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Abstract

Successful tumor vaccination relies on a strong and durable immune response. Common soluble
vaccine formulations lack the efficiency for sufficient stimulation of immune cells against
tumor cells. This thesis presents the development of a multifunctional nanocarrier to enhance

immune cell stimulation and tumor vaccination.

In chapter A, biodegradable protein nanocarriers (PNCs) were prepared by an interfacial
crosslinking in inverse miniemulsion via a metal-free azide-alkyne click reaction of azide-
modified human serum albumin (HSA-N3z) with hexanediol dipropiolate (HDDP). The
bioorthogonal azide-alkyne click chemistry used for the crosslinking did not interfere with the
cargo molecules, preserving their bioactivity. The density and degradability of PNCs was
controlled by the type and amount of crosslinker. When a disulfide bond was integrated into
HDDP, obtained PNCs-HDDP-SS demonstrated additive degradation by enzyme
(proteinase K) and reducing agent (DTT). Multiple adjuvants were successfully encapsulated
into PNCs with high efficiency. When delivered simultaneously in one carrier, the adjuvants
achieved stronger stimulation of dendritic cells compared to not encapsulated adjuvants.

In chapter B, the developed procedure for the bioorthogonal multicomponent encapsulation
into protein nanocarriers was transferred to model-antigen ovalbumin (OVA), creating
adjuvant-loaded OVA-NCs as an all-in-one nanovaccine. The co-delivery of antigen and
adjuvants in one system lead to successful antigen presentation on dendritic MHC-receptors,
expression of costimulatory marker molecules CD80 and CD86 and secretion of pro-
inflammatory cytokines (TNFa, IL-6 and IL-12). Developed dual adjuvant (R848+MDP)-
loaded OVA-NCs demonstrated strong DC-mediated T cell stimulation, resulting in efficient
tumor treatment of mouse models bearing a melanoma tumor. Combining multiple vaccine

components into one drug delivery system proved synergistic effects for tumor vaccination.

Formation of nanocarriers by bioorthogonal crosslinking often requires modification of the
nanocarrier material and use of a chemical crosslinker. In chapter C, interfacial denaturation
of proteins by heating in inverse miniemulsion obtained stable PNCs without the use of
modifications and crosslinkers. Changing the single-emulsion to a double W/O/W emulsion
improved the dispersion of prepared protein nanocarriers in water and a model dye could be
encapsulated with high efficiency. Moreover, PNCs via interfacial denaturation demonstrated
higher enzymatic degradability and faster release of cargo molecules than PNCs crosslinked

with unselective 1,4-toluene diisocyanate (TDI) crosslinker. PNCs crosslinked with
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chemoselective crosslinker HDDP obtained fast dye release similar to PNCs without

crosslinker, indicating low effect of HDDP on the degradability of PNCs.

In chapter D, modification of protein nanocarriers with magnetic (FesO4 nanoparticles), stealth
(polyethylene glycol) and targeting (DC-specific CD11c-antibody) properties enabled the
investigation of carrier-protein and carrier-cell interactions. Magnetic PNCs was used to study
intracellular uptake, trafficking and protein corona formation by microscopic methods and
proteomics. Surface modification of PNCs with stealth polymer PEG decreased unspecific
uptake of PNCs into macrophages. Attachment of DC-targeting antibodies to PNCs mediated
higher uptake into DCs compared to unmodified PNCs. The knowledge gained from studying
the effect of nanocarrier modification on their biological fate facilitates the development of an

optimal nanovaccine.

Multifunctional protein nanocarriers loaded with multiple adjuvants and modified with stealth
and targeting properties are promising delivery systems to promote a strong and durable anti-

tumor immune response through DC-mediated T cell stimulation.
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Zusammenfassung

Eine erfolgreiche Tumorimpfung héngt von einer starken und dauerhaften Immunreaktion ab.
Herkdmmlichen l6slichen Impfstoffformulierungen mangelt es an Effizienz, um eine
ausreichende Stimulation der Immunzellen gegen Tumorzellen zu erreichen. Diese Dissertation
stellt die Entwicklung eines multifunktionalen nanodimensionalen Wirkstofftragers vor,

welches die Immunstimulation und die Tumorimpfung verbessern soll.

In Kapitel A wurden biologisch abbaubare Nanotrédger aus Proteinen (PNCs) fur die
Verkapselung von therapeutischen Wirkstoffen entwickelt. Die Protein-Nanotrager wurden
durch eine Grenzflachenvernetzung in einer inversen Miniemulsion mittels einer metallfreien
Azid-Alkin-Click-Reaktion von Azid-modifiziertem humanem Serumalbumin (HSA) mit
Hexandioldipropiolat (HDDP) hergestellt. Die verwendete bioorthogonale Azid-Alkin-Click-
Chemie beeintrachtigte die Wirkstoffe nicht, sodass ihre Bioaktivitat erhalten blieb. Die Art
und Menge des Vernetzers steuerte die Dichte und Abbaubarkeit der PNCs. Wenn eine
Disulfidbindung in das HDDP integriert wurde, konnten die resultierenden PNCs-HDDP-SS
additiv_sowohl durch Enzyme (Proteinase K) als auch mit einem Reduktionsmittel
(Dithiothreitol) abgebaut werden. Mehrere Adjuvantien wurden erfolgreich mit hoher Effizienz
in PNCs eingekapselt. Wenn die Adjuvantien gemeinsam verkapselt in einem Nanotrager
verabreicht wurden, erreichten sie eine starkere Stimulation dendritischer Zellen verglichen mit

unverkapselten Adjuvantien.

In Kapitel B wurde das entwickelte Verfahren fiir die bioorthogonale Multikomponenten-
Verkapselung in Protein-Nanotrager auf das Modellantigen Ovalbumin tbertragen und somit
Adjuvanz-beladene OVA-Nanotrdger (OVA-NCs) als nanodimensionales Vakzin hergestellt.
Die simultane Verabreichung von Antigen und Adjuvanz in OVA-NCs fuhrte zu einer
erfolgreichen Antigenprésentation auf dendritischen MHC-Rezeptoren, zur Expression der
kostimulatorischen Markermolekile CD80 und CD86 sowie zur Sekretion von
proinflammatorischen Zytokinen (TNFa, IL-6 und IL-12). Die mit R848 und MDP-beladenen
OVA-NCs zeigten eine starke DC-vermittelte T-Zell-Stimulation, welche zu einer effizienten
Tumorbehandlung von Melanomen an Mausmodellen flihrte. Die Kombination mehrerer
Impfstoffkomponenten in einem Wirkstofftragersystem demonstrierte eine synergistische

Wirkung bei der Tumorbehandlung.

Die Herstellung von Nanotrdgern durch bioorthogonale Vernetzung erfordert haufig eine

Modifizierung des Nanotrdgermaterials und die Verwendung eines chemischen Vernetzers. In
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Kapitel C konnten stabile PNCs tiber Grenzflachendenaturierung von Proteinen durch Erhitzen
in einer inversen Miniemulsion erzeugt werden, ohne dass Modifikationen und/oder Vernetzer
eingesetzt werden mussten. Der Einsatz einer doppelten W/O/W-Emulsion anstatt der
einfachen W/O-Emulsion verbesserte die Dispergierung der hergestellten Protein-Nanotréger
in Wasser und ein Modellfarbstoff konnte mit hoher Effizienz eingekapselt werden. Darlber
hinaus zeigten PNCs, hergestellt durch Grenzflachendenaturierung, eine hohere enzymatische
Abbaubarkeit und eine schnellere Freisetzung von Farbstoff als PNCs, die mit unselektivem
1,4-Toluoldiisocyanat (TDI)-Vernetzer vernetzt waren. PNCs, die mit dem chemoselektiven
Vernetzer HDDP vernetzt wurden, setzten den Farbstoff dhnlich schnell frei wie PNCs ohne
Vernetzer, was auf einen geringen Einfluss von HDDP auf die Abbaubarkeit von PNCs

hinweist.

In Kapitel D ermdglichte die Modifizierung von Protein-Nanotrdgern mit magnetischen
(Fe3Os-Nanopartikel), ,,Stealth” (Polyethylenglykol) und zielgerichteten (DC-spezifischer
CD11c-Antikorper) Eigenschaften die Untersuchung von Tréger-Protein- und Tréger-Zell-
Interaktionen. Magnetische PNCs wurden zur Untersuchung des zelluldaren Aufnahmeprozesses
mit mikroskopischen Methoden und zur Untersuchung der Adsorption von intrazelluldren
Proteinen verwendet. Die Oberflachenmodifizierung von PNCs mit dem Stealth-Polymer PEG
verringerte die unspezifische Aufnahme von PNCs in Makrophagen. Die Modifizierung von
DC-gerichteten Antikorpern an PNCs fiihrte zu einer hoheren Aufnahme in DCs im Vergleich
zu unmodifizierten PNCs. Die gewonnenen Erkenntnisse Uber das biologische Schicksal der
Nanotrager, beeinflusst durch die Modifizierungen, unterstiitzen die Entwicklung eines

optimalen nanodimensionalen Impfstoffs.

Multifunktionale Protein-Nanotrager, die mit mehreren Adjuvantien beladen und mit Stealth-
und Targeting-Eigenschaften modifiziert werden konnen, sind vielversprechende
Trégersysteme, um eine starke und dauerhafte Anti-Tumor-Immunantwort durch DC-

vermittelte T-Zell-Stimulation zu erreichen.
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I. Motivation

I. Motivation

Cancer is still the major cause of death worldwide with one in five deaths linked to cancer.
Established therapies with anti-cancer drugs have increased the survival rate of patients if the
cancer is detected in early stages. However, often cancer is diagnosed in late stages, because
cancer cells have properties to hide from our immune system or deactivate it. In our fight against
cancer, monotherapy such as chemotherapy proved to lack the efficacy for successful cancer
treatment. Edward Jenner first studied the use of antigens to induce an immunity, a so-called
vaccination, in the 18" century. Since then, various vaccines have been developed to treat
diseases to extinction of some, such as small pox. Immunotherapy aims to treat cancer by
prophylactic or therapeutic vaccination. To achieve this, the immune cells have to be
sufficiently stimulated to overcome the hiding and deactivating mechanisms of cancer cells. To
the motto “The more the merrier”, multifunctional systems facilitate a more complex strategy
to tackle the complex concept of cancer vaccination. Using multiple therapeutics in
combination might create a synergistic system to achieve strong and enduring immune
responses. The challenge of multicomponent formulations is achieving high local concentration
of the therapeutics at the target site. Common soluble formulations cannot offer that due to
systemic distribution and fast excretion. Encapsulation of the therapeutic agents into
nanocarriers offers an effective strategy for co-delivery to target cells. The challenge for
nanocarrier-mediated vaccination is the development of an all-in-one nanocarrier.
Multifunctional nanocarriers require 1) a strategy for a bioorthogonal co-encapsulation of
therapeutics into biodegradable nanocarriers, 2) an optimal combination of antigen and multiple
adjuvants for synergistic stimulation of dendritic cells (DCs) and 3) stealth polymers to decrease
unspecific uptake and prolong circulation time and 4) targeting functionalities to enhance

delivery efficacy to dendritic cells (Figure 1).

1) Nanocarrier 4) Targeting

- Specific to dencritic cells
- Unspecific to macrophages

- Multicomponent Encapsulation
- Bioorthogonal reaction
- Dense and degradable Carrier

2) Therapeutics 3) Stealth

- Antigen
- Multiple Adjuvants

- Synergistic stimulation
-, Stealth polymer

- I Minimize unspecific uptake
- Prolong circulation time

Figure 1. Requirements for multifunctional nanocarriers as anti-tumor nanovaccines. Figure created by Natkritta
Huppe.
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I. Motivation

Therefore, this thesis aims to develop a multifunctional nanocarrier as a nanovaccine that
combines all the requirements for an optimal drug delivery to immune cells and induce a strong
anti-tumor response. In chapter A and B, a nanocarrier is designed for a multicomponent
encapsulation into degradable protein nanocarriers via bioorthogonal azide-alkyne click
reaction (A) or interfacial denaturation (B) in inverse miniemulsion. For the cargo-
encapsulation, an inverse miniemulsion approach allows a simultaneous encapsulation of
multiple cargo molecules with high control and efficiency. The chemoselective click reaction
or chemistry-free approach for the preparation of the nanocarrier prevents including the cargo
molecules in the reaction and preserves their bioactivity. In chapter B, ovalbumin acts as a
biodegradable nanocarrier material and model-antigen in one. Various combinations of
adjuvants are co-encapsulated into ovalbumin nanocarriers to study their synergistic properties.
In chapter D, the nanocarriers are modified at the surface with stealth polymers and DC-
targeting antibodies to increase the specific uptake into DCs and therapeutic efficiency due to
high local concentration of therapeutics. Combining all these approaches in one drug delivery

system could create a multifunctional nanovaccine and enhance anti-tumor vaccination.



Il. State of the Art

I1. State of the Art

Chapter 11 is presented in the manuscript “Nanocarriers with Multiple Cargo Load — A
Comprehensive Synthesis Guideline Using Orthogonal Strategies”; N. Hiippe, F.R. Wurm, K.
Landfester, manuscript submitted.

Abstract

Multifunctional nanocarriers enhance the treatment efficacy for modern therapeutics and have
gained increasing importance in biomedical research. Co-delivery of multiple bioactive
molecules enables synergistic therapies. Co-encapsulation of cargo molecules into one
nanocarrier system is challenging due to different physicochemical properties of the cargo
molecules. Additionally, co-encapsulation of multiple molecules simultaneously should
proceed with high control and efficiency. Orthogonal approaches for the preparation of
nanocarriers are essential to encapsulate sensitive bioactive molecules while preserving their
bioactivity. Preparation of nanocarriers by physical processes (i.e. self-assembly or
coacervation) and chemical reactions (i.e. click reactions, polymerizations, etc.) are considered
as orthogonal methods to most cargo molecules. This review shall act as a guideline to allow
the reader to select a suitable preparation protocol for a desired nanocarrier system. This article
helps to select for combinations of cargo molecules (hydrophilic-hydrophobic, small-macro,
organic-inorganic) with nanocarrier material and synthesis protocols. The focus of this article
lies on the co-encapsulation of multiple cargo molecules into biocompatible and biodegradable
nanocarriers prepared by orthogonal strategies. With this toolbox, the selection of a preparation
method for a known set of cargo molecules to prepare the desired biodegradable and loaded
nanocarrier shall be provided.



Il. State of the Art

I1.1. Introduction

Therapies with a single drug often lack the efficiency to treat complex diseases. A combination
of multiple active agents can create multifunctional and/or synergistic systems and enhance the
treatment efficiency. This review article will act as a guideline on how to prepare biodegradable
nanocarrier systems by so-called “orthogonal” encapsulation strategies loaded with multiple
cargo molecules. “Orthogonal” means in this case that the preparation of the nanocarrier
structure does not hamper the activity of the cargo, e.g. does not react chemically or destroy

them physically.

The co-delivery of complex drug molecules is, for example, important in modern
immunotherapy, as successful tumor vaccination needs a strong and durable immune response.
Combinations of several adjuvants demonstrated a synergistic stimulation of immune cells with
enhanced anti-tumor vaccination effect.! Co-delivery of cargo molecules with high local
concentrations at the target site is challenging with common soluble formulations due to
systemic distribution and fast excretion of the cargo molecules. Encapsulation of the cargo
molecules into nanocarriers pose the only way to enable multicomponent systems and achieve
effective simultaneous co-delivery. Furthermore, early-tumor diagnostic is also an important
step to successful tumor treatment. The next level in nanomedicine is the combination of
therapy and diagnosis, so-called theranostics, in one multifunctional delivery system to enhance
treatment efficacy. Especially the heterogenicity of tumors make image-guided therapies
necessary and multifunctional nanocarriers could be applied for imaging, diagnosis, and therapy
simultaneously, enabling early-stage treatment.? ® Co-encapsulation of cargo molecules with
different physicochemical properties is challenging in terms of control, efficacy, and
orthogonality of the encapsulation process. Facing the importance of bioactive compounds for
medical therapy, orthogonal encapsulation strategies ensure preservation of the cargo’s
bioactivity and increase the efficacy of drug delivery systems. “Orthogonal” means for one
using chemoselective reactions, which do not involve the cargo in the reaction during the
preparation of nanocarriers. In the same sense, nanocarriers formed by physical approaches
such as self-assembly or coacervation can also be considered orthogonal to the cargo, but also
here the cargo should not be altered, e.g. by denaturation.* Since orthogonality is an important
criterion in encapsulation of medical agents, we will focus on orthogonal pathways to
encapsulate multiple cargo molecules into nanocarriers. Furthermore, the physicochemical
properties of the cargo molecules such as solubility and molecular weight influence the choice
of encapsulation strategies. This becomes challenging for co-encapsulation, when cargo
4



Il. State of the Art

molecules with different physicochemical properties like e.g. hydrophobicity, solubility, or
molecular weight need to be encapsulated simultaneously. Besides encapsulation, the release
of the cargo molecules afterwards at the target site is also essential for the design of an efficient
drug delivery system. Therefore, nanocarriers with tailored degradability or release

mechanisms are required to ensure successful release of the cargo molecules.

