaded onto a cation-
exchange column (Bio-Rad Macro-Prep high S HR 10Mercules, CA, USA) and
fractionated using a sodium chloride gradient frof/m M to 3.0 M salt concentration in 20
mM HEPES, pH 7.3. PEIl-containing fractions wereedtstd by UV-spectroscopy at 280 nm.
The collected fractions were dialyzed against highirified water (Cellu Sep T1, nominal
MWCO 3500 Da, Membrane Filtration Products Inc,®egTX, USA), then lyophilized.

2.2.5 Nuclear magnetic resonance spectroscopy
For the'H-NMR measurements, 10 mg samples of both polymejugates were dissolved in

D,0, and the spectra were obtained by using Jeol HEAB00 (500 MHz) spectrometer.

2.2.6 Copper assay

In accordance to Ungaret al [46], a calibration curve for PEl was created rotiee
concentration range 5.0 to 50.0 pg/mL in 150 mM PRBS 7.4, and measured
spectrophotometrically at 285 nm. An amount of 2ZB@uSQ - 5 HO were dissolved in 100
ml 0.1 M sodium acetate buffer solution (pH 5.4Jded to solutions of PEI or HES-PEI
conjugate, and incubated at room temperature fomiftutes. Photometric analysis was
performed on an Agilent 8453 UV-vis Spectroscopyst&ym (Agilent Technologies,
Waldbronn, Germany).

2.2.7 Size exclusion chromatography
The characterization of the HES-PEI conjugates paformed using a combination of SEC
with MALS at 18 angles using the Eclipse 2 separasiystem (Wyatt Technology Corp.) and
the 1100 Series Agilent HPLC system (Agilent Tedbgies, Palo Alto, CA). Detection was
carried out via MALS (DAWN EOS, Wyatt Technology 1§g. SEC experiments were
performed with a TSKgel G5000PWXL-CP column (7.8 mn30.0 cm) that was kindly
provided by Tosoh Bioscience GmbH, Stuttgart, Geynd he HES-PEI conjugate samples
were prepared at a concentration of 5 mg/mL, thgrobsolutions (mixture of HES and PEl,
free PEI) were made at a PEI concentration of Inthgh 50 mM NaCl. An amount of 100
pL sample was injected per SEC run, the fluid flols 0.5 mL/min. ASTRA software
(version 5.3.2.22, Wyatt Technology Corp.) was usediata analysis.
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2.2.8 Preparation and characterization of polyplexes

Naked polyplexes (nPx) were prepared by the ragitian and mixing of PEI to the plasmid
pCLuc (pDNA), to a final DNA concentration of 20 fjag- in HBG pH 7.1, at N/P ratios of

3.6, 4.8, 6.0, 7.2, or 8.4, then incubated at rademperature (RT) for 30 minutes prior to
analysis. The N/P ratio is defined as the molaoratt PEI nitrogen atoms to plasmid nucleic
acid phosphate atoms. For instance, PEI/DNA tratiste particles at the N/P ratio of 6.0
were composed of 20 pg DNA and 16 pg PEIl. HESylatdgplexes were produced in the
same fashion as nPx, with the exception that pue Wwas partially replaced by HES-

modified PEI, e.g. HES70-PEI/DNA complexes at NaBar 6.0 and a ratio of PEI to HES-
modified PEI of 90:10 were made of 20 pg DNA, anchiature of 14.4 ug PEIl and 1.6 pg
HES70-PEI22 (weigh of the PEI fraction). HES70-BRA (HES70Px) and HESZ20-

PEI/DNA (HES20Px) polyplexes were generated witieg¢hvarying ratios of PEI to HES-PEI
conjugates; namely 95:5, 90:10, and 85:15. Polygdexontaining PEG20-PEI (PEG20PX)
were prepared at 90:10, molar ratio of free PERES-PEI conjugates.

2.2.9 Particle size and zeta potential determination

Measurements of the particle size and surface ehafryarious polyplexes (nPx, HES70Px,
HES20Px, and PEG20Px) were performed in HBG pHa®@or pH 7.1 using a Malvern
Zetasizer Nano ZS (Malvern Instruments, WorcestershUnited Kingdom). The
measurements were conducted in semi-micro PMMAadiable cuvettes (Brand, Wertheim,
Germany) and in folded capillary cells (Malvern tlasnents, Worcestershire, United
Kingdom) at 25 or 37 °C. For data analysis, the leygdl values for the viscosity of the
dispersant (water with 5% glucose (w/v)) were 1@8@as at 25 °C, and 0.8359 mPas at 37
°C (viscosity values were already available in MWM&LVERN Zetasizer software V. 6.12).
The resulting particle size data are the averagse tdast three measurements3)) whereas
every single measurement is composed of threel sena of 15 subruns. Analysis of the
particle surface charge was carried out in tripisadirectly after particle size determination
without further sample treatment. The performedtagg¢ was set to 100 V, and the
monomodal setup was applied. Malvern Zetasizer wsoét version 6.12 (Malvern
Instruments, Worcestershire, United Kingdom) waeduer data acquisition and analysis.
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2.2.10 Treatment of polyplexes with pancreatica-amylase (AA)

The effect of pancreatic AA (40 U/L and 100 U/L) dwophysical properties of HES-
decorated polyplexes was investigated. nPx and HE$SAvere generated at the DNA
concentration of 20 ug/mL in HBG pH 6.0, and at\dR ratio of 6.0. HESylated polyplexes
were prepared with varying ratios of PEI to PEl{jogates (95:5, 90:10, 85:15). After 30 min
incubation of the polyplexes at room temperatur@, sock solution (amylase activity 1000
U/L) was added to the polyplex solution to givearalf AA activity of 40 or 100 U/L, mixed
intensively, and the resulting AA-polyplex mixtunas analyzed using a Malvern Zetasizer
Nano ZS instantly after combination of the enzyme aubstrate. Analysis of particle size
and zeta potential of PEI/DNA complexes was peréamt time point 0, 0.25, 0.5, 1, 2, 4,
and 6 h holding the polyplexes at 37 °C.

2.2.11 Erythrocyte aggregation assay

Fresh blood from 3 months old male C57BL/6 miceg@&ément of Pharmacy, Institute of
Pharmacology, Munich) was collected, spiked witA % (m/v) sodium citrate to prevent
coagulation, and washed by six centrifugation s¢p90xg, 10 min, 4 °C) with PBS pH 7.4
until a colorless supernatant was obtained. ThespeEnsion of erythrocytes was carried out
in phosphate-buffered saline at a concentratior2%f (V/V). An amount of 50 pL of
HES70Px and HES20Px (95:5, 90:10, and 85:15 malao of free PEI to modified PEI,
respectively) in HBG pH 7.1 was mixed with 100 priiterocyte suspension in PBS pH 7.4 +
AA with 40 U/L final concentration. Buffer, buffer AA, nPx, and PEG20Px (90:10) were
used as controls. The solutions were incubatedlwél plates (Costar) for 90 min at 37 °C
under constant gentle agitation. For microscopalyais, pictures were taken with a Keyence
VHX-500F digital microscope (Keyence Corporationsa®a, Japan) with a 1000-fold

magnification.

2.2.12 Cell culture experiments

Cell culture media, antibiotics and fetal calf sar{FCS) were purchased from Life
Technologies (Karlsruhe, Germany). All culturediselere grown at 37 °C in 5% GO
humidified atmosphere. Murine neuroblastoma, NeAr@2TCC CCI-131, purchased from
DSMZ, Braunschweig, Germany) were cultured in Dotmes Modified Eagle Medium
(DMEM). Human hepatoma cells HUH7 (JCRB 0403, Tqgkyapan) were cultured in

-35-



Controlled shielding and deshielding of HES-decentgiolyplexes

DMEM/HAM's F12 medium (1:1). All media were supplemeinégth 10% FCS, 4 mM stable
glutamine, 100 U/mL penicillin, and 10@/mL streptomycin.

2.2.13 Luciferase reporter gene expression studies

In vitro pDNA transfection efficiency was evaluated in meriNeuro2A and human HUH7
cell lines. Experiments were performed in 96 wéditgs by seeding 1xi@ells per well in
100 pL medium 24 h prior to transfection. Directgfore transfection, the medium was
exchanged against fresh medium with/without paricrée? (40 U/L). An amount of 10 pL
polyplex solution (N/P 6.0, 20 pg/mL DNA concenima) was added to the cells. 4 h after
transfection, the medium was replaced by fresh umedvith/without AA . 24 h after pDNA
transfection, the cells were treated with 1@0cell lysis buffer (25 mM Tris pH 7.8, 2 mM
EDTA, 2 mM DTT, 10% glycerol, 1% Triton X-100). tierase activity in 35 pl cell lysate
was measured in white 96 well plates using a lvage assay kit (100L Luciferase Assay
buffer, Promega, Mannheim, Germany) on a luminomdéte 10 s (Centro LB 960
instrument, Berthold, Bad Wildbad, Germany). Thieafof using higher AA concentration
on transfection efficiency in Neuro2A cells wastéelsby using the same procedure as above,
but with 100 U/L of AA instead of 40 UJ/L.

2.2.14 Metabolic activity of transfected cells

The cellular metabolic activity after pDNA trandgfien was evaluated using MTT assay.
Cells were seeded and transfected as explaineccaBdvh after transfection, MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode) (Sigma-Aldrich, Germany) was
dissolved in phosphate buffered saline at 5 mg/amd 10uL aliquots were added to each
well reaching a final concentration of 0.5 mg MTTmAfter an incubation time of 2 h,
unreacted dye with medium was removed and the welte lyzed by incubation at -80 °C for
30 min. The formazan product was dissolved in 1Q@@well dimethyl sulfoxide and
guantified by a plate reader (Tecan, Groedig, Aajstat 590 nm with background correction
at 630 nm. The metabolic activity (%) relative tintrol wells containing HBG treated cells

was calculated as follows (Metabolic activity Se&A controt X 100).

2.2.15 Flow cytometry experiment

Uptake and binding of HES-decorated polyplexes emntrol particles, under the effect of

AA (40 U/L), was studied in a murine Neuro2A catlid. Cells were seeded in 24 well plates
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at a density of 1xT0cells per well in 500 pL medium 24 h prior to ®éection. Directly
before transfection, the medium was exchanged sg&esh medium with/without pancreatic
AA (40 U/L). An amount of 50 pL polyplex solutioN{P 6.0, 20 pg/mL final pDNA
concentration) was added to the cells, where pesticontained 10% Cy5-labeled pDNA. In
the case of binding studies treated cells were képt °C for 30 min, washed with PBS
(phosphate buffered saline), trypsinized (1x TrgflSDTA solution Biochrom AG, Berlin,
Germany) and transferred to Eppendorf tubes. Ftakepstudies treated cells were kept at 37
°C for 60 min incubated with heparin (1000 I.E./ntb)disassemble the polyplexes, washed,
trypsinized and transferred to Eppendorf tubeserAf washing steps the amount of Cy5
positive cells and mean fluorescence intensity detected using a Flow cytometer (CyAn
ADP; Dako Cytomation Fort Collins USA). Results waanalyzed using Flow Jo software
(Treestar, Inc., San Carlos, USA).

3 Results

3.1 Acid-induced fragmentation of HES70

In order to test the effect of molar mass on thecept of shielding/deshielding, HES70 was
degraded by acid hydrolysis to produce smallettivas. Preliminary experiments using 1 M
and 0.1 M HCI for cleavage of HES70 resulted inyveapid degradation and problems in
controlling the molar mass of the product. Carrying the hydrolysis reaction using 0.05 M
hydrochloric acid yielded (after 2 h) a HES prodofcaround 20 kDa molecular weight and a
low polydispersity of 1.15 (vs. 1.96 for HES70)determined by AF4-MALS. The yield was

62 % wiw.

3.2 HES degradation experiments with pancreatiax-amylase

Figure Il. 1 shows the degradation of HES70 and HES&s a function of time in different
buffers, pH and temperatures. Control samples tacldA did not show any degradation,
while in the presence of the enzyme, the degradadio37 °C seems to be rapid at the
beginning, levelling-off after approximately 2 hhareas the degradation at 25 °C is slower at
the beginning, but ultimately results in a degragestluct of similar molar mass to the one
degraded at 37 °C after 6 h. HES70 loses approgisn&0 % of its molar mass after 6 h,
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while HES20 loses approximately 20%. It seemsti@afpH has no effect on degradation rate
as can be seen for HBG buffer at pH 7.1 and 6 §u¢Eill. 1 E), while degradation is clearly
faster in PBS pH 7.4 compared to HBG pH 6. Thigribably due to the fact thatamylase

is more active and stable in the presence of atddadns [47].
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Figure 1I. 1. Biodegradation of HES70 at 25°C (A), and 37°C (& well as
HES20 at 25°C(B), and 37°C (D) with pancreatiamylase as a function of time.
The effect of the pH on the biodegradation of HE§2Pwas also investigated.
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3.3 Polycation modification: HES-conjugation to PEI22

The graft copolymer was prepared by coupling HE&20 HES70 with the linear polyamine
PEI22 in PBS pH 7.4 using a large excess of HESgmratio 25:1) to ensure Schiff's base
formation between the one single terminal aldehfydetion of HES and the amine groups in
PEI. The synthesis of modified PEI polymers proeekeith a two step reaction [48], as shown
in Scheme Il. 1. In the first step, HES-PEI copodymwere generated by grafting HES onto
linear PEI by a condensation reaction via an uhstabminol intermediate that immediately
rearranged to an enamine function. In the secomg, sthe reducing agent sodium
cyanoborohydride was added 2 h after the beginairte reaction to reduce the enamine to

secondary (or tertiary) amine groups. lon exchattgematography was used to purify the

conjugates, which were then characterized u&h&MR, UV spectroscopy (copper assay),
and SEC.

R, R,
2NH T

NaBH3;CN

/RZ ———-

N \"/\\Ra

Scheme II. 1. PEI modification by Schiff’'s base formation withEH and
subsequent reductive amination. (scheme adaptea {AS8])

3.4 Characterization of polymeric HES-PEI conjugates

'H NMR measurementwere carried out for HES20-g-PEI22 and HES70-g?RPEio get
information regarding the coupling efficiency aratie of HES to PEI in the generated
products. Figure Il. 2 shows the NMR spectra ohbpbtlymer conjugates, where the peaks
between 5.3 and 5.7 ppm belong to the proton atiposC1l of the anhydroglucose unit
(AGU) of HES, and the peaks between 2.8 and 3.1 pplong to the four protons of the
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ethylene structure of PEI. Results show the follmynolar ratios, HES20:PEI22 1.44:1, and
HES70:PEI22 2.35:1 (see Table Il. 1).

water

b
Hac\NH‘t\/NH CHs
b

HES20-PEI22

HES70-PEI22

a b

L] l L] I L

I I I
6,0 5,5 5,0 4,5 4,0 3,5 3,0 2,5 2,0
NMR shift [ppm]

Figure 1. 2. *H NMR spectra of HES20-PEI22 (top) and HES70-PE(Battom)
in D,O with peak assignment.

To confirm the results dH NMR spectroscopyCopper Assawas performed to evaluate the
quantity of PEI within the generated HES20-PEI22 d¢ES70-PEI22 conjugates. The
photometric copper complex assay is based on timeatoon of a bluish complex, consisting
of copper (ll) ions and PEI, which can be detedigdJV-vis spectroscopy atynax 285nm
[46]. A negative control using a mixture of pure $IBnd pure PEI was measured and showed
no interference for HES in the measurements. Theirdd results were in excellent

agreement with the findings of the NMR measureméggs Table II. 1).
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Table II. 1. Mass ratios and molar ratios for HES20-PEI22 an&$l70-PEI22 as
determined by 1H-NMR and the photometric copper glem assay.

Amount of HES20 in generated Amount of HES70 in generated

HES-PEI conjugates HES-PEI conjugates
Mass ratio [%] Molar ratio Mass ratio [%)] Molar ratio
HES20 : PEI22 HES70 : PEI22
'H-NMR 56.7 1.44:1 88.2 235:1
Copper assay 56.7 £ 8.83 144:1 88,31+1.49 237:1

SEC-MALS the combination of size exclusion chromatograpiiyh multi-angle light

scattering is a common mean for the characterizatfopolymers. The SEC chromatograms
(see Figure II. 3) verified the successful conjigratof HES20 and HES70 to the linear
polyamine PEI22, where the HES-PEI conjugates életalier than the blends of HES and

PEI. Additionally, only a low amount of unbound RElappeared in the chromatogram.
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1,2
————— HES70-PEI22 (conjugate)
........ HES70+LPEI22 (blend)
1,0 - — LPEI22

relative scale

time [h]

Figure Il. 3. Size exclusion chromatograms of HES20-PEI22 (tapyl HES70-
PEI22 (bottom) copolymers. Blends of free HES aid, Rs well as uncoupled PEI
were used as controls.

3.5 Biophysical characterization of the generated polylexes

The effect of different N/P ratios and various gatof free PEI to HES-PEI on the formation
of polyplexes and their properties, namely theiplarsize and zeta potential, was evaluated.
For these studies, naked polyplexes and PEG-PElplexes served as controls. By
increasing the N/P ratio, the particle size of ploé/plexes tends to decrease, but then levels
off at approximately 70 nm at N/P rat06.0 (Figure Il. 4, top). At lower values, nPx teiod
aggregate since there are not enough excess cHargesticle stabilization, while the HES-
and PEG-modifications impart additional steric 8iaéition and prevent aggregation. It is
worth noting that the HES70-PEI conjugate produsethller particles at N/P ratio of 3.6
compared to nPx and PEG-PEI polyplexes. This mpgimt to the possibility of producing
more stable polyplexes using HES conjugates, wharh thus be used to administer lesser

amounts of PEI and reduce the toxicity.
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Figure Il. 4. (Top) Particle size of different polyplexes asuadtion of increasing
N/P ratio. Insert shows a magnification of the shaal particle size region.
(Bottom) Zeta potential of different polyplexes asfunction of increasing N/P
ratio.

3.6 Treatment of polyplexes with pancreaticx-amylase

To establish ann vitro model for the enzymatically-catalyzed deshielding, planned to

monitor the effect of AA on the zeta potential &k of the HES-decorated polyplexes over
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6 hours. Accordingly, we tested the stability okee polyplexes and HES70-PEI polyplexes
in HBG buffer at pH 7.1 and 6 as seen in Figur&lIResults show that the polyplexes were
not stable at pH 7.1 for the required test perib® &, where the zeta potential decreased,
while the particle size increased. Meanwhile, tletazpotential and particle size of the
polyplexes in pH 6 were much more stable over prbobably due to the additional stability
from the extra positive charges at this pH. Acaogtl we decided to investigate the effect of
AA on polyplexes at pH 6.
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Figure Il. 5. Particle size and zeta potential of naked polyplextop) and HES70-
PEI polyplexes (bottom) in HBG buffer with pH 6 apid 7.1 as a function of time.
Particles were prepared with N/P ratio = 6.