The challenges faced are to provide high encapsulation efficiency, multicomponent
encapsulation and orthogonality as well as biocompatible and degradable nanocarrier materials
in one nanocarrier system. This review shall act as a guideline to allow the reader to select a
suitable preparation protocol for a desired nanocarrier system. This article helps to select for
combinations of cargo molecules (hydrophilic-hydrophobic molecules, low molar mass
compounds-macromolecules and organic-inorganic cargo molecules) with nanocarrier material
and synthesis protocols. This article summarizes strategies for the co-encapsulation of multiple
cargo molecules into biocompatible and biodegradable nanocarriers for drug delivery prepared
by orthogonal strategies (Figure 2). With this toolbox, the selection of a preparation method for
a known set of cargo molecules to prepare the desired biodegradable and loaded nanocarrier
shall be provided. We focus on biomedical applications, but the principle of co-encapsulation
by orthogonal approaches applies also for other fields, such as food or energy applications when
multiple cargo molecules need to be protected or delivered simultaneously.

Low molar mass drugs (MW < 1 kDa) can interact and diffuse rapidly through many biological
barriers and membranes, theoretically reaching the target site with high effectivity. Their rapid
diffusion through the vascular system enables fast systemic distribution, but also causes fast
excretion.> & Concerning cancer treatment, high local concentrations of drugs leads to high anti-
tumor effects and is more desired than systemic distribution. Furthermore, the high cytotoxicity
of chemotherapeutics causes severe side effects for patients, when applied systemically. In
order to protect the body from the toxic drugs and protect the drugs from fast excretion,
encapsulation into nanocarriers is an efficient method to enhance pharmacokinetics of drugs.’
Biomacromolecules such as antigens,® proteins® or nucleic acids (RNA,*® DNA!) have
emerged as therapeutics for biomedical application. The challenge with biobased
macromolecular therapeutic agents (BTAs) is their low stability in many biological
environments, in which they can degrade quickly. Therefore, nanocarriers as a platform to
protect the BTAs during delivery are in major focus to develop novel treatments.!? The
challenge for delivery of macromolecules is their high molar mass, which requires a high
degradation degree of the nanocarriers to ensure efficient release.!® Additionally, to prevent

5



Il. State of the Art

involvement of sensible BTAs in the nanocarrier preparation and to preserve their bioactivity,

bio-orthogonal chemistries have to be chosen.

The solubility characteristics of the cargo molecules is one of the most important factors to be
considered, when designing an optimal encapsulation strategy.!* Hydrophilicity and
hydrophobicity of the cargo mediate its solubility in the different phases, i.e. during the
nanocarrier preparation, within the nanocarrier and afterwards in the surrounding environment.
Therefore, choosing the suitable method with the right solvents influences the encapsulation

efficiency during the nanocarrier preparation and entrapment efficiency during the delivery.

Nanocarriers by physical formation Nanocarriers by chemical reactions
a) Self-assembly a) Crosslinking (e.g. click reactions)
Liposomes Polymersomes Nanogels with shell

Orthogonal
o-encapsulation
b) Coacervation c ap b) Polymerization g @ ©
Layer-by-layer Nanoparticles strategies Nanocapsules Wi

‘ Hydrophobic cargo . Hydrophilic cargo 3.5 Hydrophobic polymer €&3.5%~ Hydrophilic polymer

Figure 2. Orthogonal strategies for co-encapsulation of hydrophobic and hydrophilic cargo molecules into nanocarriers. Figure
created with Biorender.com by Natkritta Huppe.

Il. 2. Co-Encapsulation of Hydrophobic and Hydrophilic Cargo

Molecules

I1. 2.1. Encapsulation of Hydrophobic Cargo Molecules

Hydrophobic cargo molecules have a low water solubility (mostly below 1 mg/mL) and require

organic solvents.'®> Many biocompatible and degradable synthetic polymers, such as polylactic

acid (PLA), are soluble in organic solvents and thus optimal for the encapsulation of

hydrophobic molecules into polymeric nanocarriers. The nanocarriers can be prepared either

by physical formation, e.g. precipitation or self-assembly, or by chemical reactions, e.g.
6



Il. State of the Art

polymerization or crosslinking (Table 1 gives an overview on different techniques to

encapsulate hydrophobic cargo).

Table 1. Orthogonal strategies to encapsulate hydrophobic cargo molecules into degradable nanocarriers.

Physical ] Chemical )
_ Materials Ref. _ Materials Ref.
formation reactions
Nanoparticles
Desolvation Natural 16-22 Emulsion
Self- Polymers: polymerization:
) 23-27 _ o PS, PMMA,
assembly Albumin, radical, anionic,
_ o PBCA, PLA,
dextran, gelatin, cationic, ROMP, 48-53
Solvent ) . PCL, PLGA, PI
) chitosan, 28,29 polyaddition,
Evaporation ) .
alginate polycondensation
Synthetic o )
Crosslinking in or Albumin,
_ Polymers: PLA, ] )
Salting-Out 30 at interface of dextran, gelatin, | 55,60,61
PCL, PLGA, _ _ _
O/W emulsion chitosan, alginate
PBCA
Polymeric Micelles
Hydrophobic
block: PLA, )
Self- Core-Crosslinked Click
PCL, PLGA, o
assembly crosslinking
PACA .
of _ 38,39 i reactions: 47,62
o Hydrophilic Shell-Crosslinked
amphiphilic CuAAC,
block: PEG,
polymers SPAAC, IEDDA,
POx, Dextran, Interlayer- )
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a) Nanocarriers by Physical Formation

Nanoparticles are a common class of nanocarriers for the delivery of cargo molecules.

Hydrophobic molecules are encapsulated into nanoparticle’s matrix during the physical

formation of the nanocarriers by precipitation or self-assembly.'®1® For example, in the

desolvation method, water-soluble polymers are used as nanocarrier materials and the

nanocarriers are formed by coacervation of the water-soluble polymers upon addition of a

desolvating agent, i.e. an organic solvent (Figure 3). The hydrophobic drug can be dissolved in
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the desolvating agent, e.g. ethanol or acetone. Upon addition of the drug-containing desolvating
agent to an aqueous solution of the nanocarrier material, precipitation of the polymer is induced
to form nanoparticles. The drug is entrapped during the precipitation of the polymer.1®-1° The
desolvation method is easy and cheap, but often lack high control over size and loading
efficiency.?® Crosslinking of the nanocarriers can improve their stability and encapsulation
efficiency. For example, in albumin nanoparticles, glutaraldehyde? or carbodiimides?? react
with the primary amines to crosslink the proteins.!” However, depending on the cargo, targeting
amines as crosslinkable groups may not be orthogonal to the cargo (especially when
biomolecules are loaded) and other encapsulation strategies need to be considered. A similar
method that uses solubility change to form nanoparticles is the self-assembly method.?3 24
Human serum albumin (HSA) nanoparticles were loaded with hydrophobic paclitaxel due to
the interaction of the drug with the hydrophobic domains of HSA.?% 26 Using B-mercaptoethanol
to break the disulfide bonds in the protein exposes the hydrophobic domains of the protein,
which self-assemble upon addition of hydrophobic drugs in aqueous media.?’ Induction of
protein self-assembly was also achieved by modifying the primary amine groups with octane
aldehyde, increasing the hydrophobicity of the protein.?® The self-assembly method

demonstrated higher drug-loading compared to most desolvation methods.*°

Precipitation in emulsions offers the encapsulation of hydrophobic cargo molecules into
polymeric nanoparticles with higher control over size and loading efficiency. The hydrophobic
cargo molecule and the polymer (mostly synthetic) are dissolved in the oil phase. The oil-phase
is dispersed in an aqueous continuous phase to form an oil-in-water (O/W) emulsion. The
nanoparticles are formed by precipitating the polymer inside of the oil droplet through solvent
evaporation.?® 2° The hydrophobic cargo molecule, dissolved in the oil droplet, is entrapped in

the polymer matrix during the precipitation leading to high encapsulation efficiencies.

In the salting-out approach, the polymer and hydrophobic cargo molecules are dissolved in a
water-miscible organic solvent (e.g. acetone). The addition of salts (e.g. MgCl, CaCl) to the
aqueous solution first impedes the miscibility of the solvents, forming an O/W emulsion.
Dilution of the emulsion reverses the salting-out effect, leading to diffusion of the organic
solvent to the aqueous phase. The polymer precipitates and entraps the cargo molecules within
its matrix. Compared to the conventional emulsion diffusion method, the initial formation of an
emulsion by salts enables higher control over the preparation of nanocarriers with smaller size,

narrow size distributions, and high encapsulation efficiencies.*
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Figure 3. Encapsulation of hydrophobic cargo molecules during the preparation of nanocarriers by self-assembly
or desolvation method. Figure created with ChemDraw 2.0 by Natkritta Hiippe.

Synthetic polymers are convenient nanocarrier materials, as they can be synthesized in high
purity, controlled sequence and can be tailored to desired properties. Polylactic acid (PLA),3"
32 poly-e-caprolactone (PCL), and poly-D,L-lactide-co-glycolide (PLGA)* are the most
common biodegradable synthetic polymers used for nanoparticles by emulsion techniques.?® 3
Besides these polyesters, also several natural polymers have been applied as matrix for
nanocarriers due to their biocompatibility and biodegradability. Since typically hydrophilic
polysaccharides (e.g. chitosan,>* alginate,® and gelatin®*?8) or proteins (e.g. albumins) are used
in biomedical applications, the formation of nanocarriers proceed through desolvation or self-
assembly. Owing to their natural role in binding hydrophobic molecules, such as steroid
hormones or fatty acids, albumins have been widely utilized as non-immunogenic and non-

toxic nanocarrier materials.® 3’

Self-assembled micelles of amphiphilic block copolymers have also been used to encapsulate
hydrophobic drugs in their hydrophobic core.®® *° The driving force of the self-assembly
process is the noncovalent interaction between the hydrophobic blocks in aqueous solution,
forming a hydrophobic core and hydrophilic shell. The hydrophilic shell allows dispersion of
polymeric micelles in water, often poly(ethylene glycol) (PEG) or PEG-alternatives, such as
poly(2-oxazoline)s (POx) have been used as the hydrophilic block. Both polymers are highly
water-soluble, biocompatible and prolong blood circulation times by the so-called stealth
effect.*> 4! Bio-based chitosan,*? dextran,* or poly(vinylpyrrolidone) (PVP)* have also been
applied as materials for polymeric micelles. Regarding the hydrophobic block, there are various
synthetic polymers available, but in context of biodegradability and biocompatibility, PLA,
PCL,** PLGA,* and polyalkylcyanoacrylates (PACA),* have received considerable attention.
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b) Nanocarriers by Chemical Reactions

Polymeric micelles can also be crosslinked at the core, shell or interlayer depending on the site
of the crosslinkable group to increase their stability.*” For example, chemical groups allowing
click chemistry (Figure 4A) are attached to the amphiphilic polymers, mostly at the
hydrophobic core-forming block, resulting in core-crosslinked micelles. Instead of using an
external reagent to crosslink the polymeric nanocarriers, the cargo itself can act as a crosslinker.
For example, Liu et al. designed core-crosslinked polymer micelles by phenol-yne click
chemistry (Figure 4B).*® The amphiphilic block copolymer poly(ethylene glycol)-b-poly(2-
hydroxyethyl methacrylate (mMPEG-PHEMA) was modified with alkyne groups by
esterification with 5-hexynoic acid (HA). Since the cargo curcumin naturally possesses
phenolic groups, the core was crosslinked by a phenol-yne click reaction upon self-assembly
and curcumin entrapment. Resulting pH-responsive curcumin-loaded micelles proved higher
stability during dilution in water, higher encapsulation efficiency, and thus a more efficient drug
delivery compared to non-crosslinked micelles. Owing to the formed vinyl ether bond, the
micelles were pH-responsive and rapidly hydrolyzed in intracellular acidic conditions (pH = 5),

releasing curcumin in its natural form with preserved bioactivity.

Emulsion polymerization is a common strategy to prepare polymeric nanocarriers and entrap
cargo molecules during a chemical transformation.*® While conventional emulsion
polymerization is limited with regards to encapsulation due to diffusion processes, in contrast
the microemulsion and miniemulsion techniques allow high encapsulation and offer a versatile
chemistry.®%! Polymeric nanocarriers prepared by polymerization in emulsions mostly include
non-degradable latexes such as polystyrene (PS) and polyacrylates (e.g. poly(methyl
methacrylate), PMMA) but also degradable polymers such as PBCA, PLA and PCL or

crosslinked biopolymers.

A miniemulsion is formed from dispersing two immisible solvents by high shear forces, e.g.
ultrasonication or a microfluidizer, forming nanosized droplets in a size range of 50-500 nm.
Polymeric nanocarriers can be prepared in miniemulsion by a variety of reactions such as
anionic/cationic ~ polymerizations, ring-opening  metathesis, polyaddition  and
polycondensation.® For encapsulation of hydrophobic cargo, a direct oil-in-water
miniemulsion is applied. The cargo is dissolved in the oil droplets and is entrapped in the
polymer matrix upon polymerization. Huang et al. developed the synthesis of poly(n-butyl

cyanoacrylate) nanoparticles via anionic miniemulsion polymerization.>? They demonstrated
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that the miniemulsion polymerization achieved high loading of hydrophobic paclitaxel

compared to conventional emulsion polymerization.

In contrast to miniemulsions, microemulsions form spontaneously and are thermodynamically
stable. Their characteristic small sizes (< 50 nm) enable unique possibilities due to a large
interfacial area, small space domain and optical transparancy. Various polymerizations similar
to the miniemulsion techniques have been realized in either W/O, O/W or bicontinous
microemulsions. However, high amounts of surfactant (and costabilizer) are needed to stabilize
the droplets, limiting the use of microemulsion polymerization in spite of their easy
preparation.With the development of polymerizable surfactants, the drawback of high amounts

of free surfactant was optimized.>

Besides polymerizations, nanocarriers have also been prepared by crosslinking either after self-
assembly whithin the dispersed phase or at the interface of the droplets.>* Click chemistry is the
most common orthogonal crosslinking reaction that enables chemoselective crosslinking of the
polymer matrix, which needs chemical modification, without reaction with the desired cargo
molecules.®™ The most applied click reactions in the biomedical field include azide-alkyne
(copper-catalyzed (CuAAC)*® 7 or strain-promoted (SPAAC)),>® thiol-ene and inverse-
electron-demand diels-alder (IEDDA)*® and more (Figure 4A).%% 51 Several nanocarrier
morphologies were developed with crosslinking chemistry, for example nanoparticles, hollow
nanocapsules, nanogels, or micelles.*” For example, Zou et al. encapsulated the hydrophobic
drug paclitaxel into degradable PLGA nanocarriers by CUAAC in miniemulsion. The alkyne-
functionalized polymer was crosslinked by a diazide-modified paclitaxel, which served as both
the drug and crosslinker, leading to higher encapsulation efficiencies compared to physically

encapsulated drug.%?
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Figure 4. A) Examples of click reactions for orthogonal preparation of nanocarriers via crosslinking. B) pH-

responsive reversibly core-crosslinked micelles by phenol-yne click reaction with curcumin. Image adapted from
reference®®. Published by Royal Society of Chemistry. Copyright © 2019. All rights reserved.