The addition of AA to polyplexes of HES70-PEI witlifferent ratios of free PEI to PEI-
conjugate is shown in Figure II. 6. At low amouhtHES70-PEI (5%), it is possible to see an
increase in zeta potential, though not statisgcaignificant. Using higher amounts of the
conjugate (10 and 15%), the zeta potential inceegsadually with time after addition of AA,
and levels off after ca. 1 h at 37 °C, probably emosd indication for the enzymatic
deshielding. After 4-6 h, the polyplexes treatethwAAA increase in size. This might point to
destabilization due to a reduction in steric stahilon as the HES coat is “eaten” up.
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Figure Il. 6. Particle size and zeta potential as a function tohe (left) for

polyplexes with different ratios of PEI:HES70-PHEiom top to bottom 95:5, 90:10
and 85:15) stored without AA (control) or with 40LUAA at 37 °C. Right graphs
show the zeta potential alone for the same polygdexvith and without AA.
Particles were prepared with N/P ratio = 6.
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3.7 Erythrocyte aggregation assay

The shielding of HES-decorated polyplexes and edding using AA were additionally
tested using erythrocyte aggregation assay. nPgecaansiderable aggregation as seen in
Figure 1l. 7 due to the electrostatic interactioatwieen their positive charge and the
negatively charged nPx. Meanwhile, the effectiveelsing with PEG or HES (HES70 or
HES20 with different ratios of PEI:PEI-conjugateyeyented the formation of such
aggregates. The addition of AA triggered enzymagéshielding, which led to development of
small erythrocyte aggregates. The latter seemel@pend on the molar mass and amount of
HES on the surface of polyplexes as seen in Fijure

HES70-PEI HES20-PEI
Controls Without AA With AA Without AA With AA
Buffer + AA HES70Px 95:5 HES70Px 95:5 HES20Px 95:5 HES20Px 95:5
nPx HES70Px 90:10 e HES20Px 90:10 HES20Px 80:10
+ —_— -'- =] ==x
PEG20Px HES70Px 85:15 HES70Px 85:15 HES20Px 85:15 HES20Px 85:15

Figure Il. 7. Erythrocyte aggregation assay for polyplexes pregghwith different
ratios of PEI:HES20-PEI or PEIIHES70-PElI + 40 U/L AA Shielding the
polyplexes with different amounts of HES20-PEI orESY0-PEI prevents
erythrocyte aggregation, while deshielding undee thffect of AA leads to the
formation of small erythrocyte aggregates. Contrdlscluded PEG-decorated
polyplexes (PEG20Px), naked polyplexes (nPx), anffelb + AA. Particles were
prepared with N/P ratio = 6.

3.8 Cell culture experiments - Luciferase reporter genetransfection

efficiency

In vitro transfection experiments were conducted on Neuro2lls and HUH7 cells in cell
culture medium with/without AA to study the effeof HES-shielding and enzymatic

deshielding on transfection efficiencie¥he transfection of Neuro2A cells using HES70-
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decorated polyplexes was similar to PEG polyplex®s was clearly less efficient compared
to nPx. The shielding effect is additionally evided by the dependence on the polymer
molar mass and amount in the nanoparticle shelf. ifstance, HES20 shows a higher
transfection efficiency (and lower shielding) comgzh to HES70, while the transfection
efficiency decreases by increasing the amount db liiEthe nanopatrticle shell (see Figure 1.
8 A). Meanwhile, the addition of AA to the cultumedium leads to a 2-3 orders of magnitude
increase in transfection efficiency both for HES#@ HES20. Such an effect cannot be seen
for nPx or PEG-polyplexes, indicating that the delstng due to the specific action of AA on
HES is responsible for this effect (Figure II. 8. A) is worth noting that the HES20
polyplexes showed a higher efficiency comparedh® nPx, a phenomenon that warrants
further investigations to elucidate the possibblesoms for this super-performance.

HUH?7 cells showed a quite similar trend to Neuro@&ls regarding gene transfection. In
general, the transfection using HES20-coated pekgd was more efficient (i.e. lower
shielding efficiency) compared to HES70, and théiteah of AA led to an enhancement of 1-
3 orders of magnitude in transfection (Figure IC8

The metabolic activity of Neuro2A cells treatedwihe polyplexes was lower for HES-PEI-
containing particles than for PEG-PEI or PEI p&tcwhile it was not affected in the case of
HUH7 cells. Generally, HUH7 cells show slow praldgon rate, a less efficient transfection
performance, and higher sensitivity to cytotoxiatympared to Neuro2A cells. It seems that
HES-PEI interfered with the cell proliferation oelro2A cells (but not with cell viability)
and thus led to the observed reduction in metalaaliwvity due to the smaller number of cells.
This effect was not observed in the slowly proaterxg HUH7 cells. The reason for the
reduced metabolic activity with Neuro2A cells neaalbe further investigated.
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Figure 1IlI. 8. Luciferase geneexpressionin Neuro2A cells (A) and the

corresponding metabolic activity (B), as well as HWUH7 cells (C) and the
corresponding metabolic activity (DPolyplexes with different HES-PEI content
(numbers represent the percentage of HES-PEI cdntetative to PEI) were
freshly prepared prior to transfection, and giveirettly to the cells in medium
containing AA (+AA), or lacking it. The analysis tife transfection performance
and metabolic activity was carried out 24h postnséection. Naked PEI- and
PEGylated- polyplexes (10:90 PEG-PEI:PEI) served amtrols. Particles were
prepared with N/P ratio = 6.

3.9 Effect of AA activity

The effect of 2 levels of AA activity (40 and 100LY on the biophysical properties of the
polyplexes and transfection efficiency was invesdig. Amylase activity was determined
using Phadebas amylase test, for which a normagkrahclinical serum activity between 60-
310 U/L has been reported [49]. Tracking the zet@mtial of the HES70-coated polyplexes
(PEI:HES-PEI 90:10) incubated with 2 different aa®d activities over 6 h show that
increasing the AA activity from 40 to 100 U/L aceedtes the increase in zeta potential, so
that a plateau is reached after only 0.5 h rathen tL h (Figure 1. 9 A). Additionally, the
higher amylase activity seems to increase the petantial to a higher level (though the
difference in the plateau region is not statislycaignificant). The effect of amylase activity
on the transfection efficiency of the HES70-decsuigbolyplexes in Neuro2A cells was also
investigated. Results in Figure II. 9 B show thia¢ tpolyplexes treated with the higher
amylase activity show the same deshielding tresalching transfection efficiencies similar to
nPx, while it had no effect on the controls (PEGd"x nPx). These results show that the
amylase activity has an effect on HES degradatra@hdeshielding kinetice vitro, but less
influence on the extent of transfection.
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Figure 1I. 9. Effect of AA activityThe effect of 40 and 100 U/L of amylase the
zeta potential of HES70Px (90:10) as a functiontimhe (A). Luciferase gene
expression in Neuro2A cells £ 100 U/L AA (CHehler! Verweisquelle konnte
nicht gefunden werder). Naked PEI- and PEGylated- polyplexes (10:90 PEG-
PEI:PEI) served as controls (B).

3.10 Binding and uptake experiments using flow cytometry

Nie et al. [18] used flow cytometry to determine thffect of cleavable and non-cleavable
PEGylation on the binding and uptake of catiorpotiolyplexes for DNA transfection. They
showed that both types of PEGylation reduced tHalaebinding and association at 4°C but
did not affect cellular uptake at 37°C. They codeld that endoplasmic escape was more
crucial for transfection than cellular uptake, sinhe non-PEGylated lipopolyplexes, as well
as lipopolyplexes PEGylated with non-cleavableleaable PEG had equal uptake at 37°C.
However, lipopolyplexes with intracellularly-cledta PEG showed higher transfection
efficiency than those having non-cleavable PEGabse the former showed less interference
with endoplasmic escape [18].

With these conclusions in mind, the vitro binding and uptake of the HES-decorated
polyplexes was investigated using flow cytometmalgsis. Binding was performed at 4°C,
where only non-specific adsorption to the cell-soef takes place, while the energy-
dependent uptake is inhibited. Results in Figurd0l A and B show that PEG20 and HES20
were effective in inhibiting binding (compared tBx), as it is illustrated in the percentage of
cells associated with labelled-DNA as well as theam fluorescence intensity (MFI, an

indicator for the average amount of labelled DNA gall). This shows the effective shielding
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of PEG20 and HES20, and their ability to reduce-specific adsorption. The apparent
ineffectiveness of HES70 in preventing non-speafisorption contradicts with results from
transfection efficiency and erythrocyte aggregaissay, and is probably difficult to explain
at this point. Finally, the addition of AA does nbave a significant effect on binding,

probably due to the low activity of AA at 4°C.

Results of the uptake at 37°C in Figure Il. 10 @ & show that the percentage of Cy5
positive cells is much higher than at 4°C, but does differ much between the different
polyplexes before or after addition of AA, and liegtween approximately 75-85 %.

Meanwhile, MFI decreases for PEG20- and HES20-@¢edrpolyplexes, in accordance with
the binding experiments. Furthermore, the addibbMA leads to a significant increase in
MFI by 28 % and 36 % for the HES20- and HES70-dateat polyplexes, respectively,

without any significant effect on the nPx and PEGilyplexes. The above results are in
agreement with those reported with Nie et al., whare show that HES can reduce
nonspecific binding to the cells similar to PEGt bu a lesser extent. Meanwhile, although
the addition of AA does not affect the percentagealls which actively phagocytose the
polyplexes, it can significantly increase the anmoaindelivered DNA per cell, which is an

indication for effective degradation of the polyma&mell. Results of the flow cytometry

constitute an additional proof that HES-decoratelygiexes can be effectively deshielded by
amylase, leading to an increase in the amount oA dBlivered per cell. This deshielding is
also expected to reduce the interference with tigeglasmic escape and increase transfection

efficiency as already observed with the lucifermaasfection experiments.
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Figure Il. 10. Binding (A and B) and uptake (C and D) of the pdé&xes studied
using flow cytometry. The percentage of Cy5 positiells (A and C) and the mean
fluorescence intensity (B and D) for Neuro2A ceilhgubated with HES20- or
HES70-decorated polyplexes (10:90 HES-PEI:PEI) & 4or 30 min (Binding, A
and B) or at 37°C for 1 h (Uptake C and D) with/mout AA. Naked PEI- and
PEGylated- polyplexes (10:90 PEG-PEI:PEI) servedcastrols.

4 Discussion

Li and Huang pointed out the importance of effeztshielding and subsequent shedding of

the PEG coat for successful tumor targeting [S@wever, due to the many disadvantages of

PEG, there is a continuous search for better cldavar biodegradable alternatives. For

instance, Rombergt al. used a protease-cleavable poly(hydroxyethyl-lagsgine) to impart

stealth properties to liposomes [25, 26]. The tagielymer is then deshielded extra- or

intracellularly by the action of proteases. “Polymmasked-unmasked protein therapy”

(PMUPT) from Duncan’s lab [27-29] uses dextrin wwreen the activity of proteins or

enzymes, which is then regained by enzymatic clgawd dextrin. In this work, we propose

the use of hydroxyethyl starch (HES) for the coliecb shielding/deshielding of polyplexes

for nucleic acid delivery. HES is a biodegradabkgev soluble polymer with protein repellant

activity, and was thus suggested as a possibletisubsfor PEG [44]. Compared to the

aforementioned biodegradable polymers, it has thvargtage of tunable biodegradation rate

through changing its molar mass and degree of kyetbylation. This proof-of-concept

study investigates the feasibility of capitaliziog the biodegradation of HES to regulate the

shielding/deshielding and transfection of DNA pdéxes.
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To carry out then vitro deshielding experiments, the use of blood serumavioave been the
optimum choice, but it would greatly complicatestleasibility study. Accordingly, it was
decided to use porcineamylase (AA) for HES deshielding. The ability oAAo cleave HES
under different test conditions vitro was evaluated. The concentration of AA was kept
constant at 40 U/L. Results in Figure Il. 1 showattimdeed AA could cleave HES vitro,

and that the rate and extent of degradation deperide molar mass, and to a lesser extent on
the presence of chlorides in the buffer [47], baswot dependent on the pH.

The synthesis of the HES-PEI copolymers was caoigdoy reductive amination according
to Kircheiset al [45]. Linear PEI contains only secondary aminas] ¢he ends are not
primary amines, where one end contains the eldulropinitiator in the oxazoline
polymerization; usually mesylate, while the othed €ontains a terminating hydroxyl group
[51]. Those secondary amines are less reactivertsw@ductive amination, necessitating a
large excess of the polysaccharide (up to 25 timekar excess). The synthesized polymers
were characterized usiritd NMR, colorimetric copper assay (for the deterrtiora of PEI
content in the conjugates) as well as SEC. Thewdifft characterization methods confirmed
the successful conjugation, and the highly condgruesults of the proton NMR and copper
assay showed that the polymers were synthesizédmatar ratios of 1.44:1 and 2.35:1 for
HES20:PEI22 and HES70:PEI22, respectively (see€libl).

A considerable part of the study was then dedictte¢de investigation of the shielding of the
polyplexes with HES and deshielding using AA. Stiiedj could be shown by the effect of
HES coating on the zeta potential. The latter ésrtteasure of electronic potential at the slip
plane between the bound solvent layer at the peigisurface and the bulk solution. With the
increase of this layer, for instance by adsorptowncoupling of a nonionic hydrophilic
polymer, the (absolute value of) zeta potentiarel@ses [52]. This effect was observed for all
the hydrophilic polymers tested, with the reductianzeta potential (i.e. shielding) more
pronounced for HES70>PEG20>HES20 (Figure II. 4)difidnally, the shielding effect
could be shown by prevention of erythrocyte aggiega(Figure 1. 7) as well as the
reduction of transfection efficiency of the HESddPEG-coated polyplexes in Neuro2A and
HUH7 cells (Figure II. 8). In those transfectionpeximents, the increase in the amount of
HES on the particle surface seemed to even redbeetransfection efficiency more
effectively. Finally, the flow cytometry resultsah that HES and PEG could reduce the non-

specific association both during binding and uptaléthese results show that HES can act
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as a shielding polymer conferring some stealthadtars to the nanoparticles. These results
are in accordance with previously reported expamisievhich showed that hydrophobically-
modified HES adsorbed on PLGA nanoparticles, angldcoeduce protein adsorption and

particle phagocytosis by murine macrophages [52].

Deshielding of HES-decorated polyplexes using AAswshown using a number of
techniques. Addition of 40 U/L of AA to HES70-deated polyplexes increased the zeta
potential gradually over 1 h due to degradatiothef HES coat and reduction of the bound
polymer layer (Figure 1l. 6). The effect could beserved with different ratios of HES-PEI to
PEI, where the higher amounts of HES-PEI show bettéelding and lower plateau after
degradation. Additionally, addition of AA to the ISEO-shielded polyplexes led to decrease
of the particle size by 5-7 nm (Figure Il. 6). lbation of RBCs with the HES70- or HES20-
polyplexes in the presence of AA also led to amdased tendency in erythrocyte aggregation
(Figure II. 7). Addition of AA to the culture medduring cell transfection led to 2-3 orders of
magnitude increase in the transfection of luciferasporter gene, both in Neuro2A and
HUH?7 cells (Figure Il. 8). Evaluation of the effeftamylase activity revealed that the higher
amylase activity affects the kinetics of HES degtamh and the rate of deshielding, but not
the extent of cell transfection (Figure Il. 9). Témployed amylase activities in this study (40
and 100 U/L) are relevant to the clinical serum ks levels (60 - 310 U/L) and show that
indeed the deshielding of the polyplexes can ocaurthe serum amylase activities
encounteredn vivo, and that degradation kinetics can be an impoffastor for controlling
deliveryin vitro andin vivo. Finally, the uptake experiment using flow cytorngeshed some
light on the possible mechanisms of transfectiderathe action of amylase on the HES-
shielded polyplexes (Figure II. 10). Results shbat,talthough the addition of AA did not
increase the percentage of transfected cells, tfwuat of delivered DNA per cell increased
by 28 % and 36 % for HES20 and HES70, respectivadylitionally, an enhancement of the
endoplasmic escape (in comparison to the non-degl@dPEG) as reported by Ne¢ al [18]

is quite probable. It is worth noting that, the lde&ling effect of AA on the HES-decorated
polyplexes was specific, since it did not have siaistically significant effect on the controls
used, namely naked polyplexes or PEGylated polgslex

Having shown the feasibility of using HES and AAr&gulate the shielding and deshielding
of DNA polyplexes, future publications will presetite in vivo behavior of HES-coated
polyplexes, as well as the effect of molar masgreke of hydroxyethylation and amount of

polymer in the HES corona on the transfection efficy.

-54-



Controlled shielding and deshielding of HES-decentgiolyplexes

5 Conclusions

The results presented in this work show, for th&t time, the possibility of using HES for the
shielding and controlled enzymatically-catalyzedtdelding of DNA polyplexes. HES20 and
HES70 were grafted onto linear PEI22 via Schiffasdoformation and reductive amination.
The generated HEGPEI copolymers were characterized #y NMR, copper-assay, and
SEC, where all methods verified the successful log@f HES to PEI, with molar ratios of
2.35:1 and 1.44:1 for HES®MPEI22 and HES2Q-PEI22, respectively. HES conjugates
were used to form stable polyplexes with plasmidA)Bnd their biophysical characterization
at different N/P ratios revealed that both hydrayic diameter and surface charge were
similar to PEGylated conjugates. The effect of amgl on zeta potential of HESylated
nanoparticles was tested vitro, showing a gradual increase in the surface chafghe
nanoparticles over 1 h, indicating effective enzgimdeshielding. Furthermore, addition of
amylase to mixtures of HESylated polyplexes andtheogytes lead to erythrocyte
aggregation, while aggregation did not occur indhsence of amylaskn vitro transfection
experiments were performed on 2 cell-lines + AAtie culture medium. The proof-of-
concept experiments revealed that addition of AAh® cell culture medium increased the
transfection efficiency of HES-coated particles @r8ers of magnitude, while it had no effect
on PEG-coated or the uncoated particles. Flow cgtomexperiments showed that the
addition of AA increased the amount of delivered Aer cell. In brief, HES-PEI
copolymers can be used for the controlled shieldeghielding of polyplexes for gene
delivery. The possibility to control the rate of Sbiodegradation by varying its molecular
weight and molar substitution offers a great pa&tifior engineering the polyplexes and their

site of degradation.
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Abstract

PEGylation is currently the gold standard in shieddcationic DNA-polyplexes against non-
specific interaction with blood components. Howevér reduces cellular uptake and
transfection, in what is known as the “PEG dilemma’an approach to solve this problem
we developed nano-dandelions: hydroxyethyl staidBS)-shielded polyplexes which get
deshielded under the action of alpha amylase (AAbhis study, the effect of molar mass and
degree of hydroxyethylation on the shielding andhidding of the polyplexes as well as
their in vivo performance were investigated. For this purposepastery of HES-
polyethylenimine (PEI) conjugates was synthesizamd their rate and extent of
biodegradation was investigated using asymmetaw-field flow fractionation (AF4) and
guartz-crystal microbalance with dissipation (QCNI-DAdditionally, the transfection
efficiency of the polyplexes was tested in Neura&s and tumor-bearing mice. AF4 and
QCM results show a rapid degradation for HES wdivdr degrees of hydroxyethylation.
Meanwhile,in vitro transfection experiments showed a better shieltingigher HES molar
masses, as well as deshielding with a significatsbin transfection upon addition of AA.
Finally, in vivo experiments showed that the biodegradable HES miigrkeduced the non-
specific lung transcription of the polyplexes, aintained gene expression in the tumor,
contrary to the non-degradable HES and PEG contwdigch reduced both tumor and lung
expression. This study shows that by controlling tholecular characteristics of HES it is
possible to engineer the shielding and deshielgirgperties of the polyplexes for more

efficient gene delivery.
Keywords

Hydroxyethyl starch (HES), linear polyethylenimiGePEl), gene delivery, biodegradable
coating, amylase, quartz crystal microbalance (QQM-
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1 Introduction

Designing carriers for safe and efficient delivefytherapeutic genes offers great potential for
the treatment of many difficult-to-cure diseaseshsas metastatic cancer. Although the use
of viral carriers shows very high efficiency in getransfection, their application is limited
due to several safety concerns, most importanty gbtential for flawed insertion of the
virally-carried genetic material into the human ger, associated with the risk of developing
cancer [1, 2], as well as the high incidence of impgenic responses to recombinant viruses
[3-5] possibly leading to death [6]. Meanwhile, yrokric carriers are extensively studied as
possible alternatives to viral carriers, with pelyfylene imine) (PEI) as the gold-standard,
since it shows a high nucleic acid transfectioicefhcy [7]. The latter efficiency is due to 1)
its high ability to compact DNA into nano-sized fpaes, 2) the high PEI-mediated cellular
uptake due to its high surface charge, and 3) asacity for endosomal release [7-9].
However, PEIl-based polyplexes show non-specifieradtions with blood components and
cells, leading to aggregation and accumulatiorhelting [10]. Despite the successful use of
polyethylene glycol (PEG) to reduce these effedis, [12], PEGylation compromises the
cellular uptake and endosomal release, leadingwered transfection efficienag vitro and

in vivo [13], in what is known as the “PEG-dilemma” [14]c@ordingly, several groups
developed sheddable PEG-coats by incorporatindeldibkers, which lead to shedding the
disturbing PEG molecules in response to sevenaduditi such as temperature, pH, reducing
environment or tumor-specific enzymes [15-22].

We previously described an alternative approach tlee controlled shielding and
enzymatically-catalyzed deshielding of polyplexesng hydroxyethyl starch (HES) and
amylase (AA) [23]. In the later proof-of-conceptidy, the developed HES-decorated core-
shell nanoparticles showed effective shielding esdliced transfectiom vitro, as well as
deshielding and activation after partial cleavafjthe HES-coat by AA. In the current study,
we investigate the effect of HES’ molecular chagdstics, namely molar mass and degree of
molar substitution of hydroxyethyl groups on theerand extent of biodegradation, as well as
the shielding and deshielding characteristics efghlyplexes. Additionally, gene expression
was evaluated in tumor-bearing mice to show thsilbddy of this approachn vivo. LPEI

and PEG20-PEI polymers served as controls in nfdsiecexperiments.
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2 Experimental Section

2.1 Materials

HES70[0.5] with an average molar mass,(Mominal value as provided by supplier, number
after HES) of 70 kDa and a molar substitution (M3he mean number of hydroxyethyl
groups per glucose unit; nominal value as provigedupplier, number in square brackets) of
0.5 was kindly provided by Serumwerk Bernburg, Gamgn|[23]. HES10[1.0], HES30[0.4],
HES30[1.0], HES60[0.7], HES60[1.0] and HES60[1.3re kindly provided by Fresenius
Kabi, Friedberg, Germany. Linear polyethylenimib®El) with an average molar mass of 22
kDa and the PEG20-PEI conjugate (PEG20: polyetygycol with an average molar mass
of 20 kDa) were synthesized as described in Ré]. [Ramylase (AA) from porcine pancreas
was bought from Sigma-Aldrich (Steinheim, Germacgtalogue number A3176). Plasmid
pCMVluc [25] was prepared by PlasmidFactory, Bieléf Germany. Phadelfag\mylase
Test was purchased from Magle AB, Lund, Sweden.eO#olvents and chemicals were

reagent grade and were used as received.

2.1.1 Synthesis and characterization of HES-PEI conjugate

The different HES molecules were used to synthesilterary of HES-PEI conjugates, which
were characterized according to Ref. [23]. PEI wé#isched to HES via Schiff's base
formation between HES’ reducing ending group and’sPEmino groups, followed by
reductive amination. Briefly, 50 mg linear PEI wenéxed with HES in 150 mM PBS buffer
(pH 7.4). After 2 h, 59.8 mg of NaBBN were added for reductive amination over 20 h. lo
exchange chromatography was carried out to remabeund HES using a cation-exchange
column (Bio-Rad Macro-Prep high S HR 10/10, Hersuf@A, USA) and fractionated using a
sodium chloride gradient from 0.5 M to 3.0 M Na@hcentration in 20 mM HEPES, pH 7.3.
The collected fractions were dialyzed against highirified water (Cellu Sep T1, nominal
MWCO 3500 Da, Membrane Filtration Products Inc, BegTX, USA), then lyophilized.
HES-PEI copolymers were characterized"HyNMR, colorimetry (using copper assay), and

SEC as previously described [23].
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2.1.2 Investigation of the biodegradation of HES homopolsners with AA using AF4-
MALS
Several HES homopolymers differing in their molaass and molar substitution were
dissolved at a concentration of 5 mg/mL in PBS p# T00 pL sample volume was injected
into the AF4 channel assembly, with a regeneragdidlose ultrafiltration membrane (Wyatt
Technology, cut-off 5 kDa). All samples containipgncreatic AA were adjusted to an
enzyme activity of 100 U/L using the Phadébasnylase Test. Mixtures were incubated at
25 °C, and samples were withdrawn at time point8.5, 1, 2, 4, 6, and 24 h. To stop the
enzymatic degradation of HES, samples were heate@btC for 3 min. All samples and
controls (without AA) were treated under aseptiaditons with sterile filtration to prevent
possible degradation caused by microbial contamoinai he reduction in the molar mass of
HES was followed by the Wyatt Eclipse 2 AF4 systBiyatt Technology Corp., Santa
Barbara, CA) in combination with MALS (DAWN EOS MA, Wyatt Technology Corp.)-
and RI-detection (Agilent Technologies, Palo AlB#).

2.1.3 Quartz crystal microbalance with dissipation (QCM-D)

The Q-Sense E4 instrument (Q-Sense, Gothenburgidewavas used for the investigations
on the enzymatic degradation of HES in the differd&S-PEI conjugates. Prior to each
measurement, the silica-coated QCM-D sensor ceyg@EX 303, Q-Sense) were washed
with 2% SDS solution and treated with oxygen plagthd mbar, 150 W) for 45 minutes
(TePla 100 System, Feldkirchen, Germany) to decoinize the crystal surface. The system
was operated at 25°C in the flow mode, interrugigghases of no flow. A single QCM-D
run comprised the following five steps: 1) Systansing with buffer (15 min.), 2) polymer
adsorption onto the Sg&ensor (5 min. sample flow, 10 min. no flow), g3tem rinsing with
buffer under flow (15 min.), 4) start of enzymatlegradation by supplementation of
amylase (5 min. sample flow, 55 min. no flow), &)dsystem rinsing with buffer under flow
(15 min.). A battery of HES-PEI copolymers wasadstith the special focus on HES’ molar
mass and degree of hydroxyethylation (HES30[0.4l]-PES30[1.0]-PEI, HES60[0.7]-PEl,
HES60[1.0]-PEI, HES60[1.3]-PEI and HES70[0.5]-PHLPEI and PEG20-PEI served as
controls. All polymers were applied at a conceitrabf 100 pg/mL (based on LPEI) in HBG
pH 7.1. The enzyme activity was set to 100 and B0 (according to Phadebas\mylase
Test). To rule out polymer desorption, and to prthe enzyme-specific degradation, bovine
serum albumin (BSA) was applied instead of AA asegative control. The Sauerbrey
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equation [26] was used to follow the adsorbed aesortbed mass onto the silica-coated
quartz crystal. Changes in the mass[ng/cnt] on the quartz surface are defined as:

_ —CxAf
n

Am

whereas C is the mass-sensitivity constant (17.Hzagcm? for the 5 MHz quartz crystal),
Af [Hz] is the resonance frequency and n = 1, 3 & the overtone number. In the present
analysis, the low overtone number 3 was used tadawaderestimation of the mass. QSoft
4.01 software was used for data acquisition, QTémidata analysis (both from Q-Sense,
Sweden).

2.1.4 Preparation of HESylated polyplexes

Naked LPEI polyplexes (nPx) were prepared by mixaigPEl to the plasmid pCMVliuc
(pDNA) to a final DNA concentration of 20 pg/mL HBG pH 7.4 at N/P ratio of 6.0, then
incubated at room temperature (RT) for 30 minutesro analysis. For instance, naked
polyplexes (nPx) were composed of 20 ug DNA anqu@6El. HESylated polyplexes (and
PEGylated control particles) were produced in thme fashion as nPx, with the exception
that the unmodified PEI was partially replaced S4PEI or PEG-PEI, e.g. HES70[0.5]-PEI
complexes with DNA at the molar ratio of HES-PEfree PEI of 10:90 were made of 20 ug
DNA, and a mixture of 14.4 ug free PElI and an aman8.475 pg HES70[0.5]-PEI
equivalent 1.6 pg PEI. Similarly, polyplexes farvivo experiments were made at a final
DNA concentration of 200 pg/mL and N/P ratio 6.0.

2.1.5 Treatment of polyplexes with pancreatica-amylase (AA)
The effect of pancreatic AA on the biophysical mdgs of polyplexes with HES60
decoration was investigated. HES60-decorated pexgsl were generated at the DNA
concentration of 20 pg/mL in HBG pH 6.0, and at P ratio of 6.0. HESylated polyplexes
were prepared at the molar ratio 10:90 of PEI-cgaies to free PEI. After 30 min incubation
of the polyplexes at room temperature, 100 pL of #8ck solution (amylase activity 1000
U/L) was added to 900 pL polyplex solution to gavdinal AA activity of 100 U/L, mixed
intensively, and the resulting AA-polyplex mixtunas analyzed using a Malvern Zetasizer
Nano ZS (Malvern Instruments, Worcestershire, WhKengdom) instantly after combination
of the enzyme and substrate. Analysis of particke sand zeta potential of PEI/DNA
complexes was performed at time points 0, 0.25,1.8, 4, and 6 h holding the polyplexes at
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37 °C. Measurements of the particle size and tkee patential were conducted in semi-micro
PMMA disposable cuvettes (Brand, Wertheim, Germaagyl in folded capillary cells
(Malvern Instruments, Worcestershire, United Kingdlprespectively.

2.1.6 Cell culture experiments

Cell culture media, antibiotics and fetal calf ser{FCS) were purchased from Life
Technologies (Karlsruhe, Germany). Cultured cellsravgrown at 37 °C in 5% GO
humidified atmosphere. Murine neuroblastoma, Nefr@@TCC CCI-131, purchased from
DSMZ, Braunschweig, Germany) were cultured in Daotmes Modified Eagle Medium
(DMEM). DMEM was supplemented with 10% FCS, 4 mMldé glutamine, 100 U/mL
penicillin, and 10Qug/mL streptomycin.

2.1.7 Invitro luciferase reporter gene expression studies

In vitro pDNA transfection efficiency was evaluated in meriNeuro2A cells. Experiments
were performed in 96 well plates by seeding fxd€lls per well in 100 pL medium 24 h
prior to transfection. Directly before transfectidghe medium was exchanged against 90 pL
fresh medium with/without pancreatic AA (100 U/I8n amount of 10 pL polyplex solution
(N/P 6.0, 20 pg/mL DNA concentration, 10% and 25%anratio of conjugate to free PEI)
was added to the cells. 4 h after transfection, nfeelium was replaced by fresh medium
with/without AA. 24 h after pDNA transfection, tloells were treated with 1Qd cell lysis
buffer (25 mM Tris pH 7.8, 2 mM EDTA, 2 mM DTT, 109lycerol, 1% Triton X-100).
Luciferase activity in 35 pl cell lysate was measlin white 96 well plates using a luciferase
assay kit (10QL Luciferase Assay buffer, Promega, Mannheim, Geyhan a luminometer
for 10 s (Centro LB 960 instrument, Berthold, Baddivad, Germany).

2.1.8 Metabolic activity of transfected cells

The cellular metabolic activity after pDNA trandsfien was evaluated using MTT assay.
Cells were seeded and transfected as explaineccaBdvh after transfection, MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode) (Sigma-Aldrich, Germany) was
dissolved in phosphate buffered saline at 5 mg/amd 10uL aliquots were added to each
well reaching a final concentration of 0.5 mg MTTmAfter an incubation time of 2 h,

unreacted dye with medium was removed and the welte lyzed by incubation at -80 °C for
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30 min. The formazan product was dissolved in 1Q@@well dimethyl sulfoxide and
guantified by a plate reader (Tecan, Groedig, Aajstat 590 nm with background correction
at 630 nm. The metabolic activity (%) relative tintrol wells containing HBG treated cells

was calculated as follows (Metabolic activity Se&A controt X 100).

2.1.9 Invivo transfection with HESylated polyplexes in tumor-beang mice

In vivo pDNA expression studies were evaluated in Neura2Aor-bearing A/J mice (6-8
weeks, female, Harlan Winkelmann). A number of fxil@uro2A cells in 100 pl PBS was
inoculated subcutaneously into the flank of eacluseo Once the tumors reached the desired
size of approximately 100 min 250 pL of polyplexes’ solution were systemically
administered via the tail vein. Twia vivo experiments were performed, where in the first
one, the impact of the degradability of HES on gerpression in the lung and tumor was
studied (n=5). For this purpose, nPx as well asyglekes coated with HES70[0.5],
HESG60[1.3] and PEG20 were utilized. All polyplexesre generated at N/P ratio of 6.0 with
a pCMVluc concentration of 200 pg/mL in HBG, pH .7.Rarticles decorated with
HES70[0.5], HES60[1.3], and PEG20 were preparettiénsame molar ratio of HES or PEG
to total PEI (i.e. free PEI plus conjugated PE&e(Jable lll. 1), so as to rule out differences

in the number of HES or PEG molecules attachedPfggmolecule.

Table Ill. 1. Compositionof various LPEI-based transfection particles usfed
the investigation of the effect of polymer biodedghility on in vivo transfection.
It is expressed as the molar ratio of HES or PE@tal PEI as well as the molar
ratio of HES-PEI or PEG-PEI : free PEI.

Molar ratio of HES-PEI (or Molar ratio of HES (or

PEG-PEI) : free PEI PEG) : total PEI
LPEI
HES70-PEI[0.5] 10:90 0.27:1
HES60-PEI[1.3] 15:85 0.27:1
PEG20-PEI 20:80 0:27:1
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In the second experiment, the effect of differefESHamounts on the luciferase gene
expression in the lung and tumor (n=4) was investid using HES70[0.5]-PEI. HES70[0.5]-
decorated polyplexes were prepared in the molan @t HES70[0.5]-PEI to free PEI of

10:90, 30:70 or 50:50 (i.e. 10, 30 or 50%, see d &bl 2). Naked and PEGylated polyplexes

served as controls.

Table Ill. 2. Composition of various LPEI-based transfection ppaes used for
the investigation of the effect of amount of HE®7B[-PEI in the polyplexes on
the in vivo transfection. It is expressed as thdanwoatio of HES or PEG : total
PEI as well as the molar ratio of HES-PEI or PEG{PHree PEI.

Molar ratio of HES-PEI (or Molar ratio of HES (or

PEG-PEI) to free PEI PEG) to total PEI
LPEI --- ---
HES70-PEI[0.5] 10:90 0.27:1
HES70-PEI[0.5] 30:70 0.81:1
HES70-PEI[0.5] 50:50 1.35:1
PEG20-PEI 30:70 0.81:1

In all experiments, animals were sacrificed 24 terapolyplex-injection, and the lung and
tumor tissues were resected and stored at -80€3ud&s were homogenized in cell culture
lysis reagent (25 mM Tris, pH 7.8, 2 mM EDTA, 2 niDI'T, 10% glycerol, 1% Triton X-
100) using a tissue and cell homogenizer (MP, FaptF24, Solon, OH, United States),
followed by a centrifugation step at 3000 g at 48C 10 min to separate insoluble cell
components. 50 ul of the supernatants were traesfeto white 96 well plates (TPP,
Trasadingen, Switzerland) and luciferase activigswletermined using a luciferase assay kit
(100 pL Luciferase Assay buffer, Promega, Mannheim, Gaypand a Centro LB 960
luminometer (Berthold, Bad Wildbad, Germany). Leci#se transfection performance is

expressed as relative light units (RLU) per mg arga
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3 Results

To study the effect of HES’ molecular charactecsstinamely its molar mass and degree of
molar substitution on the shielding and deshieldofg HES-decorated polyplexes, we
synthesized a battery of HES-PEI conjugates, wthexdHES fraction covers a broad range of
molar masses (ranging from 10-70 kDa) and molastsutions (MS, from 0.4-1.3) (see
Table IIlI. 3).

Table Ill. 3. HES-PEI conjugates and the amounts of HES couptedEl as
determined by'H NMR and the colorimetric copper assay, using thethods
described previously [23]. "M" represents the weight average molar mass as
reported by the producer (in kDa), and "MS" is tthegree of molar substitution.

Amount of HES in HES-PEI Amount of HES in HES-PEI

Mw conjugates {H NMR) conjugates (UVA 285nm)
(kDa) e Molar ratio Molar ratio
Mass ratio [%)] Mass ratio [%]

HES : PEI HES : PEI
10 1.0 35.12 136:1 28.04 £ 2.29 0.98:1
30 0.4 74.74 247:1 72.83+1.06 224:1
30 1.0 50.39 0.85:1 51.01+3.44 0.87:1
60 0.7 79.97 167:1 79.62 +1.44 163:1
60 1.0 75.40 1.28:1 76.01 £0.71 132:1
60 1.3 79.97 167:1 77.17+451 141:1
70 0.5 88.20 2.68:1 88.31+1.49 271:1

3.1 Biodegradation studies

Studying the AA-catalyzed degradation of the unrfiedi HES was performed using
asymmetric flow field flow fractionation coupled tmulti-angle light scattering (AF4-
MALS), where the biodegradation experiments wendopeed using 100 U/L AA activity
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(the normal activity of serum AA using the Phad&bamylase test is between 60-310 U/L
[27]). The absolute and relative degradation ofiorew HES polymers as a function of
incubation time in PBS pH 7.4 at 25 °C is illustichin Figure 11l. 1. Control samples lacking
the enzyme did not show any degradation (datammi/s), while in the presence of AA, the
degradation seemed to be rapid at the beginningllileg-off after approximately 4-6 h. MS
of HES had a clear impact on the rate and extethebiodegradation, since polymers with
the same molar mass but different MS showed higkgradation rates with lower MS. For
instance, HES60[1.0] and HES30[1.0] lost approxetyab-10 % of their original molar mass
after 6 h of treatment with the enzyme, while HE[96Q and HES30[0.4] lost around 25 %
of their initial molar mass. Regarding the effedt molar mass on biodegradation, one
observes that the rate and extent of degradatidd&870[0.5] is greater than HES30[0.4],
despite their close MS. That might be an indicatambetter accessibility ai-1,4-glycosidic
bonds of HES for AA in the case of the larger HE&euule.
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Figure Ill. 1. Enzymatic biodegradation of HES using 100 U/L &f &s a function

of time, with the decrease in HES’ molar mass afumction of incubation time
(left), and the relative reduction in weight aveegnolar mass as a function of
incubation time (right).