Curcumin

I1. 2.2. Encapsulation of Hydrophilic Cargo Molecules

With increasing interest in biological therapeutics, such as peptides, proteins or nucleic acids,
as well as the extensive development of small, hydrophilic drugs, encapsulation strategies for
the delivery of hydrophilic components emerged rapidly.5® Owing to their high water-solubility,
hydrophilic molecules exhibit a rapid clearance, leading to low biodistribution and intracellular
absorption.®* Encapsulation of hydrophilic drugs into nanocarriers improves their
pharmacokinetics and delivery efficacy. Orthogonal encapsulation approaches for hydrophilic
molecules -similar to hydrophobic cargo- include self-assembly systems or chemical reactions
at the interface of - in this case - inverse emulsions (Table 2).

12
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Table 2. Orthogonal strategies to encapsulate hydrophilic cargo molecules into degradable nanocarriers.

Physical formation Materials Ref. | Chemical reactions Materials Ref.
Nanoparticles/Nanocapsules
o Proteins
e Lipids, e.g. . :
Solid lipid _ Inverse Emulsions: (Albumins),
_ fatty acids, o
nanoparticles: Crosslinking (TDI, Carbohydrates | 71,72,
_ fatty 66-70
Solvent evaporation TET, TAD, copper- (dextran, 77-84
) ) alcohols, o
in emulsion free AAC) hyaluronic acid)
esters
Spray-drying, Synthetic 16 Inverse Emulsions:
Polymers: polymerization PBCA, PLA,
Desolvation PLA, PCL, | 68,74 (RAFT, anionic, PCL, PLA-co- 85,86
PLGA, 75 polyaddition, PCL, PLGA,
PBCA polycondensation)
Nanogels
Natural
Polymers:
] albumin, Click crosslinking Natural
Gelation _
dextran, 19, reactions: CUAAC, polymers, e.g. 55,56,
(temperature, pH, _ o
o gelatin, 65 SPAAC, IEDDA, hyaluronic acid, | 87-90
ionic strength) _ _
chitosan, Thiol-ene dextran
alginate

a) Nanocarriers by Physical Formation

Similar to hydrophobic cargo molecules, hydrophilic compounds can be encapsulated into

nanocarriers by physical processes such as precipitation and self-assembly.®® In the desolvation

method, the hydrophilic cargo molecule is dissolved in the aqueous media alongside the

hydrophilic polymer. The cargo is entrapped into the nanocarriers upon addition of the

desolvating agent and precipitation of the polymers. Biopolymers such as proteins,'’ gelatin,

alginate,® and other (poly)saccharides®® but also synthetic polymers such as PLA, PLGA, and

PCL have been used to encapsulate hydrophilic molecules by desolvation or salting out.*
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A spray drying process can be used to prepare nanocarriers as a dry powder.'® Spray droplets
are generated from a solution of the nanocarrier material and the cargo. The spray droplets are
air-dried to form cargo-loaded nanocarriers, which are separated from the drying air as a dry
powder. The spray drying method is a convenient process to form nanocarriers in a continuous

and scalable single-step approach.

Nano-sized hydrogels are convenient to encapsulate hydrophilic molecules by an inverse
emulsion technique. When using proteins or carbohydrates, nanogels can be formed by gelation
upon change in temperature, pH value, or ionic strength.®® For example when hydrophilic cargo
is dissolved together with proteins, the heat-induced denaturation results in the formation of
nanogels, held together by hydrogen bonds, electrostatic or hydrophobic interactions.®

Lipids are an optimal nanocarrier material due to their high biocompatibility, biodegradability
and broad availability with the majority of nanocarriers in clinical use are based on lipidic
formulations.®® ©” Similar to polymeric micelles, lipidic nanocarriers self-assemble from
amphiphilic lipids. Solid lipid nanoparticles are prepared similar to polymeric nanoparticles via
precipitation or emulsion techniques, such as solvent evaporation or solvent diffusion.®
Commonly, lipids such as fatty acids, fatty alcohols, or glycerol esters are used for preparing
lipid nanocarriers.®® Charged lipids such as cationic lipids, which have permanently charged
heads (e.g. 1,2-di-O-octadecenyl-3-trimethylammonium-propane (DOTMA)), or ionizable
lipids, which are protonated at low pH values (e.g. DC-cholesterol), as well form solid lipid
nanocarriers. Solid lipid nanoparticles have proven to be excellent nanocarriers for
encapsulating and delivering small molecular drugs® as well as hydrophilic macromolecules

such as mMRNA due to ionic interactions of the gene with the charged lipid material.
b) Nanocarriers by Chemical Reactions

Hydrophilic molecules can be encapsulated via chemical reactions in inverse W/O emulsions.
As nanocarrier material, water-soluble biopolymers can be used, for example proteins™ or
carbohydrates,'® 72 but also degradable polymers, such as PLA, PCL, PLA-co-PCL, PLGA, and
others have been used.? % In an inverse emulsion, the cargo is dissolved in an agueous aqueous
solution and dispersed in an organic solvent to prepare a W/O emulsion.*® 7® The cargo is
entrapped in the nanocarriers either upon polymerization or crosslinking of polymers,’
allowing the encapsulation of BTAs such as dsSDNA, siRNA, oligonucleotides, or proteins with
high efficiency.'? 7> While designing nanocarriers for hydrophilic drugs, the density of the

nanocarriers’'matrix is extremly important to prevent premature leakage of the hydrophilic
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cargo from the inside into the surrounding by osmotic pressure difference. Crosslinking of the
polymer matrix decreases permeability for small cargo molecules: a crosslinking reagent is
added to the inverse emulsion to crosslink the nanocarrier material either i) in the dispersed
phase (a hydrophilic crosslinker) or ii) in the continuous phase (a hydrophobic crosslinker that
reacts at the interface). In the first case, solid nanocarriers are formed, while in the latter,
nanocapsules with a solid shell and liquid core are generated.’® Interfacial crosslinking requires
less nanocarrier material and offers high encapsulation efficiency and concentrations of cargo
molecules.>* " Furthermore, when a chemoselective reaction is applied, the hydrophilic cargo
can be encapsulated without their involvement, preserving their activity. Various orthogonal
crosslinking types were developed for the interfacial reaction in the inverse miniemulsion to
prevent the involvement of the cargo, preserving the bioactivity.>* If the cargo does not possess
nucleophilic groups, such as amines or alcohols, polyaddition with 1,4-toluene diisocyanate
(TDI) has been used for various matrix polymers, such as hydroxyethyl starch,”” 78 proteins
(e.g. ovalbumin,” horse radish peroxidase,’® or hepatitis ¢ virus protein®). However, a major
side reaction of TDI-crosslinking is the hydrolysis of the isocyanate groups, which leads first
to the formation of amines and eventually urea linkages, which can hamper the biodegradation
of the nanocarriers. In spite of this side reaction and possible reaction with cargo molecules,
also the straightforward isocyanate chemistry was used to encapsulate and release hydrophilic
cargo molecules (e.g. dyes,’* adjuvants,3! or dsDNA’"). However, the content of covalent
modification of the cargo molecules remained unclear in these cases. With the development of
orthogonal crosslinking reactions, Piradashvili et al. demonstrated the preparation of fully
degradable protein nanocarriers using the metal-free tetrazole-ene cycloaddition (TET-click) in
inverse miniemulsion (Figure 5A).82 The crosslinking reaction between a TET-modified protein
with a difunctional strained norbornene was induced by irradiation with UV-light (254 nm).
The resulting protein nanocarriers demonstrated a prominent core-shell morphology and self-
fluorescence due to the formed pyrazoline cycloadduct by TET-click. A therapeutic cargo,
Resiquimod (R848), could successfully be encapsulated into protein nanocarriers with high
efficiency. Due to the high enzymatic degradability of the protein nanocarriers, the delivery of
R848 to dendritic cells followed by intracellular release of the cargo lead to an efficient immune
response. In comparison to protein nanocarriers prepared by crosslinking with TDI,
nanocarriers by TET-click reaction demonstrated higher immune response, underlining the
importance of an orthogonal crosslinking reaction to preserve the cargo’s activity. The
disadvantage of a TET-click reaction is the need of UV-light to induce the crosslinking process.

UV-light or other harsh initiators, such as metal catalysts, can affect sensitive cargo molecules
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and decrease their bioactivity. Huppe et al. developed the preparation of protein nanocarriers
without the addition of initiators by using a metal-free azide-alkyne click reaction (Figure 5B).83
Azide-modified human serum albumin was crosslinked with hexanediol dipropiolate (HDDP)
at the interface of an inverse miniemulsion. A crosslinker such as HDDP with an activated
dialkyne reacts under mild conditions without the need of an initiator. With inserting a disulfide
bond into the crosslinker, the protein nanocarriers are degradable by enzymatic as well as
reductive degradation. By this approach, a triple combination of adjuvants, i.e. Resiquimod
(R848), muramy! dipeptide (MDP) and polyinosinic-polycytidylic acid (Poly(l:C)) and dye
Cy5-0ligo, could be encapsulated into fully-degradable protein nanocarriers with high control
over the encapsulation efficiency. The multi-loaded nanocarriers demonstrated an additive

immune activation of dendritic cells, exceeding the single-loaded nanocarriers.

Figure 5. Preparation of protein nanocarriers (PNCs). A) Non-fluorescent protein—-TET conjugates were cross-
linked by dinorbornene in inverse miniemulsion to obtain self-fluorescent protein nanocarriers; reaction
mechanism of the bioorthogonal UV-light induced 1,3 dipolar tetrazole— ene cycloaddition. Image adapted from
reference 8 with permission from the Royal Society of Chemistry. Copyright © 2017. This open access article is
licensed under CC-BY-3.0. B) Multicomponent encapsulation into protein nanocarriers through interfacial azide-
alkyne crosslinking with hexane-diol-dipropiolate in inverse miniemulsion. Chemical structures of Cy5-oligo dye
and adjuvants R848, MDP and Poly(l:C) encapsulated into human serum albumin nanocarriers. Image adapted
from reference & with permission from the Royal Society of Chemistry. Copyright © 2022. This open access
article is licensed under CC-BY-3.0.

In a similar approach, protein nanocarriers were formed via a Diels-Alder reaction of the
tryptophane moieties of proteins with triazolinedione (TAD) in an inverse miniemulsion.3 In
this paper, the authors found that different crosslinking chemistries affected the protein
conformation and hence carrier-protein and carrier-cell interaction. Other encapsulation
strategies via inverse miniemulsion includes carbohydrates as carrier materials, where for
example azide-modified hyaluronic acid’® was crosslinked through a copper-free azide-alkyne
click chemistry with hexanediol dipropiolate and dextran-based polyaldehydes through

polycondensation with polyhydrazides to pH-responsive hydrazones.®
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Sun et al. designed a novel interfacial reversible addition fragmentation transfer (RAFT)
polymerization in inverse miniemulsion to encapsulate methyl orange and bovine serum
albumin) with high efficiency (~ 90%).2° An amphiphilic RAFT agent was synthesized with the
desired hydrophilic-lipophilic balance (HLB), acting as the emulsifier as well as RAFT chain
transfer agent. The disperse phase contained of the zwitterionic monomer, poly(ethylenegylcol)
diacrylate as the crosslinker and the initiator 2,2'-azobis(2-methylpropionitrile) (AIBN),
resulting in nanocapsules with a well-defined core-shell structure. The zwitterionic
nanocapsules (ZNCs) demonstrated dual-responsive swelling dynamics triggered by salt or

temperature and cargo was released rapidly.

W/O microemulsions can as well be applied for the preparation of nanocarriers with similar
strategies as introduced for miniemulsion. Compared to miniemulsion, microemulsion droplets
have a size below 50 nm, presenting excellent templates for preparation of super small
nanocarriers. A broad of biodegradable water-soluble polymers were used for the preparation
of nanocarriers in reverse microemulsions, including several proteins and polysaccharides.>
The polymer, dissolved in the water droplet, can be crosslinked ex situ (addition of crosslinker
to the aqueous phase before emulsification) or in situ (addition of crosslinker after
emulsification). Craparo et al. prepared biodegradable polyaspartamid-nanocarriers by photo-
initiated crosslinking in inverse microemulsion.®” Functionalization of a,p-poly(N-2-
hydroxyethyl)-D,L-aspartamide (PHEA) with glycidyl methacrylate (GMA) introduced reactive
vinyl and ester groups into the polymer. The double bonds enabled UV-induced crosslinking of
the polymers and the ester groups enable hydrolytic degradability of the polymeric nanocarrier.
Water-soluble cytarabine could successfully be encapsulated into PHEA-GMA nanocarriers

and released upon enzymatic or chemical hydrolysis.

Nanogels are versatile drug delivery systems as they are biocompatible, degradable and tunable
in permeability.®8° As emerging nanocarriers for delivery of hydrophilic molecules, especially
BTAs, orthogonal approaches were developed, such as metal-free strain-promoted azide-alkyne
cycloaddition, thiol-ene, tetrazol-ene or Diels-Alder reactions.>> ¢ 8 Chen et al. reported
bioorthogonal encapsulation of intracellular protein drugs, cytochrome ¢ (CC) and granzyme B
(GrB), respectively, into hyaluronic acid (HA)-nanogels via catalyst-free tetrazol-alkene photo-
click reaction (Figure 6).%° Biocompatible and biodegradable HA-nanogels were prepared from
a redox-responsive cystamine methacrylate and lysine-tetrazole derivatives. The protein-loaded
HA-nanogels were successfully taken up by cancer cells and protein could be released by
reductive degradation of the disulfide bond inside the cancer cells, exhibiting high redox
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potentials. The protein-loaded HA-nanogels demonstrated high anti-tumor effects even at low
doses. This proves the preserved bioactivity of the protein due to the bioorthogonal reaction.
(
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Figure 6. lllustration of nanogel formation from HA-Cys-MA and HA-Lys-Tet via catalyst-free and bioorthogonal
tetrazol-alkene photo-click reaction. Image reprinted from reference *° with permission of ACS. Copyright © 2016
American Chemical Society.

A similar HA-based approach was developed by Famili et al., who crosslinked HA-tetrazine
with PEG-norbornene to prepare HA-hydrogels.®® The catalyst-free inverse-demand Diels-
Alder reaction allowed a bioorthogonal in situ encapsulation of Fabl-antibody fragments
without altering the cargo. The intact antibody fragments were completely released from the
hydrogel matrix over a period of several weeks in vitro and maintained their full antigen binding
capacity. Other nanogels based on biopolymers were prepared by tetrazine-norbornene

reaction, such as alginate and gelatin.®®

11.2.3. Co-Encapsulation of Hydrophilic and Hydrophobic Cargo Molecules

Co-encapsulation of multiple cargo molecules with different physicochemical properties is
important to create multifunctional nanocarriers with enhanced therapeutic efficacy due to a
synergistic effect of multiple therapeutics.” Learning from the developed orthogonal
encapsulation strategies of hydrophobic and hydrophilic cargo molecules, respectively, drug
delivery systems for co-encapsulation of both molecules were developed with similar
approaches by physical entrapment or crosslinked nanocarriers. Moreover, the co-delivery of
small molecules and macromolecules requires nanocarriers with, on one hand, low permeability
to keep small cargo molecules entrapped, and, on the other hand, an efficient degradability to
release large cargo molecules. Depending on the small cargo, hydrophilic or hydrophobic,
different approaches have to be taken for co-encapsulation of small molecules with

macromolecules.
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Table 3. Orthogonal strategies to co-encapsulate hydrophobic and hydrophilic cargo molecules into degradable nanocarriers.
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a) Nanocarriers by Physical Formation

Important for a successful co-encapsulation is the presence of two different compartments in
the nanocarriers: either a hydrophobic core with a hydrophilic shell or a hydrophobic shell with
a hydrophilic core, both of which are able to encapsulate hydrophilic and hydrophobic
compounds separately. Combining the encapsulation strategies for hydrophobic and
hydrophilic molecules, both can be encapsulated simultaneously into liposomes,®

polymersomes, or layered polymeric nanoparticles (Figure 7).%%%
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Figure 7. Co-encapsulation of hydrophilic and hydrophobic cargo molecules into liposomes, polymersomes and
layer-by-layer nanocarriers. Created in Biorender.com by Natkritta Hippe.