In order to study the kinetics and extent of degtiath of HES in the different HES-PEI
polymers, quartz crystal microbalance with dissga(QCM-D) was used. In this setup, the
positively charged PEI residues adsorb to the meggtcharged Si@coated quartz crystal,
while the HES molecules extend into the aqueoutehusimulating the situation of the thin

brush layer of HES at the surface of the polyplexidge experiments involved 1) system
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rinsing with buffer, 2) adsorption of HES-PEI cog@tes on the Sigcoated quartz crystals,
3) washing off any unadsorbed polymers, 4) intragyAA solution into the chamber and
incubation for 60 min, and finally 5) washing offtbe AA solution. The changes in adsorbed
mass were calculated using the changes in thedreyuaccording to the Sauerbrey equation
[26]. As can be seen in Figure lll. 2, all HES-RBhjugates are adsorbed to the Sifystals
and are not washed away by the buffer after stéys 3lustrated in Figure Ill. 2 A and B, MS
has a considerable impact on HES’ degradation Iprofiith higher extent and rate of
cleavage of the-1,4-glycosidic bonds of HES with lower MS. Fortasce, HES30[0.4]-PEI
showed rapid degradation at the beginning, follovegda phase of slower loss of mass.
Meanwhile, the higher substituted HES30[1.0]-PEpalgmer was degraded very slowly.
After 1 h treatment with 100 U/k-amylase, HES30[0.4]-PEI lost about 35% of itsiahit
mass, while HES30[1.0]-PEI lost only 5.5%. Sim§yatHES60-PEI conjugates were degraded
by AA in the following order with respect to thegiee of molar substitution: 0.7 > 1.0 > 1.3
(loss of mass about 15.5%, 5.8%, and 0%, respégtivAccordingly, HES60[1.3] is
considered to be practically non-cleavable by Afcréasing the enzyme activity to 300 U/L
resulted in a more distinctive degradation (faatedt higher extent of degradation), especially
in the case of lower hydroxyethylated polymers. &dimg the effect of molar mass,
HES70[0.5]-PEI showed a faster and stronger degjlmdeompared to HES30[0.4]-PEI, in a
manner similar to AF4-MALS results. This indicatisit, beside the MS of HES and AA
activity, HES’ molar mass probably has an impact the extent and kinetics of the
biodegradation too (Figure Ill. 2 C). Finally, amber of control experiments were performed
to validate the observed results. The stabilityA# was followed over time using the
PhadebdSAmylase Test, where the assay proved full maimeaaf the amylase activity for
at least 2h. Additionally, the effect of AA on adsed LPEI22 and PEG20-PEI, both
representing non-degradable polymers, as well@asisk of bovine serum albumin instead of
AA, did not show any changes in the mass (datashotvn), confirming that the observed
changes in mass were not due to desorption, butaltiee enzyme-specific degradation of
HES.
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Figure 1ll. 2. QCM-D measurements. Enzymatic degradation of HE&G3]D-PEI
and HES30[1.0]-PEl conjugates (A), HESG60[0.7]-PEHES60[1.0]-PEI and
HES60[1.3]-PEl conjugates (B) as well as HES70[GF¥I in comparison to
HES30[0.4]-PEI (C) as a function of time in the pesmce ofa-amylase with 100
and 300U/L activity. Numbered arrows above the draighlight the 5 steps of
the QCM-run; namely 1) system rinsing with buffet5( min), 2) polymer
adsorption onto Si@sensor (15 min), 3) system rinsing with buffer (ht), 4)
introducing a-amylase solution into the chamber and incubation80 min, and 5)
system rinsing with buffer (15 min).

The influence of HES’ degradation on the biophyisigeperties of the polyplexes was
investigated by monitoring the changes in the mreasaurface charge upon addition of AA
as seen in Figure lll. 3. Polyplexes formed usirt§SKHO0[0.7]-PEI or HES60[1.0]-PEI, with
the molar ratio of 10:90 HES-PEI to free PEI, wer@ubated with AA (activity of 100 U/L)
for 6 h at 37°C and the zeta potential was measUieel zeta potential of HES60[0.7]-coated
polyplexes increased gradually with time after &ddi of AA, and levelled-off after
approximately 1-2 h (Figure lll. 3, left). MeanwdilHES60-decorated particles with MS of
1.0 (Figure l1ll. 3, right) showed no increase o gurface charge over time. Similarly, no
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effect of AA was observed on the zeta-potentialHES30-decorated particles (data not

shown).
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Figure 1lIl. 3. The effect of AA on biophysical characteristics of Hifed
polyplexes. The surface charge of HES60[0.7]- jledhd HES60[1.0]-shielded
(right) DNA polyplexes under the effect of AA aluaction of time at 37 °C.

3.2 Effect of molar mass and degree of hydroxyethylatio on the

luciferase reporter gene transfection efficiencyn vitro

The in vitro transfection efficiency of HES-decorated polyplexess studied in Neuro2A
cells incubated with DMEM in the presence or abeerfc100 U/L AA. Results in Figure lll.

4 A provide clues for the effect of molar mass ambunt of HES on the particle shielding, as
evidenced by the transfection efficiency in theesta® of AA (light grey bars). One notices
that the expression of the luciferase reporter gleweeases with the increase in molar mass
and in the amount of HES-PEI, with a decrease 8fatders of magnitude compared to the
nPx in the case of 25% HES60- and HES70-coatedpfedgs, while a lower shielding effect
was observed for the low amounts of low molar méES (hamely HES10-PEI and HES30-
PEI with 10% HES-PEI:PEI) (see Figure lll. 4 A).éle results show that the molar mass
and the amount of HES in the shell are indeed itapbparameters controlling the shielding
of the polyplexes. Upon supplementation of AA, HieS-coat was degraded and the particles
were “activated”, leading to an increase in lu@B® gene expression by 1-3 orders of
magnitude, whereas no effect could be observedAoon the naked particles, as well as the
particles shielded with non-degradable polymergseig HES60[1.3] and PEG (Figure lll. 4
A). Similarly, the polymers with a low extent ofdoiegradation as evidenced by AF4 and
QCM-D, i.e. HES30[1.0] and HES60[1.0], show no effen transfection upon addition of
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AA. Meanwhile, the most prominent effect of AA-atidn is clear for polyplexes having
higher amounts of the large molar mass HES with M& (i.e. those strongly shielded
polyplexes with long, highly biodegradable polymehains, namely HES60[0.7] and
HES70[0.5]). These polyplexes showed the highestldihg effect, and accordingly the
addition of AA and elimination of the HES coat efigely deshielded the particles to reach a
transfection level similar to that of nPx. The HBfB4]-coated polyplexes, having short
highly biodegradable HES molecules, showed an nmgdiate shielding as well as an
intermediate effect of the deshielding enzyme @ntthnsfection efficiency. These results are
a clear indication for selective particle activatiof HESylated nanoparticles using AA, as
well as the important effect of molar mass, MS anunt of HES in the nanoparticle corona
on both the effective shielding and deshieldingtlod particles. Finally, the viability of
Neuro2A cells was not affected by incubation witte tpolyplexes, independent of the
presence of the enzyme, indicating the relativetgadf these polyplexes (Figure lll. 4 B&C).
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Figure Ill. 4. Cell culture experiments — Luciferase reporter geaxpression (A)
and metabolic activity (B, C) in Neuro2A cells. 8&aoe shielding and deshielding
studies were performed in cell culture medium wiuh®A (-AA) and with the
enzyme (+AA) (A). The metabolic activity was detieed for cells incubated with
the polyplexes without AA (B) and with the enzy@g Analysis of the reporter
gene expression and the corresponding metaboligvdagt was carried out 24h
after polyplex treatment. (Numbers after HES rergsthe nominal molar mass of
HES as provided by supplier, numbers in brackets tre nominal values for MS,
while those numbers on the X-axis represent thangiratio of HES-PEI (or PEG-
PEI) to free PEI in percentage, where 10% stands 10:90 conjugate to free
PEI).

3.3 Gene transfer studies of HES-PEI polyplexes vivo

To prove thein vivo feasibility of the shielding and deshielding coricepe compared
polyplexes coated with HES70[0.5], a polymer thhabvgs effective shielding and AA-
catalyzed deshielding, against polyplexes coatetth wbn-degradable polymers, namely
HESG60[1.3] and PEG20, as well as naked polyplekbs. naked polyplexes showed a high
transfection efficiency in the lungs, indicatingetformation of aggregates upon injection,
which rapidly accumulate in the lungs (see FigureH). Meanwhile, the incorporation of
HES or PEG onto the polyplex surface reduced time gxpression in the lungs 2 to 4 orders
of magnitude by surface shielding as illustrate&igure 1ll. 5. Meanwhile, by examining the
tumor delivery of the different polyplexes, shielgithe DNA polyplexes with the non-
degradable HES60[1.3] or PEG20 resulted in a vemytb complete loss of gene expression
at the tumor site, while the use of the biodegréd&tiES70[0.5] showed a generally higher
transfection efficiency compared to the naked plelyps (with the exception of one animal
which showed an exceptionally high tumor expressidth the naked polyplexes, and

accordingly an increase in the mean expressioreyalu
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Figure Ill. 5. Gene expression in the lungs (left) and tumor uesgright) in

Neuro2A-tumor-bearing A/J mice after systemic adstnation of naked
polyplexes, as well as polyplexes coated with HE®BH), HES60[1.3] and
PEG20. The luciferase expression is presented ik light units (RLU) per mg
organ (n=5 per group), and the mean is represerdeca short horizontal line.

Anotherin vivo experiment was performed with HES70[0.5]-coated/plelxes to investigate

the effect of the amount of the biodegradable pelywn the transfection efficiency in the

lung and the tumor. Results in Figure Ill. 6 shiwatt similar to the previous experiment, the
naked LPEIl-based DNA complexes strongly accumulatethe lung, while the HES- or

PEG-decorated particles resulted in a strong dsergalung expression by 3 to 4 orders of
magnitude (see Figure lll. 6), almost entirely ldog the luciferase gene expression in the
lung. Polyplexes with the lowest investigated amiafrHES70-PEI resulted in an almost 2-
fold increase in luciferase expression in the tufillustrated in Figure lll. 6, right) compared

to nPx. Increasing the amount of HES70[0.5]-PEédhror fivefold drastically reduced gene
expression in the tumor, probably due to an inceteptieshielding of the higher amount of
polymer in the particle corona, reaching expressorl similar to the non-degradable PEG-
coated polyplexes. To summarize, the best resudie vobtained using a low degree of
HES70[0.5]-decoration. This lead-candidate redutted luciferase gene expression in the
lungs 3 orders of magnitude, while maintaining geggdression-levels in the tumor compared

to the unmodified particles.
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Figure Ill. 6. In vivo luciferase expression in the lung (lefldatumor (right)

tissue in Neuro2A-tumor-bearing mice. An amoun60fug pDNA (N/P ratio 6.0,
with ratios of 10:90 (10%), 30:70 (30%) and 50:58000) HES70[0.5]-PEI to free
PEI, and 30:70 PEG20-PEI to free PEI was injectadoi the tail vein of A/J mice.
Naked LPEI and PEGylated particles served as castrdhe luciferase expression
IS presented as relative light units (RLU) per mgan (n=4 animals per group),
and the mean is represented as a short horizonted. |

4 Discussion

PEGylation of nanomedicines is the state-of-thaenhnique for imparting stealth character
to nanocarriers and facilitating passive tumor e¢ting via the enhanced permeability and
retention (EPR) effect [28, 29]. Similarly, the amporation of the hydrophilic polymer PEG
onto the surface of DNA-polyplexes increases thtbility in the bloodstream and reduces
the nonspecific interaction with blood componenysthe effect of surface charge shielding
[11, 30, 31]. However, PEGylation of polymeric ¢ars for the delivery of nucleic acids
reduces the gene expression by interfering withuleel uptake and endosomal release [13],
bothin vitro andin vivo. To overcome this PEG dilemma, many researchears bquipped
PEGylated-systems with diverse labile bonds thabkEnshedding the disturbing PEG coat
under the effect of various triggers [15-18, 20-28]a proof-of-concept study, we reported
earlier on a novel molecular tool for tailored gabx shielding and controlled enzymatic
deshielding and activation using HES andmylase [23]. Building on our previous results,
and in order to fine-tune the rate and extent ofSH&odegradation and to harness this
property for developing optimally designed polymexwe investigated the effect of molar
mass and molar substitution on the shielding arsthig&ling of the polyplexes vitro andin

Vivo.
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Initially, the degradation rate and extent of diiet HES polymers under the effect of AA
was studied in the case of the homopolymer usindg-KMRLS, using QCM-D in the case of
HES-PEI conjugates, and finally using zeta-poténtieeasurements for the HES-coated
polyplexes. AF4-MALS results show that the MS playsimportant role in the kinetics and
extent of the enzymatic cleavage of thé,4-glycosidic bonds of HES. These results were
corroborated by the QCM experiments for the dedradaf the different HES grades in the
HES-PEI conjugates, where the polymers were addasbea thin layer onto a Si@oated
quartz crystal, simulating the situation at thefare of the shielded polyplexes. Both
analytical methods showed that the biodegradatidd&s under the effect of AA was faster
and to a greater extent for the low substituted hbBEfmers, MS 0.4, 0.5 and 0.7, getting
slower and less efficient with increasing MS to, aAd totally blocked with an MS of 1.3. In
some cases (such as HES30[0.4] and HES70[0.5Ppid initial degradation, followed by
slower HES cleavage was observed, indicating thatdasier accessibtel1,4-glycosidic
bonds of HES were cleaved at the beginning, whetbasless accessible bonds were
degraded slower (Figure lll. 1 and Figure lll. B).a further experiment, the impact of the
MS on the enzymatically-catalyzed degradation ofSHi& case of the polyplexes was
indirectly studied by monitoring the zeta potenbdHES60-decorated polyplexes. Addition
of AA led to a gradual increase of the zeta po&dnti case of HES60[0.7] similar to our
previous results with HES70[0.5] coatings [23], bat no effect for the HES60[1.0] coating,
indicating that indeed the lower MS facilitatesrsigant cleavage of the glycosidic bonds
and reduction in the molar mass of HES leadingntoease in the zeta potential, while in case
of HES60[1.0], and although the polymer is reldiivBiodegradable, the lower extent of
degradation (as evidenced in AF4 and QCM experig)daads to a non-significant decrease
in zeta potential.

The effect of HES molar mass on its biodegradat®omot unequivocal as that of MS.
Comparing the biodegradation of HES30[0.4], HESA][@nd HES60[0.7], which have (to
some extent) similar MS but different molar massese notices the highest rate of
degradation in case of HES70[0.5] followed by HE[B3( then HES60[0.7] (see Figure Ill.
1 and Figure lll. 2). The lack of a clear trendhe effect of molar mass could be due to the
slight differences in the MS of the investigatedypters. Meanwhile, molar mass has a clear
effect on the shielding of the polyplexes, evidehbg a decrease in zeta potential with the
increase in molar mass, as was shown previously. [PBis explains why AA had a
significant effect on the zeta potential of the HWB®.7]-coated polyplexes (Figure 1ll. 3), but
not on those coated with HES30[0.4], although laoth biodegradable as evidenced by AF4
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and QCM. As the polyplexes covered with higher matass HES were better shielded, that
gives room for the effect of enzymatic degradationshow a significant increase in zeta
potential.

The observed effects of molar mass and MS havéfisamt influences on the performance of
the polyplexesn vitro, as evidenced by the transfection experimentsguseuro2A cells in
the presence and absence of AA. In the absenceAppBlyplexes coated with high molar
mass HES (i.e. HES60[0.7], HES60[1.0], HES60[1.8H &HES70[0.5]) showed a large
reduction in luciferase expression compared to rlaged polyplexes, and even lower
transfection in relation to the polyplexes coatethwhe low molar mass HES, indicating that
indeed the higher molar mass is effective in simgldthe charge of the polyplexes as
discussed above. Upon addition of AA, a 1-3 ordadrsnagnitude increase in transfection
efficiency is observed, most prominently for thedegradable HES70[0.5] and HES60[0.7],
and to a lesser extent with the low molar mass-M& polymers (HES30[0.4]), and no
increase was observed with all the high MS polyn@&t§$ 1.0), and the non-degradable
polymers (HES60[1.3] and PEG20). These resultdbeaexplained as follows: the high molar
mass-low MS HES offers high shielding due to thrgdgpolymer chains (evidenced by a high
reduction in zeta potential [23], and a high redurcin the transfection efficiency, compared
to LPEI in the absence of AA) as well as high bgraelability due to the low MS (as seen in
the AF4 and QCM-D results). Addition of AA degraddese highly shielded polyplexes
leading to significant increase in the transfectdficiency. Polyplexes coated with low molar
mass and low MS HES (HES30[0.4]) show a moderateease in transfection, despite the
fact that they have a highly biodegradable HESs@en in AF4 and QCM-D) due to their
originally low shielding (evidenced by their highttansfection efficiency in the absence of
AA), so that the addition of AA does not have rotorachieve a significant increase in zeta-
potential or transfection. Similarly, the lack ofcrease in transfection in the HES60[1.0]-
coated particles is due to the low degree of degiad as seen in the HES degradation
experiments. Finally, the non-degradable polymEES60[1.3] and PEG20) as well as naked
polyplexes did not show any response to the addiioAA, indicating the specificity of the
effect of AA on biodegradable HES.

Finally, thein vivotransfection efficiency of the HES shielded polyae was tested in tumor
bearing mice. In general, the systemic administratif naked LPEI-polyplexes results in an
uncontrolled nucleic acid delivery to different arg, with the highest gene expression levels
observed in the lung [32], due to the non-spedifieraction with blood components and the

associated aggregation. Results in Figure Ill. & Bigure Ill. 6 show that our shielding and
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deshielding concept is a promising approach, miaiimig particle stability in the bloodstream

as well as their transfection efficiency at the éunsite by enzymatic deshielding. For

instance, while all shielded polymers show up twders of magnitude reduction in luciferase
expression in the lungs compared to the naked [@d{gp, the biodegradable HES70[0.5]
maintained the tumor expression similar to or highan the naked polyplexes, in contrast to
the non-degradable polymers HES60[1.3] and PEGZtG¢chwvnearly abolished the tumor

expression (Figure Ill. 5 and Figure 1ll. 6). Thma@unt of HES70[0.5] in the shell proved to

be important too, since increasing this amount cedithe tumor expression significantly to
levels similar to the non-degradable PEG20 (Fidliré).

5 Conclusions

This study was designed to investigate the efféd¢il6S’ molecular characteristics, namely
molar mass and molar substitution (MS) on the dimgl and deshielding of HES-coated
polyplexes, as well as providing evidence foritheivo feasibility of this approach. The AA-
catalyzed biodegradation of HES was investigateddiffierent HES homopolymers using
AF4-MALS, and on a battery of synthesized HES-P&ljegates using QCM-D, and finally
on HES-decorated polyplexes using zeta potentiahsorements. Results from these
experiments showed higher rates and extents of biB&@egradation in case of low MS,
decreasing with the increase in MS, and compledblylished for MS 1.3. Meanwhile, the
molar mass and amount of HES played an importdatindhe shielding of the polyplexes, as
evidenced by the decrease in timevitro transfection efficiency in Neuro2A cells with
increasing molar mass or amount of HES. Deshielthirgoolyplexes by addition of AA leads
to a 1-3 orders of magnitude increase in the tesotigin efficiency, particularly for the highly
degradable (i.e. low MS) high molar mass polymevkijle the non-degradable polymers
showed no effect for AA, indicating the specifidlience of AA on HES deshielding.
Finally, thein vivo experiments showed that indeed the concept of riE&ated shielding
can lead to significant reduction in lung expressiwhile the AA-catalyzed deshielding can
maintain or increase tumor transfection levels, seen with the HES70[0.5]-coated
polyplexes. In conclusion, this study shows thearngmce of the fine balance between molar
mass, MS and the amount of HES in controlling thielding and AA-catalyzed deshielding
of HES-coated polyplexes, and proves for the firsg, the feasibility of this approach for the

in vivo genalelivery.
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Abstract

Hydroxyethyl starch (HES) has been proposed a®delgradable substitute of PEG for the
shielding of DNA polyplexes, where the feasibildf/this approach was shown bathvitro
and in vivo. In this study, we report on the physicochemichlaracterization and
biocompatibility of HES-decorated polyplexes. Fbistpurpose, HES with different molar
masses and molar substitutions was coupled tokdadinear polyethylenimine (LPEI22) to
produce a library of nine different HES-PEI conjigga Particle size and morphology of
HES-decorated polyplexes were evaluated using Ddt8mic force microscopy (AFM),
transmission electron microscopy (TEM) and zetaempimdl measurement. DLS results
showed that, neither the molar mass of HES noatheunt of HES in the polyplexes affected
the patrticle size, as they were all around 70-80mudiameter. Additionally, AFM and TEM
images showed that both naked and HESylated polgplevere in the same size range and
had a spherical morphology. Meanwhile, the HES-mtedi particle-shielding effect,
manifested as reduction in the surface chargenglyocorrelated with the molar mass of
HES, where the charge decreased linearly withrtbeease in molar mass. Ethidium bromide
binding assay showed that HES-PEI did not negatigect DNA condensation at N/P ratios
higher than 4. HES-conjugation also showed a staiml effect against salt-induced patrticle
disassembly, and particle aggregation in protemaiaing media. Biocompatibility tests
included cellular viability with increasing polymeaoncentration, as well as erythrocyte
aggregation and hemolysis assays. HES-PEI congigsitewed lower cytotoxicity, no
aggregation and much lower hemolysis compared toogiified PEI. In conclusion, these
results show that the HES-PEI conjugates are pmogigene delivery polymers with

favorable physicochemical properties and bioconbgdsi profile.