A double-layered liposomes are formed by a self-assembly process of amphiphilic
phospholipids in agueous media, creating a lipid bilayer with a hydrophobic inner layer and a
hydrophilic core.%® Phosphatidylcholine, originated from soybean or egg yolk, and its
hydrogenated derivatives are usually applied as the lipidic nanocarrier material for liposomes.*
The thin-layer hydration method is a common method for preparation of liposomes.® The lipid
solution is reduced and upon addition of an aqueous solution, the lipid film is hydrated to
assemble into a lipid bilayer, forming liposomes. The encapsulation of drugs proceeds with
dissolving the hydrophilic drug in the external aqueous phase and the drug is encapsulated with
assembly of the liposomes. Although this method is a convenient approach for the encapsulation
into liposomes, it lacks high encapsulation efficiency due to the large volume of aqueous phase
compared to the entrapped volume. If expensive cargo molecules like therapeutic drugs should
be encapsulated, a low encapsulation efficiency is cost-intensive for recycling the drug and
scale-up the process in clinical developments.®® Therefore, other strategies were developed for
efficient loading of hydrophilic cargo molecules into liposomes. The liposomes are loaded with

hydrophilic drugs either by passive loading, where the drug is encapsulated during the self-
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assembly, or active loading, where first the liposome is formed and the drug loaded afterwards
by a transmembrane diffusion due to a pH value or ionic gradient.®” In case of the freeze-thaw
cycle method, the first step is identical to the thin-layer hydration, except as a next step the
liposome dispersion undergoes several freeze-thaw cycles to increase the drug loading with

each re-assembly of the liposomes (Figure 8A).
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Figure 8. Preparation of liposomes as nanocarriers for encapsulation of hydrophilic cargo molecules by A) freeze-
thaw cycles, B) dehydration-rehydration of preformed empty vesicles and C) reverse-phase evaporation methods.
Image reprinted with permission from reference®’. Published by Elsevier B.V. Copyright © 2014. All rights
reserved.

Another strategy with high payload is the dehydration-rehydration approach, where first the
liposomes are formed with the thin-layer method using only buffer as hydration solution
(Figure 8B). Then the drug is added to the liposome dispersion and lyophilized. With
rehydration of the lyophilized liposomes the drug is encapsulated with high efficiency. A third
method, the reverse-phase evaporation, uses an emulsion approach, where an aqueous drug
solution is dispersed in the lipid-containing oil (Figure 8C). The liposomes form first with
solvent evaporation followed by hydration and the lipid bilayer assembles around the aqueous
drug droplets, resulting in high encapsulation efficiency. Besides high loading, the permeability
of the lipid bilayer plays a crucial role to prevent leakage of drugs. In general, the liquid
crystalline phase of the bilayer is more permeable to hydrophilic cargo molecules compared to
the gel state.®” Therefore, the addition of cholesterol mediates the membrane organization and
increases the stability of the membrane and entrapment efficiency of the cargo molecules.%: *°

Other factors influencing the drug loading and entrapment are the lipid concentration, the length
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of the overall lipid chain as well as the hydrophobic carbon tail length of the phospholipid and
(electrostatic) interaction of the drug with the lipid bilayer.!® Besides efficient drug loading
and entrapment into the nanocarriers, the drug release plays a significant role for efficient drug
delivery. Owing to the high availability and tailored synthetic approaches for lipidic materials,
liposomes can be designed with a variety of release mechanisms with stimuli ranging from pH

value, magnetic field, hyperthermia, light and ultrasound. 0% 102

Upon liposome formation, hydrophobic drugs can be entrapped in the hydrophobic layer and
the hydrophilic drug in the aqueous core. For example hydrophilic doxorubicine (Dox)
hydrochloride and hydrophobic debydrochlorinatoin Dox,% Dox and combretastatin,'®3
tariquidar and paclitaxel, cytarabin and daunorubicin and more combinations, were
encapsulated into liposomes.®® The encapsulation efficiency of hydrophobic drugs into the lipid
bilayer depends on the solubility of the drug in the lipid bilayer, influenced as well by the
membrane composition.*® Regarding hydrophilic compounds, the membrane properties such as
thickness, permeability and polarity affects the encapsulation of hydrophilic cargo molecules
as well.®” Although liposomes have been widely used to encapsulate BTAs and small molecular
drugs, such as DOX-siRNA or PTX-pDNA, loading of BTAs was difficult to control with such
methods and ratios of e.g. SiRNAs in the carrier was rather low (~3500 siRNA per liposome).*

Polymersomes present a similar strategy for orthogonal co-encapsulation by owning
hydrophilic and hydrophobic compartments.® 1% Similar to liposomes, polymersomes are
prepared through self-assembly of amphiphilic block copolymers. Polymersomes are obtained
by solvent-free methods (film hydration, electroformation or gel-assisted hydration) and
solvent-displacement methods (solvent injection, emulsion phase transfer, or microfluidics).%®
Often, preparation methods for polymersomes (e.g. electroformation or microfluidics) require
special equipment and are time consuming. Houbrechts et al. developed a strategy to form giant
polymersomes by a simple double emulsification approach, which allowed efficient
encapsulation of large components, such as proteins. %’ Single double emulsion droplets (DED)
were used as templates to form the polymersomes by self-assembly upon solvent displacement.
Instead of using microfluidics to form the DEDs, a simple double emulsification approach is
used with one low molecular weight block copolymer acting as the surfactant for both
emulsions and the polymersome material itself. This allowed an easy and fast strategy to form
polymersomes with basic laboratory equipment, suitable for clinical scale-up. Cargo molecules
are encapsulated into polymersomes by passive entrapment in either the membrane or inner

space. In comparison to liposomes, polymersomes have a lower lateral fluidity and
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transmembrane permeability, retaining cargo molecules with higher efficiency. However, low
permeability can be problematic in terms of release. Fortunately, polymers can be synthesized
with a variety of chemistry and tuned to desired permeability and responsivity.'%® Besides
synthetic amphiphilic block copolymers (e.g. PCL-b-PEOQ), also amphiphilic biopolymers can
be applied as nanocarrier material to encapsulate both hydrophilic and hydrophobic compounds
into vesicles.!®® For example, Pramod et al. developed vesicles based on amphiphilic
polysaccharides for dual-encapsulation of hydrophilic and hydrophobic compounds.!'® The
amphiphilic polysaccharide was obtained from naturally available dextran as the hydrophilic
backbone, modified with aliphatic chains from the cashew nut as hydrophobic tails. The
amphiphilic dextran-based polymer self-assembled into vesicles of dn ~120 nm, in which
hydrophilic cargo molecules, such as rhodamine B, were encapsulated into the core and
hydrophobic molecules, such as anticancer drug camptothecin, in the shell. By encapsulation,
the stability of the hydrophobic drug against hydrolysis could be increased almost 10-fold
compared to its isolated form. The developed dextran-based vesicles were degradable at the
aliphatic ester linkage connected to the dextran-backbone by esterase and thus releasing both
cargo molecules. The encapsulated anticancer drug formulation demonstrated a 1.5-fold higher
activity in neutralizing fibroblasts than the free drug, underlining the importance of drug
delivery systems to enhance therapeutic efficacy. This drug co-delivery system is an elegant
example for an orthogonal co-encapsulation approach into biocompatible and biodegradable

polymer vesicles.

In case of polymeric nanoparticles, when combining hydrophilic and hydrophobic polymers by
layering them to a nanoparticle, hydrophilic and hydrophobic cargo molecules can be co-
encapsulated into the respective layer. Polymeric nanocarriers via layer-by-layer (LbL)
assembly utilize electrostatic complexation of polyelectrolytes, forming multilayer assemblies
of polymers.!'! This method is based on the alternating assembly of oppositely charged
polymers around a preformed charged core particle. The LbL-assembly approach applied in
aqueous media without the use of chemical reactions or modifications enables a mild
encapsulation strategy of sensitive cargo molecules, such as genes, with preservation of their
structure and activity. Solid nanocarriers (e.g. polystyrene, silica or polycarbonate!!'?) act as
core templates for layering and can be removed by dissolution (e.g. with THF, HF, or HCI,
respectively) to obtain hollow nanocarriers. Preformed cargo-loaded nanocarriers (e.g.
liposomes, charged nanoparticles, crosslinked nanogels) can as well be applied as core
templates to prepare core- and shell-loaded LbL-nanocarriers.*'! 113 Since the properties (e.g.

permeability) of the nanocarriers depend on the properties of the polyelectrolyte pairs, the
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majority of LbL-nanocarriers are prepared from synthetic polymers, mainly anionic
poly(sodium styrene sulfonate) and cationic poly(allylamine) hydrochloride. However, with
regard to biomedical applications, more biocompatible and degradable polyelectrolytes (e.g.
poly(N-vinyl caprolactam)/poly(L-aspartic acid), poly(L-arginine)/poly(L-glutamic acid)) are of
higher interest. For example, LbL nanocarriers were prepared from chitosan/alginate NPs and
a combination of lapatinib and paclitaxel could be simultaneously encapsulated into respective
layers.!'* The cargo itself can act as a polyelectrolyte: proteins and polypeptides are convenient
polyelectrolytes for LbL-approaches due to their amphoteric character.!'> ¢ Nucleic acids,
DNA" and RNA, 8 can act as both cargo and polyelectrolyte: for example, SiRNA was used
as polyelectrolyte for the LbL-assembly of nanocarriers resulted in higher siRNA content
compared to passive entrapment processes (e.g. liposomes).!'® Additionally, the layering can
proceed onto a nanosized core, in which small molecular drugs have been encapsulated,
providing an efficient strategy for co-encapsulation of drugs and BTAs. Deng et al. utilized the
LbL approach to co-deliver siRNA with the low molar mass drug doxorubicin (DOX) to
counteract drug resistance of triple-negative breast cancer (Figure 9).1t° The authors prepared
the nanocarriers from a doxorubicin-loaded liposome (core) and alternately deposited poly-L-
arginine and siRNA onto the core via ionic interactions. The resulting NCs effectively
entrapped up to 3500 siRNA chains per layer - similar numbers were obtained in a whole
liposome. The dual-loaded NCs demonstrated synergistic effects, with an 8-fold decrease in
tumor volume compared to the control treatment. The liposome core could load hydrophilic as
well as hydrophobic drugs, allowing a broad application for co-encapsulation of BTAs with
low molar mass drugs. The developed NCs composed of a liposome with layered deposition
could further be improved by deposition of an outer layer with stealth and targeting moieties,

creating a multifunctional drug delivery system.

Nanoparticle core containing doxorubicin
and other chemotherapy

siRNA/polycation-loaded inner layer
with endosomal escape mechanisms

Outer layer with stealth and molecular
tumor targeting features

Figure 9. Co-encapsulation of biomacromolecules and small molecular drugs into nanoparticles via layer-by-layer
method. Image reprinted from reference 1*°. Copyright © 2013 American Chemical Society.

b) Nanocarriers by Chemical Reactions
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Hydrophilic and hydrophobic cargo molecules can also be encapsulated simultaneously by
double emulsion approaches.'2-12% Usually, as a first step the hydrophilic cargo is dissolved in
the aqueous phase, either or not with a hydrophilic nanocarrier material, e.g. gelatin, which is
then dispersed in an organic phase containing the hydrophobic cargo and a nanocarrier matrix
material. Then, this W/O emulsion is dispersed in a second aqueous solution to generate the
double W/O/W emulsion. W/O/W emulsions are prone to coalescence of the internal water
droplets and W/O emulsion droplets (Figure 10A). Furthermore, as water diffusion from the
internal to the outer aqueous phase would dissolve the inner water droplets, several stabilizers
have to be added to the double emulsion.'?* Surfactants with low HLB values, such as
polyglycerol polyricinoleate (PGPR; HLB = 4), stabilize the first W/O emulsion to prevent
coalescence of the internal water droplets.’?® The W/O emulsion is then stabilized towards the
outer aqueous phase with another surfactant (high HLB), such as sodium dodecylsulfate (SDS,
HLB = 40), or via Pickering stabilization.*?" 126 Afterwards, the core-shell nanoparticles are
formed through solvent evaporation of the organic layer to encapsulate hydrophobic
components in the polymeric shell and the hydrophilic components in the aqueous core
(Figure 10B).*2® With the double emulsion method various combination of cargo molecules
(e.g. DOX and erlonitib,'?" verteprofin and cisplatin,*?® siRNA,?* 28 21 or DNA and
thiazoles!?®) were co-encapsulated into degradable polymeric NPs based on PCL, PLA, or
PLGA.lZl' 129
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Figure 10. A) Schematic representation of possible instabilities occurring in W/O/W double emulsions. Image
adapted from reference *2° with permission from the American Chemical Society. Copyright © 2018. All rights
reserved. B) Co-encapsulation of hydrophobic and hydrophilic compounds into nanocarriers by preparation in
double emulsions. W1 = inner aqueous phase; O = inner oil phase; W2 = outer aqueous phase.
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Various crosslinking chemistries were applied to form core-shell nanocarriers with either a
hydrophilic or a hydrophobic core. Lipid-polymer hybrid materials, i.e. “lipogels” were used
to encapsulate hydrophilic and hydrophobic components simultaneously.’3® Homyak et al.
reported lipogels for co-encapsulation in a single-pot method with three formation steps
(Figure 11).*3 The inner core contained of the hydrophilic cargo (green-fluorescent protein
(GFP) and polymer precursors (2-(2-methoxyethoxy)ethyl methacrylate (DEGM)). The core
was coated with a lipid layer by self-assembly of the liposome upon hydration. The core was
crosslinked by UV-induced polymerization and crosslinking with (N, N'-bis(methacryloyl)-L-
cystine (CDM). In a last step, the lipogel was loaded with the second hydrophobic cargo (dye)
into the lipid bilayer shell. The technique for lipogel formation could be transferred to various
combinations of lipidic and gel-like nanocarriers for co-delivery of hydrophilic and

hydrophobic compounds. 3 132
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Figure 11. Single-pot method to prepare lipogels via liposomal templating and subsequent core cross-linking
under UV irradiation for co-encapsulation of hydrophilic compounds (here green-fluorescent protein) into the
crosslinked gel-core and hydrophobic compounds (here Dil dye) into lipid-bilayer. Image reprinted with
permission from reference 3. Copyright © 2017 American Chemical Society. All rights reserved.

I1.3. Co-Encapsulation of Organic and Inorganic Cargo Molecules

The combination of organic molecules, such as therapeutic drugs, with inorganic nanoparticles
for imaging, creates multifunctional nanocarriers for theranostics.> 2 Important imaging
materials compose of inorganic nanoparticles (NPs), such as gold NPs, iron oxide NPs or
quantum dots (QD), possessing unique optical, plasmonic, electric or magnetic properties.t3

For example, the quantum mechanical effects in gold NPs makes them efficient contrast agents
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for photoacoustic imaging or computed tomography (CT).*** Inorganic nanoparticles (INPs)
can be stabilized with either hydrophilic or hydrophobic coatings, such as citrate- or oleic acid-
groups, to disperse them into water or organic solvents, respectively.!® Therefore, co-delivery
of INPs with therapeutic agents are based on previous developed co-encapsulation strategies.
For example, self-assembled nanocarriers, such as micelles or liposomes, have as well
demonstrated efficient co-encapsulation properties of INPs with therapeutics.3¢ 13" Wang et al.
combined anti-cancer drug quercetin with fluorescent polyacrylic acid-terminated silicon
quantum dots (PAAc-SiQDs) by co-encapsulation into biodegradable PEG-b-PLA nanocarriers
(Figure 12).1* The nanocarriers were prepared by a double emulsion process using an internal
emulsion of DMSO in DCM, which was emulsified and stabilized in an aqueous polyvinyl
alcohol solution. The amphiphilic polymer (dissolved in DCM) encapsulated the quercetin and
PAAC-SIQDs in DMSO during the self-assembly. The resulting dual-loaded nanocarriers
exhibited a strong red fluorescence, which enabled monitoring of the drug. Encapsulation of

quercetin resulted in higher anti-cancer efficiency compared to the free drug.
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Figure 12. A) Co-Encapsulation of quercetin and polyacrylic acid-terminated silicon quantum dots into
poly(ethylene glycol)-poly(lactic acid) nanoparticles. B) Schematic of co-encapsulation into PEG-PLA
nanocarriers by double emulsion method. Adapted from reference * with permission from John Wiley & Sons,
Inc. Copyright © 2013. All rights reserved.

The double emulsion strategy combined with solvent evaporation was also used to co-
encapsulate INPs with both hydrophilic and hydrophobic drugs.**® The hydrophilic drug was
dissolved in the inner aqueous phase, entrapped by a polymeric shell, which again entraps
Fes04-NPs and hydrophobic cargo upon solvent evaporation.'*° Several publications reported
the co-encapsulation of DOX with iron oxide nanoparticles into degradable PLGA nanocarriers
by single emulsion and double emulsion solvent evaporation.}** Anisotropic Janus particles
have raised interested as drug delivery systems due to their unique structural asymmetry.142

Limet al. demonstrated the co-encapsulation of INPs and small molecular drugs into
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biocompatible anisotropic Janus particles by single-step solvent emulsion technique.'*® The
hybrid Janus particles based on PLGA or PLA with PMMA could efficiently encapsulate oleic
acid coated iron oxide NPs and drugs DOX and PTX by selective encapsulation into the

different “faces” of the Janus structure.
I1.4. Conclusion

Nanocarriers with multiple cargo load are promising multifunctional drug delivery systems to
improve treatment efficiency. However, the co-encapsulation of multiple molecules, especially
with different physicochemical properties, simultaneously into one nanocarrier system is
challenging and requires a complex design of the nanocarrier preparation. In an optimal co-
encapsulation strategy, multiple cargo molecules can be encapsulated with high loading
efficiency and without the cargo involving in the nanocarriers formation process. Orthogonal
approaches are essential for the encapsulation of bioactive cargo molecules to keep them active
— a chemical reaction might decrease their activity. Orthogonal strategies to prepare
nanocarriers can be divided in two groups: 1) Nanocarriers by physical formation such as self-
assembly into liposomes or polymeric micelles and 2) Nanocarriers by chemical reactions such
as click crosslinking or polymerizations. For co-encapsulation of hydrophobic and hydrophilic
molecules, there are nanocarriers such as liposomes or layer-by-layer nanoparticles, which offer
both hydrophobic and hydrophilic domains, in which cargo molecules can be loaded. With such
multi-domain nanocarriers, a broad range of cargo molecules from hydrophilic to hydrophobic,
low molar mass or macromolecules and organic with inorganic can be co-encapsulated and co-
delivered simultaneously. To date, co-delivery systems focused on dual-loaded nanocarriers,
but creating multifunctional systems with more than two active components could be promising
to achieve synergistic properties for efficient multitherapy. Furthermore, drug delivery in
nanocarriers especially in vivo depend on more effects, where issues of low circulation time,
unspecific uptake into cells and fast liver excretion limit the clinical application of nanocarriers.
To tackle these issues nanocarriers have to be equipped with not only multiple bioactive
compounds inside but also multifunctional properties outside, such as stealth and targeting.
Combining all those requirements in one nanocarrier system is of high demand to achieve

translation of nanocarriers as drug delivery systems into clinical therapy.
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I11. Results and Discussion

Chapter A — Multicomponent Encapsulation into Fully Degradable Protein

Nanocarriers via Azide-Alkyne Click Reaction

Chapter A is mostly presented in the paper “Multicomponent Encapsulation into Fully
Degradable Protein Nanocarriers via Azide-Alkyne Click Reaction in Miniemulsion Allows the
Co-Delivery of Immunotherapeutics”; N. Hiippe, J. Schunke, M. Fichter, V. Mailander, F.R.
Wurm, K. Landfester, Nanoscale Horiz., 2022, Advance Article. For the thesis, this chapter

was extended with additional experiments, optimizations and details.

Contributions:

Natkritta Hlppe is the main author of the paper and this chapter. Natkritta Hiippe synthesized
and characterized the modified protein and resulting protein nanocarriers as well as the azide-
transfer agent and crosslinker involved as stated in the experimental part. The surfactant
poly((ethylene/butylene)-block-(ethylene oxide)) was synthesized by Sabrina Brand. ICP
spectroscopy was performed by Michael Steiert, MALDI-TOF was performed by Stephan Tiirk
and horse radish peroxidase activity assay was performed by Marina Machtakova. | performed
all degradation and release experiments as well as the analytical and quantification
measurements for the degradation and release experiments. Lucas Caire da Silva and Mazarine
Houbrechts performed the encapsulation of protein nanocarriers into polymeric vesicles and the
degradation experiments. | performed the quantification of Resiquimod and muramyl dipeptide.
For quantification of polyinosinic-polycytidylic acid, | performed the degradation and release
of Poly(I:C) from the protein nanocarrier and the released amount was measured by Beate
Miller with HPLC. All electron microscopy measurements were performed by Gunnar Glasser
(SEM) and Christoph Sieber (TEM). Sample preparation for SEM was performed by me. Jenny

Schunke performed in vitro experiments with the adjuvant-loaded protein nanocarrier.
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Abstract

Encapsulation of multiple adjuvants along with antigens into nanocarriers allows a co-delivery
to antigen-presenting cells for the synergistic induction of robust immune responses. However,
loading cargos of different molar masses, polarities, and solubilities in high efficiencies remains
a challenge. Therefore, we developed a strategy to encapsulate a triple combination of the so-
called adjuvants, i.e. with Resiquimod (R848), muramyl dipeptide (MDP) and polyinosinic-
polycytidylic acid (Poly(l:C)) into human serum albumin (HSA) nanocarriers. The loading is
conducted in situ while the nanocarrier is formed by an orthogonal and metal-free click reaction
at the interface of an inverse miniemulsion. By this unique approach, high encapsulation
efficiency without harming the cargo during the nanocarrier formation process and regardless
of their physical properties is achieved, thus keeping their bioactivity. Furthermore, we
demonstrated high control over the encapsulation efficiency and varying the amount of each
cargo did not influence the efficiency of multicomponent encapsulation. Azide-modified HSA
was crosslinked with hexanediol dipropiolate (HDDP) at the interface of a water-in-oil
miniemulsion. Varying the crosslinker amount allowed us to tailor the density and degradation
rates of the protein shell. Additional installation of disulfide bonds into the crosslinker created
redox-responsive nanocarriers, which degraded both by protease and under reducing conditions
with dithiothreitol. The prepared HSA nanocarrier were efficiently taken up by dendritic cells
and exhibited an additive cell activation and maturation, exceeding the nanocarriers loaded with
only a single drug. This general protocol allows the orthogonal and metal-free encapsulation of

various drugs or adjuvants at defined concentrations into the protein nanocarriers.

Figure 13. Multicomponent encapsulation into dual-responsive protein nanocarriers by interfacial azide-alkyne
click reaction in inverse water-in-oil miniemulsion. Protein structure was obtained from DrugBank online
(https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted. Figure created in ChemDraw by
Natkritta Huppe.
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I11. Al. Introduction

Biochemical Biochemical processes in the body rely on a complex interplay of multiple
components. If medical therapy aims to mimic or enhance those processes, multiple therapeutic
components have to be integrated into one system. For example, in immunotherapy, the biggest
challenge is the exhaustion of immune cells due to the immunosuppressive tumor
microenvironment.*4146 Hence, effective tumor treatment relies on the induction of a strong
and durable immune response. Monotherapy proved to be insufficient to overcome these
challenges and efforts have to be made to realize a combinatorial treatment with multiple
components.}#” 1% Trye to the motto “The more the merrier”, a combination of multiple
components enables additive effects for enhanced treatment efficacy. In vaccination
approaches, a combination of multiple adjuvants yields a synergistic effect in dendritic cell-

directed T cell stimulation, increasing the vaccination effect, 0% 149-151

The key to success is an efficient process for multicomponent encapsulation of cargo molecules

with different physicochemical properties such as molar mass, polarity, and solubility.

Common methods to prepare protein nanocarriers include desolvation, self-assembly or
gelation. For example, Abraxane® is a nanoparticle based on albumin-bound paclitaxel, which
is commercially used in cancer therapy. Paclitaxel is entrapped into the albumin nanoparticle
during the albumin aggregation by a desolvation process. Although efficient entrapment of
drugs can be achieved with those methods, there is a lack of control when multiple drugs should
be encapsulated simultaneously into one nanocarrier. Especially when the cargo molecules have
different physicochemical properties such as solubility, controlled and efficient encapsulation

of all components is challenging with methods relying on random entrapment.

To design the optimal nanocarrier, several requirements are necessary: 1. simultaneous
encapsulation of multiple cargo molecules, 2. selective reaction for the shell formation without
harming the cargo, 3. dense carriers for the transport in the body, and 4. Degradadation of the
carriers at the target site. Combining all requirements in one process proved to be challenging.
Our developed process combines all four requirements and enables controlled and efficient
multicomponent encapsulation into fully degradable protein nanocarriers (PNCs) via azide-

alkyne click reaction in inverse miniemulsion.

32



I11. Results and Discussion
Chapter A

For the first requirement, an inverse miniemulsion allows the simultaneous encapsulation of
different water-soluble cargo molecules into nanocarriers with a defined concentration.® In an
inverse miniemulsion, the shell material is crosslinked at the interface of the water-droplets via
an oil-soluble crosslinker, forming a nanocarrier with a liquid core. The water-soluble cargo
molecules are encapsulated inside the nanocarriers during the interfacial shell formation. For
the second requirement, click reactions enable selective linkage between shell material and
crosslinker without involving the cargo in the shell formation reaction.*>? 13 Previously, protein
nanocarriers were prepared by UV-initiated photoclick tetrazole-ene reaction in inverse

miniemulsion.®? However, UV-light or other harsh initiators, such as metals,*>*

can destroy
sensitive cargo molecules leading to loss of bioactivity. A crosslinker such as hexanediol
dipropiolate (HDDP) with an activated alkyne reacts without a catalyst in an azide-alkyne click
reaction.”> 1 The amount of crosslinker influences the number of links between the shell
material and might control the density of the nanocarrier shell for the third requirement. The
last requirement is a degradable shell material ensuring the release of the cargo from

nanocarriers. Proteins have been widely used as nanocarrier materials, because of their natural

biocompatibility and degradability.8! 82 156 157
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Figure 14. Multicomponent encapsulation into protein nanocarriers through interfacial azide-alkyne crosslinking
reaction. Protein structure was obtained from DrugBank online (https://go.drugbank.com/drugs/DB00062,
28.11.2021) and was adapted. Figure created in ChemDraw by Natkritta Hiippe.
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I11. A2. Preparation of Protein Nanocarriers

I11. A2.1 Azide-Functionalization of Proteins

For the preparation of protein nanocarriers through azide-alkyne click reaction, the shell
material has to be functionalized with azide moieties. To establish a reliable protocol, different
chemistries were investigated and are summarized here: Common reactions with azide
compounds, for example with an 1-(2-azidoethyl)-3-(2-(2-(2-isocyanatoethoxy)
ethoxy)methyl) urea'®, are performed in organic solvents, such as dimethylsulfoxide (DMSO)
(Scheme 1).
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Scheme 1. Azide-functionalization of proteins with 1-(2-azidoethyl)-3-(2-(2-(2-isocyanatoethoxy) ethoxy)methyl)
urea in dimethylsulfoxide. Protein structure was obtained from DrugBank online (https://go.drugbank.com/drugs/
DB00062, 28.11.2021) and was adapted. Figure created in ChemDraw by Natkritta Hippe.

Since the protein was not soluble in DMSO, the functionalization was carried out in a
suspension. Although, human serum albumin (HSA) could be successfully functionalized with
azide groups, proved by the prominent azide-signal in the infrared (IR) spectra (Figure 15), the

azide-bearing protein was not soluble in water or even buffer anymore.
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Figure 15. Infrared spectra of native human serum albumin (HSA) and HSA after reaction with azide-PEG-
isocyanate in dimethylsulfoxide.
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One reason for the loss of solubility is that proteins are prone to denature in organic solvents.
The long reaction time of 4 days in DMSO resulted possibly in denaturation of the protein and
decrease of water solubility. The rather large azide reagent, if reacting with the numerous amine
groups of proteins, influences the protein folding and thus its stability and solubility. This
approach was discarded as water-solubility and stability in agueous media is the key for the
formation of protein nanocarrier through interfacial crosslinking in a water-in-oil miniemulsion.
Therefore, using a reaction, which is carried out in aqueous media would be a better approach
to functionalize proteins with azide groups. Azide transfer agents such as 1-imidazole-sulfonyl
azide hydrochloride offers azide functionalization of amines through a direct transfer reaction
in aqueous media with minimal change to the protein. The azide transfer agent was synthesized
from sulfuryl chloride, sodium azide and imidazole according to literature (Scheme 2).1%8
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Scheme 2. Synthesis of 1-imidazole-sulfonyl azide hydrochloride according to Goddard-Borger et al. %8

The compound is transformed into a water-soluble compound by forming a hydrochloride salt.
1-imidazole-sulfonyl-azide hydrochloride was obtained as proved in the *H NMR spectrum in
high yield (97%) and a high water-solubility was observed (Figure 16). The salt form of
1-imidazole-sulfonyl azide not only enables water-solubility but also a higher stability for a
safer procedure without the formation of toxic or explosive side products compared to other

routes.
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Figure 16. *H NMR spectrum of 1-imidazole-sulfonyl azide hydrochloride in D,0.
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The quantitative amount of azide groups was determined with the fluorescamine assay in borate
buffer at pH 8.2 (Figure 17). Fluorescamine reacts with amine groups to a fluorescent product,
measurable by UV/Vis spectroscopy (dex = 365 nm, Aem = 480 nm). Glycine was used for the
standard calibration curve and lysozyme (six lysine groups) was used as a reference. A

decreased amount of amine groups indicated a successful transfer to azide groups.
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Figure 17. Reaction of fluorescamine with amines to a fluorescent product in borate buffer at pH 8.2.
Quantification of amines with glycine as calibration substrate.

The azide transfer with 1-imidazole-sulfonyl azide hydrochloride was performed with copper
sulfate as a catalyst.*>® Proteins, especially serum albumins have the purpose form a complex
with toxic metal salts such as copper in the blood, which makes purifying the modified protein
from the metal by simple dialysis difficult. As expected, a significant amount of copper was
still detectable with inductively coupled plasma atomic optical emission spectroscopy (ICP-
OES) in HSA after the azide-functionalization reaction catalyzed with copper sulfate (Table 4).
Since the following nanocarrier formation is based on a metal-free azide-alkyne click reaction,
remaining copper in the protein would ruin the concept of a biocompatible nanocarrier
formation. An azide-functionalization should be performed without needing a metal catalyst.
Schoffelen et al. investigated the metal-free and pH-controlled introduction of azide moieties
to proteins.t®® They claim that under higher basic conditions (pH 11), where the nucleophilicity
of the amine moiety is increased, an azide transfer can be performed without support of a

catalyst (Scheme 3).
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Scheme 3. Copper-free functionalization of proteins with azide groups through reaction of amines with 1-
imidazole-sulfuryl azide hydrochloride under basic conditions. Protein structure was obtained from DrugBank
online (https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted.

Azide-functionalized HSA (HSA-Ns) synthesized through a copper-free reaction with
1-imidazol-sulfonyl azide hydrochloride at high basic conditions showed a significantly low
amount of copper, almost below detection limit as determined by ICP-OES (Table 1). It has to
be noted that the commercial serum albumin obtained low amount of copper, whereas the used
potassium carbonate contains > 0.1 ppm of copper according to the bottle label. The number of
amines decreased after reaction, indicating a successful metal-free azide functionalization.
Moreover, under high basic conditions more amines reacted compared to the copper-catalyzed
reactions, demonstrating a high reactivity of amine groups in basic media with no need of a

catalyst.

Table 4. Azide-functionalization of human serum albumin with and without copper as catalyst. Number of azide
groups (Nex(Ns)) quantified by the theoretical (Nwmeo(NH2) and experimental (Nex(NHz) number of amines,
measured with the fluorescamine assay.