Keywords

Hydroxyethyl starch (HES), linear polyethylenimir(@PEI), characterization, stability,
biocompatibility, gene delivery, shielding
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1 Introduction

Polyplexes for non-viral gene and oligonucleoti@éiviry represent an actively studied field
which holds promise for the treatment of acquiredirdherited diseases. However, the
experience from more than two decades in the &6éjablymeric gene delivery has shown that
stil a number of hurdles and limitations must beemome, most importantly, the

development of safe and highly efficient carridrattcan overcome intra- and extracellular

barriers.

Since these polyplexes are prepared using polytatimost notably polyethylenimine [1, 2],
they carry a positive charge, which leads to nagcg interaction with blood components,
aggregation and premature elimination by the bodgimune system. One way to overcome
this problem is using hydrophilic polymers, such @syethylene glycol, to shield the
polyplexes against these interactions. However, YW&i®n is known to reduce cell-uptake
and endosomal release by steric interference, it véhknown as the “PEG-dilemma” [3-5].
Several strategies were introduced for sheddingntfeefering PEG molecules after reaching
their destination by incorporating unstable bonakich are responsive to diverse stimuli,

such as reducing environment or acidic pH [6-9].

We recently proposed the use of hydroxyethyl st@HiES) as a substitute for PEG, with the
aim of controlled shielding and enzymatically cgzald deshielding using amylase [10, 11].
Those core-shell nanoparticles with HES-decorattomwed a reduced vitro transfection in
the absence of alpha amylase (AA), indicating ass&ful particle shielding. However, the
addition of AA caused up to 3 orders of magnitutlreéase in gene transiervitro [11]. An

in vivo proof-of-concept study showed that HES stronghjuoed non-specific aggregation
and the associated accumulation in the lungs, aactased gene expression in the tumor,
whereas gene-carriers with non-degradable HES @& &d&ats showed low gene transfer in
both the lung and tumor [10]. These results shothiedeasibility of HES-PEI conjugates for

effective gene transfer.

For the future use and optimization of such HESadsted nanoparticles, a thorough
investigation of their physicochemical propertigsl biocompatibility is required. In the
current study, we provide a detailed insight irfitese properties, where the physicochemical

characterization focused on the effect of HES matass on the particle size and the zeta
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potential of the polyplexes, the condensation ofADY the modified polycation, as well as
the stability of the polyplexes in the presence sait or serum. Additionally, the
biocompatibility studies provided information abdbe cellular toxicity, hemolytic activity
and erythrocyte aggregation of different HES-PHbdatgmers. The homopolymer LPEI and

copolymer PEG-PEI were used as controls in mo#tieéxperiments.

2 Experimental section

2.1 Materials

HES 70[0.5] with a weight-average molar massy(Mumber after HES; nominal value as
provided by supplier) of 70 kDa and a molar substh (MS is the mean number of
hydroxyethyl groups per glucose unit; nominal vaasge provided by supplier; number in
square brackets) of 0.5 was kindly provided by Bwvark Bernburg, Germany. HES20[0.5]
was synthesized from HES70[0.5] by acid hydrolyass reported in [11]. HES10[1.0],
HES30[0.4], HES30[1.0], HES60[0.7], HES60[1.0] dtES60[1.3] were kindly provided by
Fresenius Kabi (Bad Homburg, Germany). Sodium cgarahydride (NaBRCN) was
purchased from Merck Schuchardt OHG (Hohenbrunmm@my). Linear polyethylenimine
with an average molar mass of 22 kDa (PEI22) ard REG20-PEI conjugate (PEGZ20:
polyethylene glycol with the average molecular veigf 20 kDa) were synthesized as
described in [12]. Plasmid pCMVluc was preparedPtgsmidFactory, Bielefeld, Germany.
Ethidium bromide solution and Triton-X 100 were ¢ghased from Sigma-Aldrich (Steinheim,
Germany). Cell culture medium, antibiotics and lfetf serum (FCS) were purchased from
Life Technologies (Karlsruhe, Germany). Other sptgeand chemicals were reagent grade

and were used as received.

2.2 Methods

2.2.1 Synthesis and characterization of HES-PEI co-polynre
Conjugates of different HES molecules with LPEI22rev prepared via Schiff’'s base
formation and reductive amination as describediexajl0, 11]. Additionally, the purified

samples were characterized usthigNMR, copper assay, and SEC [11].
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2.2.2 Preparation and biophysical characterization of poymer-based transfection
particles

Naked LPEI-based polyplexes (nPx) were preparetiéyapid addition and mixing of PEI to
the plasmid pCMViuc (pDNA) (at a final DNA conceation of 20 pg/mL in HEPES
buffered glucose (HBG); 20 mM HEPES, 5 % glucosévwpH 7.1) at N/P 6.0, then
incubated at room temperature for 30 minutes pioomnalysis. For instance, PEI/DNA
transfection particles at the N/P ratio of 6.0 weomposed of 20 ug DNA and 16 pg PEL
HESylated polyplexes were produced in the samadasds nPx, with the exception that pure
PEI was partially replaced by HES-modified PEI,. ¥S70-PEI/DNA complexes at N/P
ratio 6.0 and a ratio of PEI to HES-modified PEI9®£10 were made of 20 pg DNA, and a
mixture of 14.4 ug PEI and 1.6 pg HES70-PEI (bamedPEl). HESylated polyplexes were
generated with the ratio 90:10 of PEI to HES-PEhjegates (unless otherwise stated).
Polyplexes containing PEG20-PEI were prepared &t09Molar rate of free PEI to PEG-PEI

conjugates.

2.2.3 Dynamic light scattering (DLS)

The hydrodynamic diameter of LPEI-based polyplexess studied using the Malvern
Zetasizer Nano ZS (Malvern Instruments, WorcestershUK). Measurements were
performed in disposable 70 uL micro UV-cuvettesaf®t, Wertheim, Germany). Samples
were analyzed at 25°C &8).

2.2.4 Transmission Electron Microscopy (TEM)

TEM images were obtained using a TITAN 80-300 S/TENEI Company). Naked
polyplexes, HES-modified particles (70Px and 20Bupplemented with 10% HES-PEI,
respectively) were generated following the standprdcedure allowing a 30 minutes
polyplex formation time. The used grids (Formvanbce-filmed 400 mesh copper) were
treated with oxidative WO, gas chemistry applying the Solarus (Model 950) Axbeal
Plasma Cleaning System (Gatan GmbH, Germany) fer dmoval of hydrocarbon
contaminations. The DNA-polymer solutions (5 pL)rev@laced onto the grid for 5 minutes
allowing particle immobilization. The grid was diieising filter paper and rinsed twice with
highly purified water. After drying, negative staig of the TEM sample was performed by
adding a volume of 5 pL of 1% phosphotungstic dord5 minutes. Air-dried samples were

measured applying a voltage of 80 kV.
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2.2.5 Atomic Force Microscopy (AFM)

Measurements were performed on a MFP-3D atomicefonecroscope (Asylum Research,
Santa Barbara, CA), applying the tapping mode in @&rrow-UHF-10 cantilevers
(Nanoworld, Switzerland) were used at a drive fesguy of approximately 306 kHz, the scan
rate was set to 1 Hz with pixel scan points of 5856 or 512 x 512. AFM images were
analyzed using Igor Pro v.5.05A (WaveMetrics, US)EI-based polyplexes and HESylated
particles (10% shielding domain) were generatedofohg the standard procedure.
Polyplexes were placed onto cover glass for 10 mllowing particle-on-surface
immobilization. Following rinsing the glass baseutiously with highly purified water the

material was dried in air and analyzed.

2.2.6 Zeta potential measurement

The effect of different HES coatings on the surfeloarge characteristics of LPEI polyplexes
was evaluated by zeta potential measurements bdalgern Zetasizer Nano ZS (Malvern
Instruments, Worcestershire, United Kingdom}3n Measurements were performed with

750 pL polyplex solution in folded capillary ceds25°C.

2.2.7 DNA binding evaluation using ethidium bromide (EtBr) binding assay

HBG pH 7.1 or HBS (HEPES-buffered saline, 20 mM HESR 150 mM NacCl, pH 7.1) was
pipetted into black 96-well plate (Nunc), six migram pDNA and the corresponding
guantity of polymers were added to give a final Dbi#ncentration of 20 pg/mL nucleic acid
in altogether 300 pL volume. Polyplexes were alldwe incubate for 30 minutes, before an
amount of 20 pL EtBr solution (concentration 100milg in water) was supplemented. The
pDNA binding ability of various HES-PEI conjugatess evaluated under the effect of
increasing polymer concentrations. The reductionindércalation of EtBr in DNA was
followed using a Cary Eclipse Fluorescence Spebwotipneter (Varian), wherky 510 nm
andiem 590 nm was utilized [13]. The relative fluorescemneas calculated piypiex / Fraked
ona, Where the fluorescence of naked DNA was 1.0 dedfluorescence of EtBr control

solution was 0.

2.2.8 Colloidal stability of HESylated PEI-based DNA compexes

The intercalation behavior of nucleic acid inteatai EtBr was utilized to study the stability

of polyplexes against sodium chloride. HBG pH 7.4swpipetted into black 96-well plate
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(Nunc), 6 ug pDNA and the corresponding quantunyrpels were added to give a final
DNA concentration of 6 pug nucleic acid in altogett30 pL polyplex solution. DNA-
polymer complexes were generated at N/P ratio Bddyplexes containing HES-PEI were
prepared at 90:10, molar ratio of free PEI to HE3-Ponjugates. HES20- and HES70-
decorated particles were additionally made at 7&r&#h50:50 ratios to study the impact of the
amount of HES on the stability against sodium ctkarPolyplexes were allowed to incubate
for 30 min, before 20 pL EtBr solution (100 pg/mixs supplemented. A predefined amount
of 5 M NaCl was stepwise added to the polyplextsmhs (sodium chloride titration from 0 to
1 M NaCl concentration). Samples were allowed toulbate for 5 min, and the EtBr
fluorescence was followed using a Cary Eclipse idscence Spectrophotometer (Varian),
wherelex = 510 nm andwen, = 590 nm. The relative fluorescence (RF) was dated as
Fluorescenggiypex / Fluorescenggied ona A polynomial fit (2 order) was performed to

determine NaCl concentrations at RF 0.5 and 0.75.

2.2.9 Polyplex stability in protein-containing medium

HES20- and HES70-decorated polyplexes (90:10, mal#w of free PEI to HES-PEI) were
prepared according to the standard procedure waltp 30 min particle generation time, 100
ML polyplex solution was mixed with 900 uL DMEM @@L glucose, 10% FCS). DLS
measurements were performed in the high resolutiode (multiple narrow mode), where
peak 1 was taken to analyze the large particleeagdes. Naked LPEI- and PEG20-decorated
polyplexes served as controls. All measurements gaven as mean values of three

independent runs performed in triplicates.

2.2.10 Evaluation of the cytotoxicity of plain HES-decoraed PEIs

All cultured cells were grown at 37 °C in 5% ghlumidified atmosphere. Human hepatoma
cells HUH7 (JCRB 0403, Tokyo, Japan) were culturedMEM (Dulbecco's Modified Eagle
Medium)/HAM's F12 medium (1:1). The medium was dappented with 10% FCS, 4 mM
stable glutamine, 100 U/mL penicillin, and 10§/mL streptomycin. The viability of HUH7
cells after treatment with increasing amounts ofSH&odified PEIs was evaluated using the
MTT assay. Twenty four hours before polymer treatinbuman HUH7 cells were seeded at
a density of 1x1bcells per well in 100 pL medium. Directly befor@dition of HESPEI, the
medium was exchanged against fresh medium withdwitipancreatic alpha amylase (AA;

100 U/L). Various amounts of co-polymers were addedhe cells up to the polymer
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concentration 1 mg/mL (based on PEI). 4 h afteitanfdof various amounts of HESPEI, the
medium was replaced by fresh medium with/without. A h after polymer treatment, MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazain bromide) was dissolved in PBS at 5
mg/mL, and 10 pL aliquots were added to each vealthing a final concentration of 0.5 mg
MTT/mL. After an incubation time of 2 h, unreactgge with medium was removed and the
cells were lyzed by incubation at -80 °C for 30 ates. The formazan product was dissolved
in 100 pL/well dimethyl sulfoxide and quantifieding a plate reader (Tecan, Groedig,
Austria) at 590 nm with background correction & 881. The metabolic activity (%) relative

to control wells containing HBG-treated cells watcalated (A test/A control x 100).

2.2.11 Erythrocyte aggregation assay

Fresh citrate buffered blood (25mM) from 1-year fdchale CD-1 nude mice was washed by
centrifugation (2500rpm, 700-800g) with a PBS/sadicitrate mixture (9:1, 25mM sodium
citrate) until a colorless supernatant was obtaifde erythrocyte pellet was diluted with
PBS pH 7.4 at a concentration of 4% (V/V). An amoah 100uL red blood cell (RBC)
suspension was mixed with 50uL of various polyn@uttons. LPEI, HES70[0.5]-PEI and
PEG20PEI were added at the final concentrations5@0and 100 puL/mL (based on LPEI),
polymer/erythrocyte solutions were incubated inwadt plates for 30 and 120 minutes at
37°C under constant gentle agitation. For microscapalysis pictures were taken with a
Keyence VHX-500F digital microscope with 1000-fofégnification.

2.2.12 Hemolysis assay

An amount of 75 pL RBC suspension (for preparasiea erythrocyte aggregation assay) was
mixed with 75uL of various polymer solutions in ¢tlom 96 well plates. Polymers were
supplemented at the final concentration 10, 50 Ed@lug/mL based on LPEI and based on
total polymer, respectively. Mixtures were inculthfer 60 minutes at 37°C under constant
gentle shaking. Following centrifugation, the albsmice of the excess was measured at 405
nm. PBS buffer (0% released hemoglobin) and 1% JM/Nton-X (100% lysis) were used as
controls. Erythrocyte leakage assay data are thansnef experiments performed in

quadruplicates.
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3 Results

3.1 HES-PEI conjugates synthesis and characterization

HES-PEI copolymers were prepared by grafting HES® tme linear polyethylenimine PEI by
Schiff’'s base formation via an unstable aminolimtediate that immediately rearranges to an
enamine function. In a second step, the reduciegtagpdium cyanoborohydride reduces the
enamine to secondary amine groups [10, 11]. A battd HES-PEI conjugates was
synthesized with varying HES molar masses and nslastitution and different ratios of
coupled HES to PEI. The synthesized co-polymersvebaracterized usintdi NMR, UV
spectroscopy (colorimetric copper assay), and SEQeported earlier [11]. BottH NMR
spectroscopy and photometric copper assay deliwgggdsimilar results regarding the extent
of coupling of HES to PEI, as illustrated in Table 1. These co-polymers act as the basis for
fine-tuning the properties of HES-coated polyplexekich allow the controlled polyplex
shielding and deshielding as previously demonstratesitro andin vivo . In this work, we
report on some important physicochemical propertieshese polyplexes, as well as the

biocompatibility of these conjugates.

Table 1V. 1. Mass ratio and molar ratio of HES:PEI for generdtéHES-PEI
copolymers as determined By-NMR and the copper assay.

Amount of HES in generated Amount of HES in generated

HES-PEI conjugates tH NMR) HES-PEI conjugates (UV)

Mass ratio % Molar ratio Mass ratio % Molar ratio

HES : PEI HES : PEI
HES10[1.0]-PEI 35.12 1.36:1 28.0+2.3 0.98:1
HES20[0.5]-PEI 56.70 1.64:1 56.7 £ 8.8 1.64:1
HES30[0.4]-PEI 74.74 2471 72.8+1.0 2241
HES30[1.0]-PEI 50.39 085:1 51.0+34 0.87:1
HES60[0.7]-PEI 79.97 1.67:1 796+14 1.63:1
HES60[1.0]-PEI 75.40 1.28:1 76.0 £ 0.7 1.32:1
HES60[1.3]-PEI 79.97 1.67:1 78.0+4.2 149:1
HES70[0.5]-PEI 88.20 2.68:1 88.3+15 271:1
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3.2 Physicochemical characterization of the generatedqgbyplexes

3.2.1 Particle size

The effect of the modification of PEI with HES hagidifferent molar masses and degrees of
substitution on the formation of polyplexes, thearticle size and polydispersity were
evaluated using DLS. All HES-decorated polyplexesrevgenerated at N/P ratio of 6.0,
where 90% PEI and 10% HES-PEI (based on PEI) weesl.uFor these studies, naked
polyplexes (LPEI alone) and PEG20-PEI polyplexegeskas controls. DLS results show that
all studied polyplexes displayed a very homogersims distribution, with a polydispersity
index of ~ 0.1, and particle sizes in the rangg@80 nm, an ideal size range for passive
tumor targeting [14], with a slightly higher sizar fparticles shielded with PEG or high molar
mass HES (Figure IV. 1A).
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Figure 1V. 1. Left panel: Particle size and polydispersity indek various HES-
decorated polyplexes. Middle panel: Transmissioec&lon microscopy images
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showing the size and morphology of the polyplexts:( LPEI-Px; middle:
HES70[0.5]-Px; bottom: HES20[0.5]-Px). Right paneAtomic force microscopy
images of the polyplexes (top: LPEI-Px; middle: HBf.5]-Px; bottom:
HES20[0.5]-Px).

Additionally, the morphology and particle size of RES-shielded samples (namely
HES70[0.5]-Px and HES20[0.5]-Px) as well as nakelygexes were studied using TEM
and AFM. TEM-samples showed that all 3 particlesengpherically shaped, with particle
sizes between 50-100 nm, which is in good agreemihtthe results determined from DLS
measurements (see Figure IV. 1 A and B). It is voxdting that no significant difference in
shape or size could be observed between the nakbd bIES- decorated particles. Similarly,
the AFM measurements performed applying the tappige in air showed that the LPEI-
and HES-PEI complexes were spherical particles svitboth surfaces, with sizes in the same
range as DLS and TEM measurements. No free pDNAdcte observed in AFM
measurements, which is an indication for successfualeic acid condensation (Figure IV. 1
C).

3.2.2 Surface charge

The effect of incorporation of HES with varying rablmasses on the polyplexes” surface
charge was evaluated by measuring the zeta pdteksi@xpected, the hydrophilic polymers

shielded the nanoparticles and reduced the zetngmt The effect of molar mass on the

reduction of zeta potential showed a strong negatiwrelation (Figure IV. 2, R= 0.96).

This shows that the surface charge can be finedtbgenodifying the molar mass of HES.
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Figure 1V. 2. Surface charge HESylated polyplexes at N/P rati® with the ratio
of free PEIl to HES-PEI 90/10 (Left). Zeta potentwl HES-decorated particles
plotted against the molar mass of HES (Right).

3.3 DNA condensation by HES-PEI

Building stable polyplexes via electrostatic intgian is a prerequisite for efficient delivery
of genes.