Protein c(Cu)/mgLt M/gmol! Ntheo(NH2) Nex(NH2) Nex(Na3)

HSA, nat. 0.017 66700 30-35 30 -
HSA-N3z, +Cu 1.22 67400 - 11 19
HSA-N3, -Cu 0.05 68300 - 4 26

For the azide-alkyne click reaction, human serum albumin (HSA) was functionalized at the
lysine residue by a metal-free transfer reaction using 1-imidazol-sulfuryl azide hydrochloride
into azide groups.®® After functionalization, the fluorescamine assay showed that about 19
amines of the 59 lysine residues per HSA (30-35 accessible lysine groups) were transformed
into azide groups. The degree of functionalization changed with pH value as lower pH values
led to lower nucleophilicity of the amine and less transfer reactions, whereas pH 9.5 gave an
optimal balance between yielding high number of transfer reactions and maintaining the protein
structure (Table 5).
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Table 5. Azide-functionalization of human serum albumin at different pH values and times. Number of azide
groups (Nex(N3)) quantified by the theoretical (Nimeo(NH2) and experimental (Nex(NH2) number of amines before

and after the reaction, measured with the fluorescamine assay.

pH t/h Nitheo(NH2) Nex(NH2) Nex(N3)

HSA, nat. - - 30-35 35 -
HSA-N3 2 - 37 -
HSA-N3 4 - 33 2
HSA-N3 8 - 30 5
8.2
HSA-N3 16 - 29 6
HSA-N3 24 - 29 6
HSA-N3 48 - 21 14
HSA-N3 2 - 28 7
HSA-N3 4 - 22 13
HSA-N3 8 - 13 22
9.5
HSA-N3 16 - 6 29
HSA-N3 24 - 5 30
HSA-N3 48 - 2 33
HSA-N3 2 - 10 16
HSA-N3 4 - 3 32
HSA-N3 8 - 2 33
11
HSA-N3 16 - 3 32
HSA-N3 24 - 3 32
HSA-N3 48 - 2 33

A comparison of the IR spectra of natural and azide-modified HSA showed successful

modification as demonstrated by the presence of the characteristic azide signal at 2100 cm

(Figure 18A). The advantage of azide-functionalization with 1-imidazol-sulfuryl azide

hydrochloride is that only the amine group is transferred to an azide, with minimal changes or

attachments compared to other azide-functionalization reactions. Therefore, no significant

changes in the secondary structure of the protein were observed by circular dichroism (CD)

spectroscopy (Figure 18B).

The modified protein

remained highly water-soluble

(> 100 mg/mL) further highlighting the mildness of the transfer reaction. The change in mass

after the azidation also indicates a successful introduction of azide groups to HSA (Figure 18C).
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Figure 18. A) Infrared spectra of natural human serum albumin (HSA) compared to copper-free azide-
functionalized HSA. B) Circular dichroism spectra of native HSA and azide-functionalized HSA (HSA-N3). C)
MALDI-TOF of human serum albumin (HSA, green), HSA-N3 via copper-catalyzed azide-functionalization (blue)
and HSA-Nj3 via copper-free azide-functionalization.

Human serum albumin was successfully functionalized with azide-groups by a copper-free
reaction with 1-imidazole-sulfuryl azide hydrochloride. The milder reaction in agueous media
maintained the integrity of the protein (cf. CD spectrum) and the water-solubility after
modification. The amount of azide moieties could be controlled by the pH value of the reaction

media, where higher pH enabled higher functionalization degree.

With a water-soluble azide-functionalized protein in hand, protein nanocarriers can be prepared

through a metal-free azide-alkyne crosslinking in inverse miniemulsion.
I11. A2.2 Azide-Alkyne Crosslinking of Proteins in Inverse Miniemulsion

The challenge of a multicomponent encapsulation is to achieve encapsulation of cargo
molecules of different physicochemical characteristics with high efficiency and a defined
concentration in one process. The inverse miniemulsion allows simultaneous encapsulation of
different water-soluble cargo molecules into nanocapsules with a defined concentration.*® In an
inverse miniemulsion, nano-sized water droplets, containing a shell material, are dispersed with
high shear forces in an oil. An oil-soluble reagent, i.e. crosslinker, must be added to the
emulsion to link the shell material at the water droplet interface, forming a nanocapsule with a
liquid core. The cargo molecules are also dissolved in the water droplets and are encapsulated
with high efficiency in the nanocapsules during the interfacial shell formation. The nanocarriers
are then transferred into an aqueous phase by a surfactant change, when redispersing the organic

nanocarrier dispersion in an aqueous surfactant solution (Figure 19).
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Figure 19. Preparation of protein nanocarriers (PNCs) by interfacial crosslinking of azide-functionalized proteins
with hexanediol dipropiolate (HDDP) or HDDP-disulfide (HDDP-SS) in inverse miniemulsion and transfer of
PNCs into water by surfactant change. Protein structure was obtained from DrugBank online
(https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted. Figure created in ChemDraw by
Natkritta Hlppe.

For the formation of protein nanocarriers (PNCs) by azide-alkyne click reaction, we chose the
dialkyne hexanediol dipropiolate (HDDP) as a crosslinker of the azide-modified proteins. The
carbonyl group located next to the alkyne moiety activates the alkyne by an inductive effect,
allowing a click reaction without using a metal catalyst.'>® Moreover, inserting a disulfide bond
into the chemical structure of HDDP (i.e. to HDDP-SS) created a crosslinker prone to
degradation by a reducing agent.”? The oil soluble HDDP reacts with the azide-functionalized

protein in a metal-free click reaction at the water-droplet interface, forming a protein shell.

The PNCs were prepared in an inverse water-in-oil miniemulsion with cyclohexane as the
continuous and an aqueous buffer as the dispersed phase (Figure 19). The aqueous nanodroplets
were prepared with high shear forces using ultrasonication and were stabilized by the surfactant
poly((ethylene/butylene)-block-(ethylene oxide)) (P((E/B)-b-EQ)).1®* A stable inverse
miniemulsion without merging of the droplets enables formation of the shell at the interface
without disruption. The stability of the inverse miniemulsion was monitored by dynamic light
scattering (DLS) at a 173° backscattering detection angle. The size and polydispersity index
(PDI) of the droplets did not change over a period of 12 h (Figure 20), indicating that the formed
inverse miniemulsion droplets with P((E/B)-b-EO) stayed stable and no merging of the droplets

occurred.
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Figure 20. Stability of inverse water-in-cyclohexane miniemulsion droplets with P((E/B)-b-EQ) as surfactant,
measured by dynamic light scattering at 173° detection angle.

The protein shell formed through an interfacial crosslinking at the water droplet interface after
addition of HDDP or HDDP-SS to the inverse miniemulsion. In the IR spectra of the HSA-

NCs, the azide signal at 2100 cm™ decreased due to the formation of the triazole during the

click reaction (Figure 21A). The hydrodynamic diameters (dn) of the PNCs in cyclohexane were

determined to be approx. 300 nm by dynamic light scattering (DLS) (Figure 21B). After

redispersion in water using sodium dodecyl sulfate (SDS, 0.02 mM) as the surfactant followed

by washing, the diameters decreased to approx. 250 nm with a zeta potential of approx. -30 mV

(Figure 21C).
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Figure 21. A) Infrared spectra of native, HSA-Ns(...) and HSA-NC (— ). B) Dynamic light scattering of HSA-

NCs in cyclohexane and H,O using HDDP or

and HDDP-SS.

as crosslinker. C) Analytic data of HSA-NCs using HDDP
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Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
micrographs in cyclohexane revealed a core-shell morphology of the PNCs similar to a deflated
football (Figures 22). There was no significant difference between PNCs crosslinked with
HDDP or HDDP-SS and in both cases, collapsed nanocarriers with a core-shell morphology

could be observed.

Figure 22. Scanning electron micrographs of A) HSA-HDDP-NCs in cyclohexane, B) HSA-HDDP-SS-NCs in
cyclohexane, C) HSA-HDDP-NCs in water. D) Transmission electron micrograph of HSA-HDDP-NCs in
cyclohexane.

The purification of the PNCs after redispersion into an aqueous SDS-solution made a precise
handling and new protocol necessary. Due to the swelling of the crosslinked protein-matrix a
purification of the soft PNCs by centrifugation was not possible. After removing the
supernatant, no pellet of PNCs was obtained. With repeated washing of the aqueous dispersion
through an ultrafiltration tube (MWCO 100 kDa) no nanocarriers were lost and excess of SDS
could be removed. The yield of nanocarriers in water achieved with the standard operating
procedure®®® for PNCs by inverse miniemulsion was around 13%. For biological experiments,
especially in vivo experiments, a high amount of PNCs was needed. Additionally, with
application of expensive biomedical cargo molecules a low yield of PNCs would waste a
significant amount of material. Therefore, the yield of HSA-NCs should be increased.
Following the standard operating procedure, PNCs were purified by centrifugation at 1500g. A
significant amount of smaller PNCs was lost during the centrifugation step. With higher
centrifugation speed, the amount of collected PNCs could be increased. Since higher
centrifugation speed could damage the capsule shell and lead to unwanted release of cargo, the
encapsulation efficiency (EE) of encapsulated dye was monitored with increasing the

centrifucation speed. The centrifugation speed during the purification in cyclohexane was
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increased in 500g steps up to 3000g. The obtained PNCs were analyzed regarding size, PDI and
EE. The average size of PNCs decreased with higher centrifugation speed and the size
distribution remained about the same (Table 6, Figure 23). The EE decreased slightly compared
to the lowest centrifugation speed, indicating that no significant damage was done to the capsule
shell and dye was kept entrapped. Overall, the yield was increased to 62% with increasing the

centrifugation speed during the purification in cyclohexane.

Table 6. Increasing the yield of human serum albumin nanocarriers by increasing the centrifugation speed during
purification in cyclohexane.

dn dn
Centrifugation PDI m (PNCs, PDI m (PNCs, EE
(CH)/ (H20) /
Speed (CH) CH)/mg (H20) H>0) / mg | %
nm nm
15009 276 0.12 14 294 0.22 6.7 71
2000g 234 0.13 8.1 243 0.22 4.4 65
25009 189 0.16 4.5 203 0.15 4.8 63
3000g 162 0.16 4.2 160 0.17 1.9 67
Combined 252 0.17 30.84 202 0.23 17.83 -

A 1.0 Cyclo‘lh:(;(:n B 1.0 4 combined in CH
4 =276 g d, =252 nm
- n =05 m PDI =0.17
: PDI =0.12 0.8 combined in H,0
3y 20009 £ d, =202 nm
§ 064 dy, =234 nm g o6d on
- PDI = 0.13 g "] PDI=023
: 2500 g =
g 0.4 1 d, =189 nm g 0.4 4
=z PDI=0.16 =z
0.2 - 3000g 0.2 4
d, =162 nm
00 PDI = 0.16 oo
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Figure 23. Dynamic light scattering of human serum albumin nanocarriers A) purified in cyclohexane at different
centrifugation speed. B) All fractions combined in cyclohexane and after transfer into water.

After redispersion of PNCs into water 36% vyield was obtained, doubled the yield as before.
Due to the higher centrifugation speed and collection of smaller nanocarriers the size
distribution of all collected carriers combined was broader compared to the other protocol. A
second distribution with diameters <100 nm appeared in the DLS measurement. A broader

distribution was accepted for the following experiments.
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Formation of Protein Nanocarriers in an Inverse Miniemulsion Stabilized with

Polyglycerol-polyricinoleate (PGPR)

In the group and several previous papers on protein nanocarriers (and others) prepared by an
inverse miniemulsion, the typical surfactant was P((E/B)-b-EO). The block copolymer P((E/B)-
b-EO) is synthesized by growing poly(ethylene oxide) (PEO) from the copolymer
poly(ethylene-co-butylene) (i.e. Kraton liquid). However, the Kraton liquid is not commercially
available anymore, making P((E/B)-b-EQ) as such a “finite” surfactant. Moreover, attempts to
synthesize the surfactant with other routes have yet to achieve a product with similar properties.
Therefore, it would be an advantage to establish the synthesis of PNCs with commercially
available surfactants such as polyglycerol-polyricinoleate (PGPR). PGPR is a cheap and FDA-
approved surfactant used for emulsification of chocolate.’®® The inverse miniemulsion was
performed with PGPR and the stability of formed water-in-cyclohexane nanodroplets was
monitored by DLS at 173° over 18 h and no significant changes in size and PDI could be
observed (Figure 24A). However, double concentration of PGPR (10 wt%) had to be used to
achieve stable inverse miniemulsion droplets compared to P((E/B)-b-EO) (5 wt%). Less PGPR
lead to merging of the nanodroplets and phase separation, where stable nanocarrier were unable
to form. Nevertheless, with 10 wt% PGPR, stable PNCs could be formed by interfacial
crosslinking with HDDP in the inverse miniemulsion. The size and PDI as well as core-shell
morphology of PGPR-stabilized PNCs were comparable to the PNCs obtained with P((E/B)-b-
EO) as shown in the DLS (Figure 24B) and scanning electron micrographs (Figure 24C). The
downside with the surfactant was the high amount (min. 75 mg) compared to shell material

(50 mg) required to obtain a stable miniemulsion.
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Figure 24. A) Size and size distribution of water-in-cyclohexane nanodroplets in an inverse miniemulsion
stabilized with polyglycerol-polyricinoleate (PGPR). B) Dynamic light scattering of protein nanocarrier (PNCs)
in cyclohexane (red) and water (blue). C) Scanning electron micrograph of PNCs in cyclohexane.
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Protein Nanocarriers from Horse Radish Peroxidase (HRP)

Proteins as materials for nanocarriers are not only naturally biocompatible and degradable, but
they offer a high versatility in properties and special functionalities, such as antigens or
enzymes.’”® The procedure for forming human serum albumin nanocarriers can be easily
transferred to other proteins, such as enzyme horse radish peroxidase (HRP). Using a functional
protein is also a great way to investigate the influence of the crosslinking on the structure of the
protein, which in enzymes could be expressed by change of enzymatic activity. First, HRP was
functionalized with azide groups by 1-imidazol-sulfuryl azide hydrochloride at basic
conditions. HRP was successfully functionalized with azide moieties as shown in the IR spectra
by the characteristic azide signal at 2100 cm™ (Figure 25A). HRP-N3 maintained a high water-
solubility after purification and lyophilization. After the reaction, the enzymatic activity of
HRP-N3z was reduced by 40%, probably due to the high basic pH of 11 during the transfer
reaction (Figure 25C). The nanocarriers formation was performed according to the established
procedure for HSA-NCs. The formation of nanodroplets by high shear forces did not
significantly influence the enzymatic activity of HRP and only a slight loss in activity was
observed. Azide-modified HRP was used as a shell material for the formation of PNCs through
interfacial crosslinking with HDDP in inverse miniemulsion. The PNCs based on HRP
exhibited similar results in size and morphology compared to HSA-NCs (Figure 25B and D).
This demonstrated the excellent reproducibility and transferability for forming PNCs by the
developed protocol. Moreover, the HRP-NCs were still enzymatically active, showing approx.
60% of the native enzyme activity (Figure 25C). Moreover, crosslinking had no influence in
the enzymatic activity of HRP, since the activity did not change from after the emulsification
to after the shell formation, indicating that the structural integrity of the protein was maintained

as far as enzymatic activity was maintained.
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Figure 25. A) Infrared spectroscopy spectra of horseradish peroxidase (HRP) before and after functionalization
with azide groups. B) Dynamic light scattering of HRP nanocarriers in cyclohexane (red) and water (blue). C)
Enzymatic activity of HRP at different stages of nanocarrier formation procedure quantified with ABTS Assay.