The effect of HES-PEI copolymers on DNA condensatias further evaluated by an EtBr
exclusion assay. This is based on the fact that E#r exhibits a very low fluorescence
intensity, which increases significantly upon ictdation with DNA. Accordingly,
condensation of DNA by cationic polymers decreaBasrescence by inhibiting EtBr
intercalation [15]. The DNA binding ability of LPEInd modified PEIs was studied under the
effect of increasing N/P ratio. The relative fluszence (RF) of LPEI-condensed polyplexes
decreased with increasing N/P ratio (i.e. with @asing amounts of PEI), leveling-off at
around N/P ratio 3, both in HBG and HBS (Figure 8Y. In comparison to LPEI, the HES-
modified PEIs exhibited a lower nucleic acid birglability at low polymer:DNA ratios up to
approximately N/P ratio 4 in both HBG as well as #alt-containing HBS (probably due to
steric hindrance), however, no difference in DNA@ensation capacity could be observed at
N/P ratios higher than 4.0, including N/P ratioMich is often used fan vitro andin vivo
experiments [10, 11]. The molar mass of HES didseam to have a significant influence on
DNA binding, since the higher molar mass HES70[®k] exhibited similar nucleic acid
condensation ability as HES20[0.5]-PEIl. Meanwhites DNA condensation turned out to be
disturbed in the presence of the salt-containinffebu/HBS) in contrast to the sugar-
containing one (HBG), with the relative fluoresceneveling-off at approximately 0.2 in the
case of salt-free HBG and at 0.4 in HBS, indicangigher amount of EtBr binding in the
latter case, and accordingly a less efficient casdgon. This is probably due to ion-shielding
of the charged groups and disturbance of the elgtetic interaction between the polycation
and DNA.
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Figure 1V. 3. Ethidium bromide (EtBr) exclusion assay - DNA bimgl ability of
HES-modified PEIls. Relative fluorescence of EtBraatunction of N/P ratio for
HES20 and HES70- decorated polyplexes in HBG (Laig HBS (Right).

3.4 Stability of HES-decorated polyplexes

Polyplexes usually suffer from insufficient collaidstability in physiological environment,
leading to their disassembly or aggregation, whggresents a major limitation for their
vivo application [16, 17]. For this reason, these factoere testedh vitro. First, the stability
against disassembly due to increasing ionic strengis evaluated. The dissociation behavior
of HES-decorated polyplexes was studied by maksegaf a modified EtBr-based DNA-PEI
binding assay at increasing concentrations of sodthloride. Sodium chloride interfered
with the DNA condensation by the polycation leadiogpartial or complete disassembly of
the polyplexes, allowing the intercalation of DNAdaEtBr. Accordingly, at higher salt
concentrations, the DNA was not bound sufficierasthd the RF took the value 1 similar to
uncondensed pDNA. Results show that the naked |eolgp were more sensitive towards
NacCl, while the presence of HES seemed to reduedigassembly of the polyplexes (Figure
IV. 4 and Table IV. 2). The effect of the molar mamd the total amount of HES on the
polyplex stability against NaCl-induced disassemiibs investigated with the HES20- and
HES70-PEI conjugates. HES20 increased the resestahthe particles to disassembly with
increasing amount of HES (Figure IV. 4 A and Table 2), while increasing amounts of
HES70 led to reduction in terms of colloidal stapi{Figure 1V. 4 B and Table IV. 2).
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Figure 1V. 4. Colloidal stability of HES-modified polyplexes. |R&ve

fluorescence of EtBr in a polyplex solution as andtion of increasing NacCl
concentration for different HES-PEI:PEI ratios of B$20-decorated (A) and
HES70-decorated (B) polyplexes.

Table 1V. 2. Colloidal stability of HES-modified polyplexes. élhrelative
fluorescence (RF) of 1.0 represents naked pDNA,~RE.15 is the initial RF for
compactly bound pDNA in the polymeric matrix.

Conc. of NaCl [M] Conc. of NaCl [M]
leading to RF 0.50 leading to RF 0.75

LPEI 0.210 0.435
10% 0.222 0.466
HES20PEI 25% 0.254 0.591
50% 0.263 0.591
10% 0.269 0.573
HES70PEI 25% 0.254 0.553
50% 0.249 0.500

Another experiment evaluated the aggregation beha¥ithe nanoparticles in the presence of
serum proteins. For this purpose, the particle sfzihe polyplexes was followed in DMEM
cell culture medium supplemented with 10% fetaff s®rum (FCS) using DLS. Once in

contact with the cell culture medium, naked polypke showed a significant increase in size,
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probably because the negatively charged proteimsnee to physically cross-link the
positively charged particles. Meanwhile, particteetding using HES and PEG diminished
the tendency to form large protein aggregates with effect HES20 < PEG20 = HES70
(Figure IV. 5).
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Figure 1V. 5. Polyplex stability in protein-containing mediumLB measurements
of particle size for naked polyplexes, as well asyplexes decorated with HES20,
HES70 and PEG20 at time points 0, 30 and 60 mirrafhixing the polyplexes
with DMEM supplemented with 10% FCS.

3.5 Biocompatibility of HES-PEI conjugates

3.5.1 Cytotoxicity of HES-PEI to HUH7 cells

The cytotoxicity of HES-PEI copolymers was testedHUH7 cells using the MTT assay.
Results show that the cellular metabolic activityhee HUH7 cells decreased with increasing
polymer concentrations, where LPEI homopolymer asdl significant cell death at
concentrations > 10 pg/mL. Meanwhile, all HES-PBpaymers exhibited reduced cell
toxicity, manifested as higher metabolic activipngpared to LPEI at the same concentrations
(Figure 1IV. 6). While HES70[0.5]-PEI showed the kst cytotoxicity, probably due to the

fact that it has the highest molar mass, and acuglsdthe best steric hindrance, the effect of
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HES’ molar mass is not unequivocal, since loweranahasses showed mixed cytotoxicities
(Figure V. 6).

120
—m— LPEI
HES10[1.0]-PEI
HES20[0.5]-PEI
HES30[0.4]-PEI
—m— HES30[1.0]-PEI
HES60[0.7]-PEI
—m— HES60[1.0]-PEI
—m— HES70[0.5]-PEI

viability [%]

0 I| Ll 1 IIIIIII Ll Ll l?lllll_ Ll Ll lill:_T

1E-3 0,01 0,1
PEI concentration [mg/mL]

Figure IV. 6. The viability of HUH7 cells under the effect of irasing
concentrations of PEI or HES- PEI conjugates asedetined by the MTT assay.

3.5.2 Hemocompatibility of modified LPEIls

The erythrocyte aggregation assay was performedutty the interaction of modified PEls
with RBCs. For this purpose, erythrocytes were lrated with different concentrations of
LPEI and modified LPEIs ranging from 10 pg/mL td30g/mL. Homopolymer LPEI formed
large aggregates via electrostatic interaction betwthe cationic polyamine and anionic cell
membranes. PEG20-modified PEI showed a tendenfoyrio small erythrocyte aggregates at
high concentration after 2 h incubation. Modificatiof LPEI with HES70[0.5] could prevent
polymer-induced RBC aggregation by the effect afrge shielding at 10, 50 and 100 pg/mL
PEI concentration after 30 and 120 minutes incobdime (see Table IV. 3 and SI).
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Table 1V. 3. Erythrocyte aggregation assay. LPEI, PEG-PEI anB3¥0[0.5]-PEI

in concentrations of 10, 50 and 10 pg/mL were irateld with RBCs for 30 or 120
min, and the aggregation was observed using an aoabti microscope.
Classification: - no aggregation, + weak aggregatjio+ + medium aggregation,
+ + + strong aggregation

Conc. [pg/mL] | Incubation time [min] Visual characterization
based on LPEI 30 120 (100 pg/mL, 120min)
10 + +++
LPEI 50 ++ +++
100 + + + + + +
10 - -
HES70[0.5)
50 - -
PEI
100 - -
10 - -
PEG20-PEI 50 - -
100 + +

Additionally, hemolytic activity of HES70[0.5]-PBlas compared to LPEI and PEG-PEI. It
was calculated after 60 minutes of incubation usiiregfollowing correlation:

oD -0OD
Hemolysis = (ODegymer buter) x100%
(ODTriton—X - ODbuffer)
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where OD is the optical density measured at 405 nm.

The hemolytic activity of LPEI, HES70[0.5]-PElI andEG20-PElI showed a strong
concentration-dependence, increasing with incrgasioncentration. HESylation of PEI
drastically reduced the PEI-induced hemolysis, wagPEG20-PEI resulted in a marginally
reduced hemolytic activity in comparison to LPEIg{re IV. 7). For instance, erythrocyte
treatment with 100 pg/mL of HES70[0.5]-PEI (basedLd’El) induced significantly lower
hemolysis compared to 10 pg/mL LPEI and is consdldo be not hemolytically active
according to Richardsoet al.[18].

100
90 110 ug/mL [ 50 pg/mL [ 100 ug/mL

80 — (based on LPEI)

40 -

Hemolysis [%]

Figure 1V. 7. Hemolytic activity of shielded and naked LPEIl puobrs.
Erythrocytes were treated with different amountsL®El and modified PEIs. The
hemolysis was determined by measuring the opticisdy relative to Triton X
(100% lysis) and buffer (0% lysis) after 60 min ubation at 405 nm.
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4 Discussion

The design and development of stable and biocofpation-viral DNA carriers is an
inevitable prerequisite for safe and efficiemtvivo applications. We reported earlier on the
use of HES-PEI for the controlled delivery of pDNiA vitro andin vivo [10, 11].In vitro
results showed that HES-coated polyplexes havedacesl transfection in comparison to
naked polyplexes in the absence of alpha amylag®. (Addition of AA increased the
transfection efficiency by 2-3 orders of magnitushelicating the effective deshielding of the
particles using AA [11]In vivo results showed that HES coating reduced the &atish in
the lung approximately 3 orders of magnitude, iatliy effective shielding of the particles
and prevention of aggregation in the blood stre&i.the same time, the transfection
efficiency in the tumor was nearly doubled compa@dPEGylated polyplexes, pointing to

the deshielding action of serum alpha amylasevo [10].

For the sake of a better understanding of theselmmlyplexes, and their optimum use for
nucleotide delivery, we further studied their plegghemical properties and biocompatibility.
Accordingly, a battery of HES-PEI copolymers wasthgsized by reductive amination, with
different HES molar masses and degrees of hydrbylston. The polymers were
characterized usintH NMR and UV-spectroscopy, and the results werentep earlier (see
Reference [10] and Table IV. 1).

Regarding the physicochemical characterizatiorhefHES-decorated polyplexes, we found
that surface modification with HES did not affelae tparticle size, polydispersity index or the
morphology of the polyplexes. Regardless of thetiogapolymer, all polyplexes showed
hydrodynamic diameters of ~70-80 nm, as well aglescal morphology with smooth
surface as determined by TEM and AFM (see Figure 1l This size range is ideal for
passive tumor targeting, since particles with appnately 100 nm size can passively
accumulate into leaky tumor tissue by the help hid EPR effect [19]. Meanwhile, the
incorporation of the hydrophilic polymer HES reddcthe zeta potential of LPEI-based
transfection complexes from more than +30 mV indhge of naked polyplexes down to less
than +10 mV for HES70-decorated particles. Thecefté shielding strongly correlated with
the molar mass of HES (see Figure IV. 2). The d#ffecreduction in zeta potential is
important in preventing non-specific electrostatiteraction with blood components, thus
hindering the formation of aggregates and lung excdation [20]. These results show that it
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is possible to fine tune the charge of the paditig controlling the molar mass of the utilized
HES.

Another important issue in polyplex formation i theffect of the conjugated HES on the
DNA condensation by LPEI. As described by othemugs[21-23], polycation modification

using hydrophilic polymers often leads to hindenettleic acid compaction capacity of the
homo-polymer. This conforms to the observed ethidibromide binding experiments

showing a reduction in the DNA binding ability ofElS-PEI copolymers at low N/P ratios
compared to LPEI. However, no differences in DNAnpaction could be observed at N/P
ratios higher than 4 (Figure IV. 3). This meangd titathe N/P ratio of 6, the commonly used
ratio for polyplex formation and use, DNA condermatshould not be a concern for HES-
modified PEIs.

The stability of the polyplexes towards disassembly increasing ionic strength or
aggregation upon addition to protein-containing medis essential for evaluating polyplex
efficiency and performance. Accordingly, the pogpplstability against sodium chloride-
induced disassembly was evaluated using a mod#iBd exclusion assay. Small amounts of
NacCl solution were added to pre-generated partahesthe fluorescence was followed under
the effect of increasing salt concentrations. Ipocation of HES-PEI into LPEI/pDNA
polyplexes increased their colloidal stability tods disassembly, presumably due to steric
hindrance. The disassembly between the 2 polyelgtés requires coordinated movement
between their many building units, and this movenseems to be hindered by the presence
of the bulky HES molecules leading to higher resise to disassembly. While this theory is
supported by the fact that using higher amountdE$20[0.5]-PEI results in better stability,
HES70[0.5]-PEI showed a lower stability with incsgay ratio in the polyplexes (Figure IV. 4
and Table IV. 2). This is probably due to the ifégegnce of the higher amounts of the larger
HES with polyplex condensation, so that it becoeesier to disassemble the particles. As for
the stability against aggregation in protein-camtsg medium, monitoring the particle size of
HES-coated polyplexes by DLS showed that HES-déicoraeduced LPEIs tendency for
building large aggregates by the effect of stenodtance (Figure IV. 5). The larger
HES70[0.5] molecule shielded and stabilized theiglas more effectively than the smaller
HES20[0.5]. However, incorporation of hydrophiliealth polymers HES or PEG onto the
nanoparticle surface could not completely prevemtgin adsorption, leading to a slight

increase in particle size to approximately 200 nm.
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For assessing the biocompatibility of HES-PEI cgapes, we tested their cytotoxicity in
HUH?7 cells, as well as their interaction with RB@s for cytotoxicity, the high density of
amino groups of LPEI was described to be the triggetoxicity [24-26], where the cellular
membrane integrity is disturbed by the electrostatieraction between the cationic polymer
and the anionic cell structures [27]. Coupling P&to the polyamine was found to decrease
the polymer toxicity by the effect of steric hindce and decreased zeta potential [23, 24].
The homopolymer LPEI induced complete cell death abncentration of 50 pg/mL, while
all HES-modified conjugates exhibited improved cadbility. Similar to PEGylation [23],
polyamine modification using HES shielded the amgnoups and reduced the cytotoxicity,
where HES with the highest molecular weight showt@ best cellular viability
(approximately 50% viability at 50 pg/mL based dfl Boncentration, Figure 1V. 6). Testing
the hemolytic activity, LPEI and PEG20-PEI exhilditeemolysis > 15 % for all the tested
concentrations. Meanwhile, conjugation of HES7([Gd LPEI significantly reduced the
hemolytic activity of < 15 % for concentrations t@p50 pg/mL (see Figure IV. 7). This is
considered negligible, as polymers are regardatbaibemolytically active in case of <15 %
hemolysis [18]. As for the PEI-induced erythrocyggregation, it could be efficiently
prevented using HES- and PEG-decoration (Table 3)/. Such prevention of polymer-
induced red blood cell aggregation and hemolysesfew of many prerequisites far vivo

applications of polyplexes.

5 Conclusion

In this work we performed detailed studies on theyspcochemical properties and
biocompatibility of HES-PEI conjugates and HES-edgpDNA polyplexes. Physicochemical
characterization involved particle size and morpggldetermination using DLS, TEM and
AFM. DLS measurements showed that the all theighesthad hydrodynamic diameters of
approximately 70-80 nm, with no significant effefr HES-decoration on size. These
findings could be confirmed by particle visualipatiusing AFM and TEM analysis, where
the latter 2 methods additionally demonstrated gbleerical morphology of the naked and
HES-decorated particles. Zeta potential measureameavealed the effective shielding of
LPEI polyplexes using HES, with a clear molar maagendence, allowing fine tuning of the
nanoparticle charge. The ethidium bromide exclusi@say showed the effective DNA

condensation by the HES-PEI at N/P ratios abovewh(h is relevant tin vitro andin vivo
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transfection experiments. The biocompatibility ofE$tdecorated polyplexes was also
evaluated, showing a lower cytotoxicity, no eryttyl®@ aggregation and much lower
hemolysis compared to unmodified LPEI. Togethemhwie previousn vitro andin vivo

experiments, these results show the promise of AESconjugates as comparatively safe and

effective polymers for gene delivery.
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Abstract

Despite their great potential, gene delivery payels have a number of limitations, including
their tendency for aggregation vivo due to interaction with blood components, as \asll
upon storage due to their propensity to reducdrttezfacial energy. In previous studies, we
could show that hydroxyethyl starch (HES)-decoraid polyplexes reduces aggregation
vitro andin vivo, in a manner comparable to, or better than pojyetie glycol (PEG), the
standard polymer for nanoparticle stabilizationnc®i HES is a well-known cryo- and
lyopreservative, this study investigates the abdit HES-decoration in improving the storage
stability of polyplexes after frozen storage orpidisation. For this purpose, freeze thaw
(FT) studies were conducted to assess the actitiE® and PEG-coats in the presence of
standard excipients (glucose, sucrose or trehalmséhe particle size of LPEI-based pDNA
polyplexes. While HES-decoration showed a beti@iktation compared to PEGylated and
naked polyplexes in solutions containing glucosam&morphous excipient, both polymers
were effective in inhibiting particle aggregatianthe presence of trehalose or sucrose. The
protection from polyplex aggregation changed dftephilisation, where freshly lyophilized
samples showed that the HES shield acted both @wyd-lyoprotective, while PEGylation
enhanced polyplex aggregation after freeze-dry8tgrage stability studies were conducted
for 10 weeks at 2-8, 25 and 40°C, and the reshltsvghat the particle size of naked, HES-
and PEG-decorated polymeric complexes was nottaffelby storage compared to freshly
lyophilized patrticles. Evaluating the gene trangfificiency of the stored lyophilized particles
showed that efficiency of the naked polyplexes €ased by a factor of 10 compared to
freshly prepared polyplexes, while the polymer-edafpolyplexes were not negatively
affected by the storage for 10 weeks. In genenalyé¢sults show that while both the HES and
PEG coats could prevent aggregation of polyplexedeu frozen storage, the HES-coat
resulted in distinctly superior protective effeot the case of lyophilization, with possible
consequences for th@ vivo application, where aggregated particles cannouded. In
summary, our developed HES-coats provided effeciye- and lyoprotection to LPEI-based

polyplexes.
Keywords

Hydroxyethyl starch (HES), polymeric gene delivdypphilization, storage stability
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1 Introduction

Non-viral gene delivery systems based on catiomilymers like polyethylenimine (PEI)
show great potential for the treatment of seveseahes, such as metastatic cancer. However,
they tend to aggregate in the blood stream duetépaction with different blood components,
leading to rapid elimination and lack of tissuecfigty. In order to enhance their stability in
the bloodstream, prolong their circulation timeg aflow time for passive tumor targeting by
the enhanced permeability and retention effect (ER€ct [1-3]), such cationic nanosystems
are mostly equipped with a stealth polyethylenecgly(PEG) coat [4-6]. These non-
degradable coats, however, reduce transfectiomiaifiy in vitro and in vivo by steric
hindrance of the cellular uptake and endosomalaseld7, 8]. Methods to overcome this
problem include the use of stimuli-sensitive lirkkewhich respond to local triggers, such as
pH changes, reducing milieu or tumor-specific enggnrshedding the PEG coat at the site of
action [9-12]. Recently, we proposed the use ofbyygkthyl starch (HES) as a biodegradable
substitute for PEG, and showed that it can be degreby the action of alpha amylase,
leading to stabilization in the bloodstream andvsttegradation at the tumor site of action
[13, 14].

Still one of the major limitations for developinghgrmaceutically acceptable products
concerns from polymeric gene delivery systems &y thoor stability in aqueous solutions,
necessitating tedious fresh preparation before u3lis is because of their
thermodynamically-driven tendency for reducing tikerfacial surface area over time,
leading to particle aggregation. Since size intggis crucial for efficient and safe gene
transfer [15, 16], frozen storage or dehydrationlymphilization could be viable options to
maintain long-term stability and reducing the rigk batch-to-batch variations by fresh
preparation prior to each application. Contraryptotein formulations, immobilization of
nanoparticles by the formation of a rigid glassytnrausing protective additives is a helpful
mechanism for preventing particle aggregation, h@venot necessarily required [17, 18].
Separating individual colloidal particles duringdzing and dehydration is the key to hinder
particle aggregation regardless of whether a gtesix is formed, as assumed in the particle
isolation hypothesis [18]. Among the excipientsdu® preservation of frozen or lyophilized
samples, HES has been extensively studied with msugcessful outcomes. Several
approaches report on the successful use of hyditmdystarch as cryo- and lyoprotector, for
instance for the cryopreservation of red bloodscglR], keratinocytes [20] and stem cells
[21]. Based on these observations, we wanted taoftegr previously-reported use of HES for
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nanoparticle decoration would impart positive effeon storage stability in frozen and
lyophilized states. For this purpose, HES-decorgietyplexes were compared to PEG-
decorated ones, as well as to naked polyplexessiutied the effect freeze-thawing and
freeze-drying as well as storage at different tawrupees for 10 weeks on particle size (by
DLS measurements) as well as thevitro transfection efficiency of luciferase reporter gen

and toxicity in Neuro2A cells.

2 Experimental Section

2.1 Materials

HES 70[0.5] with an average molar mass,(Mumber after HES; nominal value as provided
by supplier)) of 70 kDa and a molar substitution§¥4 the mean number of hydroxyethyl
groups per glucose unit; nominal value as provigeedupplier; number in square brackets) of
0.5 was kindly provided by Serumwerk Bernburg, Gamgn Sodium cyanoborohydride
(NaBH;CN) was purchased from Merck Schuchardt OHG (Hohewlh Germany). Linear
polyethylenimine with an average molar mass of P& KPEI22) and the PEI22 — PEG20
conjugate (PEG20: polyethylene glycol with the ager molecular weight of 20 kDa) were
synthesized as described in [22]. The excipientsose (AppliChem GmbH, Darmstadt,
Germany) and trehalose (VWR International BVBA, ven, Belgium) were used without
further purification. Alpha-amylase (AA) from pong@ pancreas was bought from Sigma-
Aldrich (Steinheim, Germany, catalogue number A31Phadebd5Amylase Test was from
Magle AB, Lund, Sweden. Plasmid pCMVluc was pregaog PlasmidFactory, Bielefeld,
Germany. Cell culture medium, antibiotics and fetalf serum (FCS) were purchased from
Life Technologies (Karlsruhe, Germany). Other sptgeand chemicals were reagent grade

and were used as received.

2.2 Methods

2.2.1 Synthesis and characterization of HESPEI co-polymer using*H-NMR, copper
assay, and SEC.

The synthesis and characterization of HES-PEI gatps was performed as described

previously [13]. In short, conjugates of transfentiagent LPEI22 and different HES types
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with a wide range of molar masses (from 10-70kDw) degrees of hydroxyethylation (from
0.4-1.3) was prepared in the molar ratio of 1:2%L#® HES via Schiff's base formation and
reductive amination using sodium cyanoborohydrittee product was purified by ion
exchange chromatography and characterized UsilgMR, UV-photometric copper assay

and size exclusion chromatography.

2.2.2 Preparation of LPEI-based pDNA polyplexes.

Naked LPEI-based polyplexes (nPx) were manufactbsethe rapid addition and mixing of
PEI to the plasmid pCMVluc (pDNA) at N/P ratio @fd a final pDNA concentration of 20
pg/mL in HBG pH 7.1 (HEPES buffered glucose; 20 lhMPES, 5 % glucose (w/v)).
Polyplexes were allowed to incubate at RT for 3@dutes prior to analysis. For instance, a
volume of 1 mL of naked PEI/DNA transfection pdegat N/P ratio of 6.0 was composed of
20 pg pDNA and 16 pg LPEIL HESylated and PEGylatelyplexes were prepared in the
same fashion as nPx, with the exception that pktenRs partially replaced by modified PEI,
e.g. HES70[0.5]-PEI/DNA complexes at N/P ratio &l a ratio of PEI to HES-modified
PEI of 75:25 were made of 20 pg DNA, and a mixtofel2.0 pg PEI and 4.0 ug
HES70[0.5]-PEI22 per 1 mL (based on PEI). HES- &tti5-decorated polyplexes were
generated with the ratio 90:10, 75:25, 70:30 andb®®f PEI to HES-PEI or PEG-PEI

conjugates.

2.2.3 Polyplex stability against shelf-freezing (SF) andliquid nitrogen (LN )
immersion stress.

For freeze-thaw (FT) studies, naked, HES-decoraied PEGylated polymeric pDNA
complexes were prepared following the afore-memtibstandard preparation (20pug/mL final
pDNA concentration, N/P ratio 6.0, HBG pH 7.4). @olied SF cycles were conducted once
or three times in 2R vials using a Lyostar Il freedrier (SP Scientific, Stone Ridge, US).
Polyplex solutions were treated following the sckerfneezing at -1°C/min from 10°C to -
50°C with a 30 minutes hold at -50°C, thawing a/iin to 10°C with 30 minutes hold. For
fast freezing, polyplexes were frozen by 5 minutds immersion. To control the thawing

step, SF- and LjNtreated samples were tempered at 25°C (water-patir)to analysis.
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2.2.4 Excipient screening.

For glucose replacement, polymeric complexes weepgred in isotonic (9.25 m/V %),
glucose-free 20mM HEPES buffer (pH 7.4) in preséatzsence of the following cryo- and
lyoprotectors: trehalose (Tre; HEPES buffer trebaJo“HBTre”), sucrose (Suc, HEPES
buffered sucrose, “HBSuc). Unmodified LPEI partickend modified polyplex nanosystems
were treated once and three times by SF as dedaiiwve.

2.2.5 Lyophilization studies of HES-decorated polyplexes.

Polyplex samples (20ug/mL DNA concentration, N/Bor&.0) for freeze-drying (FD) were
formulated in HBTre buffer pH 7.4 (Tre, 9.25%, m/&f)d HBSuc buffer pH 7.4 (Suc, 9.25%,
m/V) and aseptically produced. Freeze-drying wasopmed using a Christ EPSILON 2-6D
freeze-dryer (Martin Christ Freeze Dryers GmbH,eBsie am Harz, Germany). An amount
of 150 pL polyplex solution per 2R vial was lyopbdd following the scheme: freezing at -
1°C/min from 10°C to -50°C, hold time 120 minut@simary drying at 0.5°C/min from -
50°C to -20°C, hold time 24 hours; secondary dnah@.1°C/min from -20°C to 30°C, hold
time 10 hours. Afterwards the system was venteth witrogen and the polyplex samples
were stoppered at approximately 800mbar. Lyophdlias well as frozen polyplex samples
were stored at 2-8°C, 25°C and 40°C for 10 weekangfection particles were characterized
in terms of particle size, surface charge, residoaisture, thermic stabilityn vitro reporter
gene transfer and metabolic activity before anerdf® week mid-term storage.

2.2.6 Biophysical characterization of pDNA polyplexes.

The particle size and zeta potential of naked LIPEHS-decorated and PEGylated polyplexes
with/without FT stress was studied using the ZetsiNano ZS (Malvern Instruments,
Worcestershire, United Kingdom) in semi-micro PMMAvettes and in folded capillary
cells. The viscosity of polyplex samples in HBG v&zt to 1.0366 mPas at 25°C. Malvern
software (version 6.32) was used for data analgsid acquisition. Measurements of the
hydrodynamic diameter of frozen/freeze-dried sasiplere performed at room temperature
on a DynaPro Titan platereader (Wyatt Technologyoge, Dernbach, Germany). 30 minutes
prior to DLS analysis the lyophilized product wasanstituted with 150 pL highly purified
water. DLS studies were performed at an acquistiie of 5 seconds and the number of 5
acquisitions in 96 well-plates (Costar, Corning,A)SThe viscosity was set to 1.3045 cP at

20°C. Dynamics V6.12.03 was used DLS data anafysisdata acquisition.
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2.2.7 Thermoanalytical analysis.

Dynamic scanning calorimetry (DSC) measurementS)nwere carried out using a Mettler
Toledo DSC821 (Mettler Toledo GmbH, Giessen, Gegphda study the glass transition
temperature of the maximally frozen concentrate’)Tgs well as the glass transition
temperature of the lyophilized product (Tg) dirgafter FD and after 10 week storage at 2-
8°C, 25°C and 40°C. For Tg determination, an amafir25 pL polyplex solution in HBTre
or HBSuc was analyzed in 40ul aluminum crucibldse $amples were frozen at -1°C/min
from 20°C to -50°C, with 60 minutes hold, and rekdaat 5°C/min from -50°C to 20°C. An
amount of around 15 mg lyophilized product in 40gliminum crucibles was cooled (-
10°C/min) from RT to -10°C, heated up to 110°C @@fin). This procedure was repeated
once. The Tg value of various lyophilized polyplexgas determined in the second heating

step to eliminate relaxation phenomena.

2.2.8 Karl-Fischer titration.

Residual moisture content of lyophilized polyplexmples was determined directly after
freeze-drying process and after 10 week mid-temmnage (n=3). Coulometric Karl-Fischer
titrations of approximately 15 mg lyophilisate warenducted using an Aqua 40.00 titrator
(Analytik Jena AG, Jena, Germany) with headspacdubeowithout special or a 737 KF
Coulometer (Metrohm, Filderstadt, Germany). Usin§7 7KF Coulometer polyplex
lyophilisates were dissolved in dry Methanol, thetihanol solutions were injected into the
titration solution (Hydranal-Coulomat AG, Riedel-de Haen, Seelze, Germany), thed

water content was determined. Empty vials servduaass.

2.2.9 Cell culture experiments.

Cultured cells were grown at 37 °C in 5% £@umidified atmosphere. Murine
neuroblastoma, Neuro2A (ATCC CCI-131, purchasethfSMZ, Braunschweig, Germany)
were cultured in Dulbecco's Modified Eagle MediuMEM). DMEM medium was
supplemented with 10% FCS, 4 mM stable glutami®®, W/mL penicillin, and 10@g/mL
streptomycin.
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2.2.10 Luciferase reporter gene expression studies.

For assessing the transfection activity of HES-dmtenl polyplexes after lyophilisation,
freeze-thawing and 10 week mid-term storage at@-&5°C and 40°Cin vitro pDNA
transfection efficiency study was carried out inrime& Neuro2A cell lines. The gene transfer
performance of HES-decorated polyplexes after FID-, and storage stress was benchmarked
against the transfection efficiency of identicdligated naked LPEI- and PEGylated particles.
Experiments were performed in 96 well plates bydsee 1x1¢ cells per well in 100 pL
medium 24 h prior to transfection. A cell conflugnaf around 60-80% was reached at the
point of transfection. Directly before transfectidhe medium was exchanged against fresh
medium. Polyplex lyophilisates were reconstitut€dniinutes prior to transfection with an
amount of 150 pL highly purified water to give adi pDNA concentration of 20 pug/mL.
N2A cells were treated with freshly prepared tranogbn particles, 10 week stored freeze-
dried polyplexes, as well as nanocomplexes aftavdé€k frozen storage at -80°C. HBTre and
HBSuc (20 mM HEPES, 9.25% m/V Tre or Suc, pH 7espectively) served as negative
controls. An amount of 10 pL polyplex solution (N8R, 20 ug/mL DNA concentration) was
added to the cells to give a total volume of 10@griwell. The medium was replaced 4 hours
after point of transfection by 100uL fresh mediumciferase transfection efficiency was
evaluated 24 h after pDNA transfection. Cells wieeated with 10Q.L cell lysis buffer (25
mM Tris pH 7.8, 2 mM EDTA, 2 mM DTT, 10% glycerdl% Triton X-100) for 30 minutes
and the luciferase activity in 35 pl cell lysateswaeasured in white 96 well plates using a
luciferase assay kit (100L Luciferase Assay buffer, Promega, Mannheim, Geypan a
luminometer for 10 s (Centro LB 960 instrument, tBeld, Bad Wildbad, Germany). Values
are given as relative light units (RLU) per wellgam + standard deviation of quadruplicates).

2.2.11 Metabolic activity of transfected cells.

The viability of Neuro2A cells after LPEI-based pBNransfection was evaluated using
MTT assay. For determination of the metabolic aistief transfected cells, N2A cells were
seeded and transfected as explained above. 24 dr #&finsfection, MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium brode) (Sigma-Aldrich, Germany) was
dissolved in phosphate buffered saline at 5 mg/arld an amount of 10L of a 5 mg/mL
solution of MTT was added to each well reachingnalfconcentration of 0.5 mg MTT/mL.
Cells were incubated for 2 h, the unreacted dyl miedium was removed and the cells were

lyzed by incubation at -80 °C for at least 30 miihe formazan product was dissolved in 100
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uL/well dimethyl sulfoxide, incubated at 37°C for 8@inutes under constant agitation and
quantified by optical absorbance using a plate eed@lecan, Groedig, Austria) at 590 nm
with background correction at 630 nm. The metabatitivity [%] relative to control wells
containing HBG treated cells (set to 100%) wasuiated as follows (Metabolic activity = A
tes{A control X 100).

3 Results

In the present work, we report on the effect of HieSoration on the stability of frozen and
lyophilized pDNA polyplexes. In all the experimentsaked polyplexes as well as PEG-

coated polyplexes were used for comparison.

Before studying the biophysical behaviour of LPEN® complexes with HES-decoration
after freeze-drying process, the effect of fredmest (FT) stress on the particle stability was
investigated. Since HBG (HEPES buffered glucosen®® HEPES, 5 % w/v glucose, pH
7.4) is a widely used formulation buffer for theeparation and application of polymeric
polyplexes, it was used for the preliminary FT expents. The latter were performed by
applying either controlled shelf-freezing (SF) asftfliquid nitrogen immersion (LN and the
particle size of unmodified-, HES-decorated and iBt&d polyplexes was measured. Figure
V. 1 shows that SF leads to a stronger aggregateatoon for all polyplexes compared to
LN,. For instance, the particle size of naked polypéexcreased > 1 um after 1 FT cycle of
SF, and > 3 um following 3 FT, compared to only Hs@ 400 nm for 1 and 3 FT cycles of
LNy, respectively. The use of PEG coat did not preaggregation under both FT techniques,
while the HES coat significantly reduced the aggtem tendency, particularly with the more
stressful SF procedure. It is worth noting that theo of HES-PEI:PEI did not show a
difference in the stabilizing effect, while increagthe ratio of PEG-PEI:PEI seemed to have

a negative effect on nanoparticle aggregation.
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Figure V. 1. Freeze-thaw stress studies (SF: shelf-freezing;: Uijuid nitrogen
immersion). Incorporation of hydrophilic polymersopided steric stabilization of
polyplexes against controlled SF with the effecH&S > PEG > no hydrophilic

component. Fast freezing reduced the tendencygreggtion.

Since glucose is known to have a very low Tg, leEsids tendency to react with amino
groups through Maillard’s reaction, sucrose (Sunc) siehalose (Tre) were evaluated as better
alternatives and well-established cryo- and lyogetuirs. The particle size of naked LPEI-,
HES70- and PEG20-decorated polyplexes was studiddruhe effect of controlled (SF) FT
treatment in isotonic formulations of Tre or SutieTminimal freezing temperature for FT
and subsequent FD processes was kept below thef Tgrious formulations at -50°C (Table
V. 1). Results in Figure V. 2 show that in the aitzgeof any cryoprotective excipient — the so-
called “HEPES” formulation — all generated polynsezomplexes formed large aggregates in
the micron-range under the effect of freezing amaving. The tendency towards particle
clustering was markedly reduced by the additiorcrybprotective excipients. Even in the
presence of Tre and Suc, naked LPEI polyplexes stidie strongest proneness towards the
formation of aggregates. Meanwhile, incorporatidrboth hydrophilic polymers PEG and
HES onto the polyplex surface markedly reduced abgregation. Surface masking using
10% HES-PEI:PEI or PEG-PEILPEI significantly impeolthe resistance of LPEI-based
polyplexes against FT stress. Higher amounts of -RESor PEG-PEI completely stabilized
the polyplexes and maintained the initial partsitlee of freshly prepared particles (~ 80 nm).
These results demonstrate the stabilizing and coyegtive action of both the HES and PEG
coats for polyplexes, and show the beneficial ¢ftécTre and Suc as stabilizing excipients.

Accordingly, they were further tested in freezewdgy(FD) experiments.
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Table V. 1.Glass transition temperatures of the maximallyz&o concentrates (Tg").

All FT and FD studies were kept far below the Tigthe formulation buffers to ensure
entire sample freezing.

Tre 9.25% m/V -29.72+0.18

Suc 9.25% m/V -32.12+ 0.16
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Figure V. 2. Excipient screening studies. 20mM HEPES pH 7.4lsapented with

9.25 m/V % Tre or Suc provided high resistance ragjaFT stress. In addition, HES
and PEG acted cryoprotective by steric stabilizatio

In freeze drying experiments, naked polyplexes &l ws HES70- and PEG20- coated
polyplexes with 10, 25 and 50% shielding agentGm®#M HEPES and 9.25 % (w/v) Tre or
Suc were lyophilized and analyzed directly aftesplyilization. All lyophilized polyplexes

showed good lyo-cake appearance after FD procelsshort reconstitution times in water (<
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3s). Naked LPEI polyplexes in Tre or Suc showedpi@ble stability, manifested as a small
increase in hydrodynamic diameter to approximate® nm following the FD process.
Highest resistance and lowest tendency to the fitomaf aggregates under the effect of
freeze drying was observed for HESylated polyplgseze ~ 110-120 nm). The total amount
of incorporated HES-PEI played a minor role in thieric stabilization of polymeric
polyplexes during FD process, since already theuatof 10% HES-PEI provided high lyo-
resistance. Increasing the amount of HESPEI to 2&n#50 % did not show any additional
stabilizing effect. Meanwhile, PEG-decoration ledhe formation of large particle clusters of
around 250-350 nm after lyophilization (see Figure3). These results show that, in contrast
to FT experiments, where the PEG-coat showed goapmotective effect, it did not act as a
good lyoprotectant, but was even worse than thesdhgholyplexes, promoting particle
aggregation.

500

B LPE|

[ HES70[0.5]-PEI 10%
B2 HES70[0.5]-PE| 25%
400 - [SSY HES70[0.5]-PEI 50%
_1PEG20PEI 10%
PEG20PEI 25% +

N PEG20PEI 50% ¢
300

5

200 %

100

z-average particle size [nm]

Trehalose Sucrose

Figure V. 3. Excipient screening and FD pre-experiments. HBarel HBSuc
formulations showed the best protection again hauced particle aggregation.
Incorporation of HES onto the polyplex surface @ased the particle stability against
FD stress by steric stabilization compared to unified LPEI polyplexes, PEG
decoration resulted in poor stabilizing effect.
Finally the effect of 10 weeks mid-term storage fajzen (at -80°C) and lyophilized
polyplexes, stored at 2-8 °C, 25 °C and 40 °C, len physicochemical properties of the
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lyophilisate (particle size, glass transition temapere and residual moisture) was
investigated. Additionally, then vitro reporter gene expression and metabolic activitthef
polyplexes were assessed. For this purpose, n&kefl; and PEG-decorated nanoparticles
were used, and the results were compared to frgsapared particles. Results of DLS for the
particle size of the 10 weeks frozen storage ardlai to the 1 freeze thaw cycle, where the
HES- and PEG-coated polyplexes maintain their oalgiparticle size, while the naked
polyplexes markedly increase in size to approxitgat80 nm after 1 FT cycle, and to ~200
nm after 10 weeks storage, irrespective of thelgtaty excipient. Similarly, results of the 10
weeks storage of the freeze dried samples areasinalthe sample analyzed directly after
lyophilization, with no significant difference beten the different temperatures or the
stabilizing excipient used (Tre vs. Suc), where HiES-coat showed the lowest increase in
particle size (=120 nm particle size), followed hyslightly larger size for the naked
polyplexes (~140 nm), and a dramatic increase HerREGylated ones (~200-350 nm). In
general, the results show that HES-decoration gddmwth as cryo- and lyoprotectant, with
the particles maintaining the size for 10 weekgagfe at different temperatures, while

PEGylation was only effective as a cryoprotectaritriot as a lyoprotectant.
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Figure V. 4.Z-average particle size of freshly prepared paypk, freeze-thawed
(FT) and freeze-dried (FD) nanoparticles. A+B: HETformulation, C+D: HBSuc
formulation. The particle size was studied direetiter FT and FD (FT t0O and FD t0)
and after storage of 10 weeks at different storageditions (-80 °C, 2-8 °C, 25 °C
and 40 °C).