In summary, stable water-in-oil droplets emulsified with P((E/B)-b-EO) lead to the successful
formation of protein nanocarriers through interfacial crosslinking with hexanediol dipropiolate
in inverse miniemulsion. A prominent core-shell morphology could be proved with electron
microscopy and a model dye could successfully be encapsulated into PNCs with high efficiency
by the inverse miniemulsion process. The yield of PNCs could be increased by increasing the
centrifugation speed during the purification process without compromising the high
encapsulation efficiency. Stable PNCs were formed in inverse miniemulsion by using
commercially available PGPR as surfactant and comparable results in size and morphology
were obtained to P((E/B)-b-EO)-stabilized inverse miniemulsion. A functional protein, here
enzyme horse radish peroxidase, could be used as shell material to form PNCs by interfacial
azide-alkyne crosslinking with HDDP in inverse miniemulsion with maintaining 60% of
enzymatic activity of HRP-NCs. PNCs could be obtained with the established protocol and
water-soluble cargo could be encapsulated with high efficiency during interfacial azide-alkyne
crosslinking in inverse miniemulsion. The established protocol would allow encapsulation of
more than one water-soluble cargo during the PNCs formation and fulfil the first requirement
for multicomponent encapsulation into degradable nanocarriers. The second requirement was a

biorthogonal chemistry for the nanocarrier formation without involving the cargo. The
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successful modification of proteins with azide groups and following crosslinking by metal-free
azide-alkyne click chemistry demonstrated fulfililment of the second requirement by the
established protocol. The possibility to use protein, even functional ones, enables degradability
and release of cargo from the PNCs, realizing the forth requirement. From the four requirements
to design an optimal nanocarrier for co-delivery, only the third requirement of a dense carrier
was left. The density of the nanocarrier shell is dependent on the number of crosslinks between
the proteins and therefore amount of azide and dialkyne crosslinker. The influence of the
crosslinking degree on the shell thickness and density and resulting dependence of

encapsulation efficiency and leakage is shown in the next section.

I11. A2.3 Influence of Crosslinking Degree on the Shell Thickness and Density

Degradability of nanocarriers ensures efficient release of cargo molecules at the target site. Not
only a degradable shell is necessary for an optimal nanocarrier design, but also a dense protein
shell preventing leakage of small cargo molecules from the nanocarriers is required. The
formation of protein nanocarriers in inverse miniemulsion requires a crosslinker, which reacts
with the proteins and links them to a protein shell. The amount of crosslinker influences the
number of links between the proteins and thus controls the density of the protein shell. By
varying the amount of HDDP crosslinker, shell thickness and size of PNCs could be influenced
(Figure 26). When the interfacial crosslinking of azide-modified protein with HDDP was
performed with an alkyne:azide ratio of 20:1, PNCs with a dn =250 nm and approx. 20 nm shell
thickness were obtained (measured from scanning electron micrographs). With a lower
alkyne:azide ratio, the shell thickness decreased, while the diameters increased. Lower
crosslinking density results in an increased swelling of the looser protein shell, expressed in a

higher hydrodynamic size of the PNCs (Figure 26).
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Figure 26. Influence of alkyne:azide ratio on the shell thickness (m) and diameter (A) of protein nanocarriers. SEM
images of HSA nanocarriers using a 2:1 (left) and 20:1 (right) ratio (Scale bar: 0.5um).
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The amount of crosslinker additionally influenced the encapsulation efficiency after water
transfer. The encapsulation efficiency of dextran-sulforhodamine 8 (M = 10 kDa) decreased
from 62% to 39% when 20 eq. HDDP or only 2 eq. HDDP were used, respectively
(Figure 27A). Additionally, the PNCs were loaded with a small molecule dye sulfurhodamine-
101 (M = 606.71 g/mol) to record diffusion of the dye through the crosslinked protein shell over
a period of five days. The amount of dye was quantified from the fluorescence intensity of the
aqueous supernatant after separation from the nanocarriers by centrifugation. Although a lower
crosslinking density lead to a faster diffusion through the nanocarrier shell, attributed to the
thinner and looser shell walls, the amount of dye in the supernatant was less than 5% after five
days. Even less than 2% for 20 eq. of HDDP (Figure 27B). With a higher amount of crosslinker
and thus higher crosslinking density, unwanted diffusion of dye from the PNCs could be

minimized, resulting in less than 2% diffused dye after five days.
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Figure 27. A) Amount of encapsulated dextran-sulforhodamine B (M = 10 kDa) encapsulated into protein
nanocarriers crosslinked with different amount of HDDP (n = 1). Measured by fluorescence. B) Amount of
released sulforhodamine 101 from protein nanocarriers upon storage at room temperature. Measured by
fluorescence.

The permeability of the crosslinked protein shell could be influenced by the amount of
crosslinker and leakage of small molecule dye from PNCs could be prevented with a higher
amount of crosslinker. The crosslinking degree influenced the shell thickness as well with
higher crosslinker amount a thicker and denser shell could be obtained. The high crosslinking
degree with a thicker and denser protein shell could also have an influence on the degradation
kinetics of the protein nanocarrier, especially when the peptide bonds have to be accessible to
enzyme degradation. The degradation of protein nanocarriers by enzyme and reducing agent as
well as the influence of the crosslinking degree on the degradation and release of dye is

investigated in the next section.
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I11. A3. Degradation of Protein Nanocarriers

The degradability of nanocarriers at the target site ensures the release of the cargo and thus is
an important requirement for the design of an optimal nanocarrier. If high molecular weight
cargo molecules such as nucleic acids or other proteins are encapsulated, a high degradation
rate is needed to enable efficient release of big cargo molecules. Proteins are naturally
degradable by enzymes and are optimal shell material for the nanocarrier formation. By using
a degradable crosslinker as well, a high degradation degree of nanocarrier could be realized.
The dialkyne crosslinker hexanediol dipropiolate with a disulfide bond (HDDP-SS) builds a
protein nanocarrier susceptible to reduction. Thus, a protein nanocarrier crosslinked with
HDDP-SS obtains a dual-degradability by enzyme and reducing agent. Furthermore, the
crosslinking degree and shell thickness could influence the degradation by enzyme as well as

reducing agent.
I11. A3.1 Enzymatic Degradation of Protein Nanocarriers

For the degradation of protein nanocarriers, PNCs were treated with proteinase K (5 U/mL) for
24 h in PBS buffer. A sample of PNCs treated with PBS buffer served as a control sample. DLS
measurements revealed the degradation of PNCs by proteinase K in a decreased size from 254
to 71 nm and broader distribution from 0.16 to 0.42, while the control sample did not change
significantly (Figure 25). The derived count rate (DCR) in DLS gives the signal strength of
samples or scattering intensity in the absence of the laser attenuation filter. Therefore, a
decreased DCR from 4300 to 180, as observed here for PNCs treated with proteinase K, could

indicate a degradation of PNCs to smaller fragments with smaller scattering intensity.
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Figure 28. Release of cargo molecules from protein nanocarriers (PNCs) through enzymatic degradation. DLS of
PNCs in water (black), untreated (red) and treated with proteinase K (5 U/mL) for 24 h at 37 °C. Protein structure
was obtained from DrugBank online (https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted.

The degradation of the PNCs was investigated by monitoring the release of dextran-
rhodamine B (M = 10 kDa, Aem = 570 nm). Crosslinking the PNCs with different amounts of
HDDP or HDDP-SS enabled investigating the influence of shell density on the degradation
kinetics. The PNCs degraded upon the addition of proteinase K (5 U/mL) and the amount of
released dye was detected in the aqueous supernatant. Depending on the time of the degradation
experiment, the amount of released dye increased and reached a plateau of approx. 90% dye
after 96 h in all cases (Figure 29A). However, the crosslinking density, i.e. the amount of HDDP
used during the PNCs formation, influenced the degradation rate of the protein shell and thus
the release of the dye. Time and crosslinker dependence of dye-release was observed for the

enzymatic degradation of PNCs crosslinked with HDDP-SS as well (Figure 29B).
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Figure 29. Release kinetics of dextran-rhodamine B (10 kDa) from protein nanocarriers (PNCs) prepared with
different crosslinking densities as indicated by the ratio of HDDP or HDDP-SS / eq. and degraded by proteinase
K (5 U/mL): A) PNCs crosslinked with HDDP, B) PNCs crosslinked with HDDP-SS. Protein structure was
obtained from DrugBank online (https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted.

Protein nanocarriers were successfully degraded by proteinase K and released dye could be
measured from the supernatant. The release of cargo depended on the crosslinking degree of
the protein shell. In all cases of crosslinking degree, a high release of model dye could be
achieved, demonstrating the high degradability even under an artificial setup with a defined and
low concentration of proteinase K. Therefore, it can be assumed, that in cellular environment
where a high concentration of undefined enzyme cocktail is present, the enzymatic degradation
of protein nanocarrier in cells should be much higher. Nevertheless, a degradable crosslinker

could still offers an improvement in degradability of protein nanocarrier.
I11. A3.2 Reductive Degradation of Protein Nanocarriers

Cells not only exhibit enzymes for degradation, but also reducing agents, such as glutathione,
are present that can trigger degradation. Reductive degradability was introduced to PNCs by
the crosslinker, for example with a disulfide bond. Disulfide bonds can be inserted into the
hexyl backbone of the dialkyne crosslinker HDDP, generating a crosslinker degradable by
reductive stimuli. As demonstrated, PNCs crosslinked with HDDP-SS (PNC-HDDP-SS) had
similar properties as with HDDP and were also enzymatically degradable (Figure 26B). With
reductive degradation of HDDP-SS in PNCs by reducing agent dithiothreitol (DTT), the protein

51



I11. Results and Discussion
Chapter A

was not influenced (Scheme 4). Keeping the integrity of the protein shell material could be

necessary when using functional proteins such as enzymes or antigens.

Scheme 4. Reductive degradation of protein nanocarriers crosslinked with HDDP-SS by dithiothreitol. Protein
structure was obtained from DrugBank online (https://go.drugbank.com/drugs/DB00062, 28.11.2021) and
adapted. Figure was created by Natkritta Hlppe.

For reductive degradation of PNC-HDDP-SS, the NCs were treated with 25 mM DTT. DLS
was applied to quantify the degradation rates of PNCs: Following DTT treatment the size of the
NCs decreased significantly and a broadening of the polydispersity index could be observed
(Figure 30A). After 24 h the nanocarriers were degraded to smaller fractions, while also some
aggregated to bigger fractions. After 44 h those aggregates also degraded and the size and size
distribution decreased significantly. After addition of DTT, the turbid PNCs dispersion
appeared clear, which could indicate a degradation of PNCs (Figure 30B). Additionally, the
derived count rate (DCR) was monitored upon DTT treatment and decreased significantly
during the degradation experiment, indicating the formation of smaller fragments with lower
scattering intensity. More DTT was added after 15 h as DTT tends to decompose over time.
Afterwards the DCR of the PNCs dispersion decreased to the lower limit of the DLS apparatus
indicating an almost complete degradation of the PNCs after 42 h (Figure 30B).
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Figure 30. DLS measurements of human serum albumin nanocarriers crosslinked with HDDP-SS (HSA-HDDP-
SS-NCs) before and after treatment with 25 mM dithiothreitol (DTT) for 24 h and 44 h. Influence of the derived
count rate (DCR) of HSA-HDDP-SS-NCs upon treatment with 25 mM DTT measured by DLS.

The protein nanocarriers crosslinked with reductive-sensitive HDDP-SS demonstrated high
degradability upon treatment with dithiothreitol. With the developed protocol for protein
formation control over density and degradability could be achieved. The developed degradable
protein nanocarriers can be applied to encapsulate therapeutical cargo for biomedical purpose.
However, the established protocol allows even more applications, where cargo molecules have

to be encapsulated, delivered to the target and released upon degradation.

I11. A3.3 Degradation by Enzymatic and Reductive Stimuli

Degradability is an important property nanocarriers have to possess to ensure release of the
delivered cargo. The advantage of biological polymers such as proteins over synthetic polymers
is their natural degradability in physiological environment. The degree of degradability needed
for efficient release is dependent on the molecular weight of the cargo. To achieve a high release
rate of high molecular weight cargo molecules such as RNA, DNA or polymers, a high
degradability of the nanocarriers at the target site is indispensable. High degradability of PNCs
can be realized by installing two orthogonal degradation stimuli. PNCs crosslinked with HDDP-
SS can be degraded by both enzymatic and reductive stimuli (Figure 31). The dual-degradation
property of PNCs-HDDP-SS could increase high release of macromolecules in cellular

environment.
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Figure 31. Dual-degradation of protein nanocarrier crosslinked with HDDP-SS through enzymatic and reductive
stimuli. Protein structure was obtained from DrugBank online (https:/go.drugbank.com/drugs/DB00062,
28.11.2021) and was adapted. Figure created by Natkritta Hippe.

Before performing the degradation experiments with both proteinase K and DTT, the influence
of the reductive reagent DTT on the enzymatic activity of the proteinase K was investigated.
Proteinase K possesses five cysteine residues and two disulfide bonds, which could be reduced
upon DTT addition, changing the tertiary structure of the protein and thus its enzymatic activity.
Proteinase K was treated with different concentrations of DTT over three time points and its
enzymatic activity measured by an assay with hemoglobin as substrate. Hemoglobin is
degraded by proteinase K into peptides and amino acids, soluble in trichloro acetic acid (TCA).
The Folin reagent reacts with the amines to a colored product (Figure 32A). A standard
calibration curve with tyrosine was measured to quantify the enzymatic cleavage of peptide

bonds by proteinase K (Figure 32B).
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Figure 32. Enzymatic activity assay of proteinase K with Folin & Ciocalteu’s Reagent and hemoglobin as substrate
and tyrosine for the standard calibration.

The enzymatic assay of proteinase K treated with DTT revealed that the enzyme was not

affected by the reducing agent (Table 7). Proteinase K possesses two disulfide bonds and

apparently its enzymatic property was not inhibited by the loss of the disulfide bonds and no

irreversible inactivation occurred. On the contrary, in case of 25 mM DTT to 0.1 UmL™
54



I11. Results and Discussion
Chapter A

proteinase K the enzyme activity increased by 40 Umg™. The cleavage of the two disulfide
bonds presumably increased the accessibility of the enzyme’s substrate binding site as it has
been demonstrated for the surfactant sodiumdodecyl sulfate (SDS) or calcium ions.’%* A
reduction of the hemoglobin by DTT and thus easier accesibility of the protein to the enzyme
was not possible since bovine hemoglobin does not possess cystein, i.e. disulfide bonds. In
conclusion, degradation experiments using both stimuli to show an additive degradation of
enzyme and DTT could be performed without risking loss of enzymatic activity.

Table 7. Enzymatic activity assay of proteinase K under the influence of DTT with hemoglobin as substrate.
Proteinase K solution incubated with DTT at 37 °C for 10 min, 30 min and 2 h.

Prot K DTT Activity  Error  Activity Error Activity Error

No. /UmL?  /mmolLt /Umg* /Umg* /Umg* /Umg*! /Umg*' /Umg*
1 0.1 - 62 10 110 27 138 61
2 0.1 1 39 10 110 27 135 75
3 0.1 3 47 11 125 29 139 72
4 0.1 5 45 9 124 6 212 73
5 0.1 25 102 9 161 4 62 84
6 1 - 62 6 51 2 61 6
7 1 1 62 6 52 4 63 6
8 1 3 63 9 52 3 63 9
9 1 5 63 6 52 3 63 6
10 1 25 67 7 53 3 67 7

The dual degradation of PNCs was investigated by treating PNCs crosslinked with different
amount of HDDP-SS with either proteinase K (5 U/mL), DTT (25 mM) or both at 37 °C in PBS
buffer and the amount of released dextran-rhodamine B (10 kDa) was measured over time
(Figure 33). A sample only treated with PBS buffer served as a control sample. Applying only
enzymatic degradation led to partly degradation of PNCs after 1 h as a low amount of
rhodamine-dye was released (Figure 33A). A slightly higher amount of dye was measured in
the supernatant for PNCs crosslinked with the lowest amount of HDDP-SS (0.1 eq.).
Degradation with 25 mM DTT proceeded very fast, since almost 80% of dye was already
released after 0.5 h independent of crosslinking degree. Similar results were observed for
treatment with both stimuli, indicating, that under chosen conditions of 5 U/mL proteinase K

and 25 mM DTT, DTT was the main degradation stimuli and no additive degradation of both
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could be proven. To demonstrate an additive degradation of both, enzyme and reducing agent,

the conditions had to be optimized, that both degradation effects were visible.