Analysis of the glass transition temperature oflylophilisates (Tg) and the residual moisture
are shown in Table V. 2. Results show an increaseesidual moisture with time and
temperature, associated with decrease in Tg fdr bathilizing excipients Tre and Suc. For
instance, the Tg of Tre-containing formulations mdvirom around 90 °C directly after
lyophilization to approximately 70 °C after 10 weektorage at 2-8 °C and to 54 °C for
storage at 40 °C. Simultaneously, the residual masincreased from ~ 0.4 % (w/w), to ~
0.9 % (w/w) and to 1.7 % (w/w), respectively. Madlifg the surface of LPEI polyplexes
using hydrophilic polymers HES and PEG did not ctffthe Tg and RM of lyophilized
samples, since the excipient to nanoparticle matie exceeded 2000 : 1, stabilizer to
polyplex. The reduction of Tg of Suc formulationored at 40°C to 38°C lead to a
macroscopic collapse of the cakes, while all theeotsamples maintained their cake
appearance. It is worth noting that changes irduagimoisture and Tg did not have a strong

impact on the particle size of the stored partieleshown above.

Table V. 2.Physical characterization of polymeric nanocompkexsing DSC and KF
titrations. FT and FD studies were run below thé ®fjHBTre and HBSuc at -50°C to
ensure entire glass formation. Tg and RM of lyapbd samples were studied directly

after FD and after 10 weeks of storage at 2-8 €72 and 40 °C (n=3).
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After FD Storage @ 2- Storage @ Storage @
8°C 25°C 40°C
LPEIPx
89.0016.63 67.15+£9.16 56.87+2.59 54.78+2.79
HES70Px
91.29+2.71 69.81+4.25 59.08+3.23 54.97+2.83
10%
HES70Px
Tg [°C] 91.12+3.00 71.23+2.46 57.56+2.17 53.7613.21
25%
PEG20Px
91.52+2.33 70.81+2.82 57.23+2.30 52.49+4.43
10%
PEG20Px
89.80+5.26 70.39+3.34 58.19+2.32 53.96+3.05
25%
Tre 9.25%
LPEIPX
0.40+0.07 0.87+0.30 1.31+0.37 1.70+0.48
HES70Px
0.39+0.06 0.93+0.24 1.42+0.21 1.60+0.24
10%
HES70Px
RM [%wi/w] 0.38+0.04 0.83+0.21 1.46+0.41 1.73+0.51
25%
PEG20Px
0.37+0.02 1.00+0.41 1.36+0.17 1.57+0.53
10%
PEG20Px
0.38+0.04 0.90£0.28 1.38+0.29 1.87+0.14
25%
LPEIPx
61.73+2.54 51.13+2.36 44.67+0.73 38.26+0.89
HES70Px
62.68+1.22 51.62+2.11 44.56+0.55 37.24+1.93
10%
HES70Px
Tg [°C] 50 63.23+1.06 51.83+2.10 44.34+0.33 37.91+1.05
0
PEG20Px
61.67+2.64 51.97+2.14 44.23+0.41 37.57+1.45
10%
PEG20Px
61.08+3.59 50.84+2.63 44.73+0.83 38.10+0.92
25%
Suc 9.25%
LPEIPX
0.43+0.04 0.95+0.33 1.32+0.41 1.54+0.29
HES70Px
0.44+0.04 0.88+0.27 1.26+0.34 1.68+0.37
10%
HES70Px
RM [Yow/w] 50t 0.42+0.05 1.00+0.18 1.22+0.24 1.44+0.48
0
PEG20Px
0.44+0.04 1.05+0.25 1.16+0.51 1.63+0.23
10%
PEG20Px
0.48+0.10 0.97+0.28 1.34+0.27 1.54+0.45
25%
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We also investigated the effect of frozen and Iylgedd storageof the polyplexes with HES
and PEG corona on thie vitro transfection efficiency using a luciferase reporgene
expression in murine Neuro2A cells as well as ntalactivity of those cells (as a surrogate
for toxicity). Results of the transfection efficgnshow that freeze drying and mid-term
storage of lyophilized LPEI polyplexes reduced ttheitial transfection efficiency up to 1
order of magnitude, independent of the storage itond The 10% HES-decorated
polyplexes seemed to maintain their transfectidiciehcy upon storage at 2-8 and 25°C, but
the transfection efficiency seemed to reduce byraler of magnitude upon storage at 40°C
for 10 weeks. On the other hand, the transfectificiency of the higher level of HES-
decoration (25%) increases slightly upon storagelfd weeks, irrespective of the storage
temperature. As for the PEGylated polyplexes, femt®n efficiency remains relatively
constant at both concentration levels and irrespgectf the storage temperature. Meanwhile,
results of the viability test show that the Neuro2dlls were not negatively affected upon
exposure to freshly-prepared, or stored frozenlpmghilized polyplexes (Figure \65). This

is a clear indication for safety of the polyplexshe applied dose.
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Figure V. 5. The metabolic activity of N2A 24h after polyplesatment. N2A cell
incubation with differently treated nanoparticldseéh, FT and FD) did not affect the

cellular viability.
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Figure V. 6. Luciferase reporter gene expression studies in Méls. Cell culture
experiments were performed with naked, HES70[0.&8hd PEG20-decorated
polyplexes after 10 weeks of lyophilized storagediffierent storage conditions.

Freshly prepared particles formulated in HBTre szhas controls.

4 Discussion

Non-viral gene vectors face many hurdles that hartiy@r development to pharmaceutically-
acceptable products. These include their tendem@ggiregate in the blood stream and their
rapid elimination by phagocytosis. Even PEGylatitne state-of-the-art solution to these
problems, can reduce transfection efficiency, beed®EG interferes with cellular-uptake and
DNA release (so-called “PEG-dilemma” [8, 23-26])n Aptimum coat would thus show
effective shielding to increase stability in blostdeam and reduce in vivo elimination, as well
as a controlled deshielding to enhance cellulapkgtand release. In previous studies, we
reported on the successful use of biodegradable Ed&8s for polyplex shielding and
enzymatically-catalyzed deshielding under the e¢ftdcalpha-amylase, botim vitro andin
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vivo [13, 14]. In this study we evaluate if the propbsese of HES coats would also offer an
advantage for long term storage stability of polyimgene delivery systems. The latter are
known to have poor stability and short shelf-likethey aggregate in solution or after freeze-
drying [27, 28], thus requiring fresh preparatidritee nanoparticles before application. Due
to the documented advantages of HES as a cryodyapdeservative [19-21], its use as a
nanoparticle shielding agent might have additiatantages towards frozen or freeze-dried
stability compared to the more commonly used PE&.cthis is because the latter is known
to crystallize upon freezing, leading to possiliébgity problems [29-31].

Initially, the effect of freeze-thaw stress on theticle size of polyplexes was studied in the
standard formulation buffer HBG pH 7.4. Differentgmposed polymeric complexes were
frozen by controlled shelf-freezing (SF, freeziager-1°C/min), as well as faster uncontrolled
freezing using liquid nitrogen immersion (BINDLS results after 1 and 3 FT cycles showed
that all LPEI-based pDNA particles were prone tayragation following freezing and
thawing, however the extent of aggregation sigaifity differed between naked LPEI
polyplexes, HES-decorated and PEGylated nanopesticlncorporation of hydrophilic
polymer HES delivered the best results in termgasticle size maintenance under controlled
FT treatment by the effect of steric stabilizatiovhile PEGylated and also naked LPEI
polyplexes formed larger particle clusters compacetHES-shielded polyplexes (Figure V.
1). Glucose is known have a very low Tg" (- 45°Carding to [32]), and together with the
low Tg” of PEG (- 67°C as reported by [33]) complate HES (- 15°C according to [34]),
this might be one reason for the aggregation of RB&ed particles under the slow shelf
freezing, where the nanoparticles remained in a&ous environment long enough to
aggregate, while the higher Tg” of HES might hareyented such aggregation. Nevertheless,
and due to the potential interaction of glucosenveimines through Maillard’s reaction, we
further tested Tre and Suc (in isotonic concerdmti9.25 % m/V) as better and well-
established stabilizers. While those disaccharudesd not prevent the aggregation of naked
polyplexes after FT treatment, both HES- and PEGodsion could stabilize the polyplexes
against aggregation in those formulations (Figure2y. Accordingly, they were further

investigated under freeze drying conditions.

Upon DLS measurement of particle size of the narimpes directly after lyophilisation, one
notices that, while both HES- and PEG-coats hadyastabilizing effect on the polyplexes

under FT conditions, only HES possessed lyostahgizffect, while the PEG-decoration
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seemed to destabilize the particles in compariedimé naked polyplexes (see Figure V. 3).
Incorporation of HES onto the surface of the nangaexes provided very good resistance
against freeze-drying stress, with nearly mainthimatial particle sizes of freshly prepared
particles. Surface charge shielding using PEG iedustrong particle aggregation after
lyophilisation compared to the naked polyplexesegpmably due to PEG crystallization),

irrespective of the stabilizing excipient.

We further studied the effect of 10 weeks stordgeaed, HES- and PEG-coated polyplexes
in the frozen as well as the freeze-dried statbs. Z-average particle size measured by DLS
showed that 10 weeks of frozen storage at -80°@sléa an increase in the particle size of
naked polyplexes (to > 200 nm). Meanwhile, the iplartsize of HES- and PEG-coated
particles remains constant, indicating the effextiass of these coats in protecting the
particles for such a relatively long period of tinteis worth noting that the effect on patrticle
size is similar to that after 1 FT cycle (see Feur 4), indicating that storage at -80°C was at
low enough temperature to inhibit any dynamic psses in the frozen liquid, and that the
destabilization of the naked particles occurredrduthe freezing and/or thawing procedure
similar to what happened after 1 FT cycle. Meanghthe freeze-dried particles showed a
different picture, where the HES-coated particlesvsed the lowest increase in particle size
(from 80 to 120 nm), followed by the naked parsclevhile the PEG —coat seemed to
destabilize the lyophilized particles, increasirte tparticle size up to 300 nm. The
aggregation of PEGylated nanoparticles after lyigation due to PEG crystallization is
mentioned several times in literature. For instangephilisation of PEO-grafted PLA
nanoparticles induced aggregation. The additionlyoprotectors improved the particle
resistance against freeze-drying, however the istegrity of PLA particles decorated with
high surface density of low molecular weight PEGsviimpaired by FD in the presence of
lyoprotectors due to crystallization of PEO [35]sé in the case of PEGylated cross-linked
polyplex micelles [10] and drug-loaded PLGA-mPEGaarticles [30] PEG crystallization
during lyophilisation induced particle aggregatidn. addition, Hinrichs and co-workers
reported on the importance of the optimal choicetld protective additives [36, 37].
PEGylated lipoplexes in inulin were stable after, iile the dextran formulation resulted in
particle clustering due to the incompatibility dE® and dextran leading to phase separation.
[18]. It is worth noting that the particle size tie naked, HES- and PEG-decorated

polyplexes after 10 weeks of storage seemed tmdependent of storage temperature, and
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similar to the results obtained with freshly lydpted samples, indicating that the main effect

was due to the water removal process and not nitetted by the storage time.

In general, the particle size of polymeric compkeienot only an important quality feature,
but represents also a crucial factor affecting keels of gene transfer. The size of
nanoparticles can influence the vitro transfection efficiency as well as the vivo
performance of gene delivery polyplexes, such adisiribution, cellular uptake, endosomal
release, cytoplasmic and nuclear trafficking [8, 38]. As a surrogate for these effects, we
measured the gene expression rate of LPEI polyplexesitro on Neuro2A cells using
luciferase as a reporter gene. The transfectiqoiefty of naked polyplexes decreased upon
lyophilisation and storage approximately by thedad 0, while the transfection efficiency of
particles with HES-and PEG-coats was not diminisfkeglure V. 6). Finally, results in Figure
V. 5 showed that the metabolic activity of Neuro@dlls was not affected by treatment with
freshly prepared, as well as frozen-stored andzé&elied naked and modified (HES- and
PEG-decorated) LPEI polyplexes, indicating faidylcell toxicity. The residual moisture as
well as the glass transition temperature of thelyized polyplex samples (Table V. 2) had
no significant impact on the particle size or tleag transfection efficiency, despite the slight
increase in RM and decreasing Tg of the lyophiisaturing the storage for 10 weeks.

Evaluation of the different results of this studows that frozen storage of both HESylated
and PEGylated could be used to maintain the styalbithe polyplexes, with no influence on
the particle size or transfection efficiency. Medile, lyophilisation results show that
although both polymers showed acceptable resultthénin vitro transfection efficiency
experiments, HES offers significant advantages ®EG in stabilising the particles against
aggregation. The latter is important for in vivophgation, since aggregated particles could
lead to changes in biodistribution, and most imgatly accumulation in the lung and
premature elimination from the circulation. The amgnt particle stability shown in this study

could avoid such problems.
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5 Conclusions

The present work was designed for studying if usiiis for coating polyplexes would offer
advantages for their frozen storage and lyophibsat-T studies in the standard formulation
buffer HBG were conducted to assess the actionEs+Hand PEG-coats in the presence of
glucose on the particle size of LPEI-based pDNA plexes. HES coats significantly reduced
the tendency to formation of aggregates upon Fdtrtrent, though not optimally due to the
poor stabilizing ability provided by glucose. Suipsently Tre and Suc in isotonic
concentrations were tested with good results fdymer-decorated particles in freeze-thaw
cycles. The protection from polyplex aggregatiomrayed after lyophilisation, where HES
shields acted both cryo- and lyoprotective, whileG¥lation induced polyplex aggregation
after freeze-drying. In comparison to freshly lydiled particles, the particle size of naked,
HES- and PEG-decorated polymeric complexes waaffetted by storage for 10 weeks at 2-
8°C, 25°C and 40°C. The gene transfer efficienclyophilized, naked polyplexes decreased
by a factor of 10 compared to freshly prepared plelyes, while the coated polyplexes were
not negatively affected by the storage for 10 wedenchmarking HES against PEG as
shielding agents resulted in distinctly superioopsotective performance in the case of
polyplexes with HES-coats, with possible consegasrior thein vivo use, since aggregated
particles are not applicabile vivo. In summary, our developed HES-coats provided-cayal
lyoprotection to LPEI-based polyplexes after steragithout any loss of transfection
efficiency compared to freshly prepared HESylatedigles.
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VI Final summary of the thesis

The current thesis describes the development wélnibioresponsive conjugates based on
hydroxyethyl starch (HES) and polyethylenimine (PHbr controlled shielding and
enzymatically-triggered polyplex deshielding undlee effect of alpha amylase. HES was
tested as biodegradable alternative substitute rfon-biodegradable shielding agent
polyethylene glycol (PEG) - so far as known - fbe ffirst time in the field of polymeric

nucleic acid delivery.

In the early stage of the project, a battery ofjegates of several types of HES with different
molecular characteristics and linear PEI was syitlkee via Schiff's base formation and
reductive amination, subsequently purified usingpgarative ion exchange separation and
characterized by'H NMR, colorimetry (using the copper assay), ande sexclusion
chromatography (SEC). Mixtures of the homopolymPEL and HES-PEI copolymers were
used to produce stable HESylated core-shell nandedl@ns, which was confirmed by AFM-
and TEM-measurements, as well as DLS studies. Rwlgnaomplexes with HES coats were
found to have similar biophysical properties innterof particle size and polydispersity
compared with naked and PEG-shielded control pDNa#lyglexes. Incorporation of
hydrophilic polymer HES onto the particle surfa@sulted in the reduction of the zeta
potential by the effect of particle shielding. Tleect was most pronounced in the case of
high total amounts of high molecular weight HESe&#s. Shielding the cationic charge of
PEI provided by HES coats reduced the DNA bindibgitg of the homopolymer PEI,
however, particle formation at N/P ratio 6.0 was aitected by the HES coatings.

The key issue for overcoming the PEG dilemma inegdalivery is shedding down the
disturbing stealth polymer coat after arrival a target site. HES is a biodegradable polymer,
the biocleavage kinetics can be controlled by fumang HES™ molecular characteristics.
Different analytical tools were used in order toestigate parameters affecting the enzymatic
degradation of HES, namely the type and the corntipasof the buffer, different enzyme
concentrations and the effect of the degree of tsuben and the molar mass of HES.
Initially, the degradation rate and extent of déigt HES polymers under the effect of AA
was studied in the case of the homopolymer using-MRLS, using QCM-D in the case of
HES-PEI conjugates, and finally using zeta-poténtieeasurements for the HES-coated

polyplexes. Degradation studies showed that the aatl extent of biodegradation strongly
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correlated with the degree of hydroxyethylationHES. HES polymers with low degree of
substitution were degraded strongly and rapidly,ilevithe biodegradability of the
polysaccharide was diminished with increasing degfehydroxyethylation. The cleavage of
a-1,4-glycosidic bonds of HES was monitored as lo6sHES molecular weight (AF4-
MALS), as mass reduction of adsorbed HES-PEI catpgy(QCM) and as increase in the
zeta potential by gradual eating up of the shigjaioat over time.

As first proof-of-concept, the effect of polyplekislding and enzymatic polyplex deshielding
was studiedn vitro in N2A cells. HES coating promoted efficient sudacharge shielding
and was found to significantly reduce the lucifergene expression similar to the PEGylated
counterparts in comparison to the naked LPEI pebygd with the highest surface net charge.
In presence of alpha amylase the HES coat was gitgddegraded and the particle was
reactivated resulting in a boost of 2-3 orders @ignitude in gene expression reaching the
transfection levels of LPEI polyplexes, while nakesiwell as PEGylated particles were not
affected by the enzyme. Efficient deshielding waky deasible in the case of low substituted
HES coats, while high degrees of substitution pmeae enzymatic particle reactivation. A
satisfying biocompatibility is an important prerésjte for conducting in vivo studies.
HESylation of cationic polymer LPEI could reducelBEcytotoxicity that was confirmed by
studies investigating the cellular metabolic atyivthe tendency to form aggregates upon
incubation with red blood cells and the polymeramblytic potency. A second PoC
experiment was performed in tumor-bearing A/J mikdee lead polyplex with an amount of
10% shielding agent HES70-PEI was found to sigairfity reduce the lung accumulation and
toxicity provided by LPEI with the effect of up ®orders of magnitude and maintained the
tumoral gene expression of LPEI polyplexes. Indrgpthe amount of stealth polymer HES,
as well as using non-biodegradable PEG shieldslteglsin what is known as the PEG-

dilemma, namely a safe particle with low transiactactivity.

In the last part of the project, the use of HEStz@® described for improving the long-term
stability of LPEI/DNA complexes. Freeze-thaw andefze-dry studies confirmed the cryo-
and lyoprotective action provided by hydrophilic ElE€oats. Stabilization by the effect of
steric hindrance is considered as reason for HESéfitial action on the polyplex surface.
HES-decorated nano-dandelions showed high partisiee resistance against the
lyophilization-process and a 10-week storage tirite maintained enzymatic activability and

high transfection efficiency after freeze-dryingdastorage. LPEI control particles showed
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higher proneness to form aggregates following ®abaw- and freeze-dry-stress and
significantly reduced gene expression levels afterage. The PEG-shielded particles were
found to show high resistance against freeze-thangss however, assumed PEG-
crystallization on the polyplex surface inducedosty particle clustering following

lyophilization, making PEGylated polyplexes unattnge forin vivo applications.
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