Proteinase K

A 100
h=mh&
80 4 .I.-I-'}'I 80 -
= 604 {-:I:{-I X 60 _:I'[
o ®
@ @
@ o [T -
S a0 I | l g 4
20 4 20 4 g kA
0- 0
o5|1bd1pd 1 Jos|1pd1pqd 1 Jos[1pgd1pd 1 |t/n 1 [2[1|2[1] 2 T 1 [2]1]z[1] 2T 1 [2]1]2]1] 2 | t/n
ProtK |DTT| both | Protk |DTT| both |ProtK |DTT| both ProtK |DTT| both | ProtK [DTT| both | ProtK |[DTT| both
01 2 20 0.1 2 20
HDDP-SS / eq HDDP-SS / eq

Figure 33. A) Release of dextran-rhodamine B 100K from HSA-HDDP-SS-nanocarriers crosslinked with 0.1, 2 and 20 eq
HDDP-SS under treatment with A) 5 U/mL proteinase K B) 25 mM DTT and C) 5 U/mL proteinase K and 25 mM DTT for
0.5and 1 h at 37 °C. B) Release of dextran-rhodamine B 100K from HSA-HDDP-SS-nanocarriers crosslinked with 0.1, 2 and
20 eq HDDP-SS under treatment with D) 5 U/mL proteinase K E) 10 mM DTT and F) 5 U/mL proteinase K and 10 mM DTT
for 1 and 2 h at 37 °C. Protein structure was obtained from DrugBank online (https://go.drugbank.com/drugs/DB00
062, 28.11.2021) and adapted.

In the next set of experiments, the amount of DTT was reduced to 10 mM and the degradation
time was increased to 1 and 2 h to give more time for enzymatic degradation (Figure 33B). The
amount of measured dye decreased significantly for 10 mM DTT compared to 25 mM. For
enzymatic degradation, a higher release is obtained under the chosen conditions with 5 U/mL
proteinase K at a longer reaction time. However, DTT remained the main degradation stimuli,
as shown when treating PNCs with both stimuli. A difference in the released amount of dye
with dual-degradation compared to single-degradation was only observed for the lowest amount
of HDDP-SS (0.1 eq.), indicating a small additive degradation of enzyme and DTT. However,
with a higher amount of crosslinker (2 eq. and 20 eq. HDDP-SS) the difference in release
between single- and dual-stimuli was not significant enough to conclude additive degradation.
Here again, the degradation conditions had to be optimized to demonstrate additive degradation
with both stimuli.
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With increasing degradation time and less DTT concentration, an increasing amount of released
dye could be measured for HSA-NCs-HDDP-SS treated with proteinase K (5 U/mL) and DTT
(3 mM) in combination (Figure 34). Under chosen conditions for enzyme and DTT the amount
of released dye measured for PNCs-HDDP-SS treated with both stimuli was significantly higher
after 3 h compared to only one stimulus, demonstrating an additive degradation of both enzyme
and DTT. The PNCs crosslinked with different amounts of HDDP-SS treated with proteinase K
and DTT, respectively and in combination, showed a significant difference in release, indicating
the release kinetics were influenced by the crosslinking degree. The resulting PNCs crosslinked
with HDDP-SS obtained the property of dual-degradation by reducing agent DTT and enzyme
proteinase K.
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Figure 34. PNCs crosslinked with HDDP-SS and degraded with proteinase K (blue, 5 U/mL) and dithiothreitol
(yellow, 3 mM).

Protein nanocarriers could be formed via the interfacial azide-alkyne click reaction of azide-
modified proteins with a dialkyne crosslinker hexanediol dipropiolate in inverse miniemulsion.
The ratio between azide moieties on the protein and alkyne groups of the crosslinker determined
the crosslinking degree of the protein shell and thus the density and degradability of the protein
nanocarriers. PNCs crosslinked with a reductive-responsive dialkyne crosslinker were
degradable by enzymatic and reductive stimuli, enhancing the degradation degree of PNCs for
high release effectivity. The developed process could enable a biorthogonal encapsulation of
sensitive cargo molecules where the chemoselective crosslinking does not involve the cargo
and preserve the cargo’s activity. Additionally, the inverse miniemulsion process would allow
encapsulation of multiple components at once during the interfacial nanocarrier shell formation.
In the next section, the multicomponent encapsulation into developed protein nanocarriers was

performed by using multiple immunotherapeutics with different physicochemical properties.
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To demonstrate the bioorthogonality of the developed process, the stimulative activity of
immunotherapeutics encapsulated into protein nanocarrier by azide-alkyne click reaction was

investigated in vitro.

I11. A4. Multicomponent Encapsulation of Therapeutics for

Immunotherapy

Since anti-tumor vaccination still lacks the effective response of immune cells against tumors
in most cases of vaccinated patients, the role of nanocarriers for co-delivery of vaccine
components needs to step into focus. In the vaccination process, the vaccine, consisting of
antigen and adjuvants, is taken up by dendritic cells and the antigens are presented on major
histocompatibility complex (MHC) molecules of the DCs to the T cells.'®> 68 Subsequently,
antigen-specific T cells are activated and proliferate to attack cells bearing the tumor-specific
antigen eventually leading to tumor cell killing.®” Crucial for the success of T cell priming is a
strong activation of antigen-presenting cells (e.g. DCs) by adjuvants inducing expression of
costimulatory molecules and the release of activating pro-inflammatory cytokines. Choosing
the correct type and application route of adjuvants is of great importance for the induction of
robust immune responses as each adjuvant binds to distinct receptors triggering different
signaling pathways in antigen-presenting cells.*%® 6 Therefore, a combination of several
different adjuvants simultaneously stimulates different receptors, leading to an additive DC
activation.!’® To achieve a high local concentration of adjuvants in one DC, all components

must be delivered simultaneously.

A major challenge is to find a compatible protocol for the multicomponent encapsulation of
cargo molecules with such different properties in terms of solubility and molecular weight.
Here, the developed process for the formation of protein nanocarriers through azide-alkyne
click reaction in inverse miniemulsion offered an excellent tool for the simultaneous
encapsulation of multiple cargo molecules, such as adjuvants. For the investigation of additive
stimulation of DCs by adjuvant-loaded PNCs, three adjuvants with different immune-
stimulative properties and a dye for tracking the PNCs were encapsulated into PNCs crosslinked
with HDDP (Figure 35).
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Figure 35. Multicomponent encapsulation of Cy5-Oligo, Resiquimod (R848), muramy! dipeptide (MDP) and
polyinosinic-polycytidylic acid (Poly(1:C)) into protein nanocarriers by interfacial azide-alkyne crosslinking of
azide-functionalized proteins with hexanediol dipropiolate (HDDP) in inverse miniemulsion. Protein structure was
obtained from DrugBank online (https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted. Figure
created by Natkritta Huppe.

I11. A4.1 Quantification of Adjuvants

For a precise comparison of the stimulative properties of different adjuvants and their
combinations, the amounts of the different adjuvants encapsulated in the PNCs had to be
quantified. The adjuvant-loaded PNCs were enzymatically degraded with proteinase K at a high
rate as possible to ensure the release of all components. The adjuvants could either be quantified
from the degraded mixture or the supernatant after separation by centrifugation. The challenge
here was the different physicochemical properties (solubility, molecular weight) of the three
adjuvants, where one method was not sufficient to precisely quantify each component.

Therefore, a quantification method was established for each adjuvant.
a) Resiquimod (R848)

Resiquimod (R848) is a small molecule (M = 350.8 g/mol) with low water-solubility
(> 1 mg/mL) and acts as an agonist for the toll-like receptors (TLR) 7 and 8.1

Since R848 possesses an aromatic moiety, its quantification can be performed by fluorescence
measurements. A standard calibration curve for R848 was recorded through fluorescence at
Jem = 360 nm (lex = 260 nm) (Figure 36). The limitation of the quantification method was as
low as 0.01 nmolL™. The encapsulation efficiency of R848 was measured from the supernatant
after the transfer of PNCs into water. The actual amount of R848 in the PNCs was quantified
from the supernatant after enzymatic degradation of PNCs and separation from degraded
protein fragments with centrifugal filters (MWCO 3 kDa).
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Figure 36. Chemical structure of Resiquimod (R848) and standard calibration curve of R848 by fluorescence
measured at 360 nm.

b) Muramyl dipeptide (MDP)
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Scheme 5. Chemical structure of muramyl dipeptide.

The water-soluble peptidoglycan muramyl dipeptide (MDP; M = 492.5 g/mol) has been shown
to be recognized by nucleotide-binding oligomerization domain-containing protein (NOD) 2.172
Due to the N-acetylglucosamide moiety present within the MDP, a quantification by the
colorimetric Morgan-Elson Reaction assay can be performed (Scheme 6). The Morgan-Elson
reaction with p-dimethylaminobenzaldehyde (DMAB) is an assay for sugars bearing N-
acetylglucosamide. The N-acetylglucosamide moiety is reduced under basic conditions at high

temperatures and reacts with DMAB to a red-colored product.
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Scheme 6. Quantification of muramyl dipeptide with the Morgan-Elson reaction.

To obtain the optimal assay conditions for MDP, the pH value of the borate solution was varied,
which influenced the reduction of the sugar, and the absorbance of the resulting colored product
recorded at 546 nm (Figure 37). A pH value of 9 resulted in the highest absorbance for the assay
with MDP substrate. Regarding the heating time of the sample at pH 9 at 100 °C, the absorbance
peaked at 3 min and decreased with a longer heating time. The absorbance of the assay product
plateaued after a DMAB concentration of 8 ugmL™. The highest absorbance was obtained at
12 min incubation time of the reduced sugar in DMAB solution at 38 °C. All conditions with a
maximum absorbance at 546 nm were applied for the quantification of MDP with Morgan-

Elson reaction.
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Figure 37. Optimization of MDP assay by variation of pH, heating time, DMAB concentration and incubation

time.

With this optimized assay conditions, a standard calibration curve of MDP, measured with

Morgan-Elson reaction, was recorded (Figure 38). The limiting concentration of this assay was

as low as 0.02 mg/mL. The assay was very dependent on timing, as the absorbance was highly

influenced by the incubation time. To ensure the applicability of the standard calibration curve

for precise quantification incubation times had to adhere. This was especially difficult when

measuring several samples at a time.
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Figure 38. Morgan-Elson Assay of muramyl dipeptide (MDP) with p-dimethylaminobenzaldehyde (DMAB),
measured by absorbance.
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c) Polyinosinic-polycytidylic acid

The double-stranded RNA mimic polyinosinic-polycytidylic acid (Poly(1:C); 0.2-1 kb) acts as
a TLR 3 ligand.}”® Poly(I:C) has a molecular weight between 100-500 kDa and cannot easily
be separated from the nanocarrier dispersion after enzymatic degradation compared to the small
molecules R848 and MDP. Therefore, a method had to be found, where PolylC could be
quantified in the degraded nanocarrier dispersion. Reverse-phase HPLC was used for the
quantification of Poly(l:C). Adjusting the optimal HPLC setup was challenging since the
dispersion contained a mixture of different components such as proteins, peptides, proteinase K,
R848, MDP, surfactant and dye. For the quantification of Poly(l:C) in PNCs, the carriers were
treated with 30 U/mL proteinase K for 24 h at 37 °C to ensure a high degree of degradation and
full release of Poly(l:C). The dispersion turned completely clear, indicating a high degree of
degradation. The full mixture of PNCs after degradation with proteinase K was eluted through
a reverse phase HPLC column using a mixture of acetonitrile, 0.01% formic acid and
0.02 mol/L ammonium acetate. The amount of Poly(l:C) was quantified with a standard

calibration curve (Figure 39).

4000 4

o
Na* o
-0,p"

H*

o’

(Ejf::)

OH

o

Na* 0P

N*

H
'
N

~

OH

NN
N o,
o o PO,
Na*

&
PO, Na*

n

3500
3000

S 2500

w

= 2000

@

= 15004

1000

y=-4.55+1631x

500 - RZ =0.99

0

T T T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20 22 24 26

injected mass / pg

Figure 39. Standard calibration curve of Poly(l:C) measured by HPLC.

A quantification method of all three adjuvants after encapsulation into protein nanocarriers was
established using different approaches. In the next step, multicomponent encapsulation of
adjuvants into protein nanocarriers was performed and the stimulative property of adjuvant-
loaded PNCs on dendritic cells was investigated.

I11. A4.2 In Vitro Stimulation

In this study, adjuvants R848, MDP, and Poly(1:C) were combined and encapsulated into PNCs.
Cy5-0ligo (5 kDa) as an additional cargo acted as a fluorescent dye (Figure 40A), allowing the
investigation of the cellular uptake of PNCs by DCs. All four components were successfully

encapsulated into PNCs through the azide-alkyne click reaction in inverse miniemulsion
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demonstrating the excellent feasibility of developed nanocarrier formation for the encapsulation
of multiple components (Figure 40B). Even though dimethylsulfoxide (DMSO) was used as a
solvent for R848 (14 vol.-% in the disperse phase) stable droplets could be formed with no
influence on the interfacial protein shell formation and stable PNCs with core-shell morphology

were obtained (Figure 40C).

".H Ie/// O

H5Cy5-oligoé,

Figure 40. A) Chemical structures of Resiquimod (R848), muramyl dipeptide (MDP) and polyinosynic-
polycytidylic acid (Poly(l:C)), B) Encapsulation efficiencies of dye and adjuvants into HSA-NCs crosslinked with
HDDP. C) Scanning electron micrographs of adjuvant-loaded HSA-HDDP-NCs (scale bar: 0.5 pm). Protein
structure was obtained from DrugBank online (https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was
adapted. Figure created by Natkritta Hlppe.

The PNCs were degraded by proteinase K (30 U/mL, 24 h, 37 °C), filtered, and the amount of
each cargo was measured in the supernatant. Comparable EEs were obtained for the small
molecules R848, and MDP (up to 65%) and Cy5-Oligo (over 80%) independent from cargo-
loading (Figure 41B and Table 8). Only the EE of the high molecular weight Poly(l:C)
decreased significantly from approx. 90% for single-loaded PNCs to approx. 60% for multiple-
loaded PNCs. The encapsulation efficiency is influenced by the concentration in the disperse
phase and at higher concentrations, the osmotic pressure in the water droplet is so high that part
of the cargo will be pressed out of the aqueous phase and not encapsulated during the protein
shell formation. Therefore, encapsulation efficiencies decreased with increasing cargo load.

Table 8 summarizes the encapsulation efficiencies and the characterization data for all
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HSA-NCs prepared herein: In all cases, similar zeta potentials between -30 mV and -40 mV
were determined, indicating a similar shell formation regardless of the cargo molecule or its
charge, i.e. an efficient encapsulation inside of the NCs was achieved. The diameters for all
“clicked” NCs were similar and detected between 200-300 nm (after redispersion in water,
measured by DLS).

Table 8. Encapsulation efficiencies of dye and adjuvants into human serum albumin nanocapsules crosslinked
with HDDP.

EE i [ [ ¢ [ [ [ Cpolyl: Cpolyi: Cpolyl o
No. Linker Ad]. Cy5 Oligo R&48,theo R848 R848 MDP,theo MDP MDP Polyl:C theo Polyl:C Polyl:C 'h,H20 PDI ;
1'% / molmL" /' molmL-" 1% ImolmL?' /molmL! /% /molmL! /molmL' /% / nm I mv
1 - 86 - - - - - - - - - 203 0.18 -32
2 R848 80 4.50*10% 2.88*10° 64 - - - - - - 245 0.17 -40
3 84 212 0.22 -38
4 85 215 0.20 -42
5 All 3 85 302 0.25 -34
HDDP
6 All3 87 450108 2.84*10® 218 0.21 -38
7 All3 73 2.23*10°® 1.77*10® 79 356 0.35 -28
8 All3 90 4.50"108 2.84*10® 64 5.08"10% 3.59"10°% 366 0.18 -29
9 All 3 9N 450108 3.05*108 69 25410 1.86"10% 252 0.07 -32
10 All 3 52 450108 3.23*10°® 74 5.00"0" 46510 S 194 0.27 231
1 - 57 - - - - - - - - - 258 016  -34
HDDP-
12 ss R848 57 4.50*10°¢ 3.34*10°% 75 - - - - - - 254 0.14 -33
13 All3 73 4.50*10°® 2.93*10® 65 1.02*107 6.43*10% 63 2.00*10'  1.22710°1° 61 304 0.19 -32

Flow cytometric and confocal laser scanning analysis revealed an efficient uptake of the
adjuvant-loaded PNCs by the bone marrow-derived dendritic cells (BMDC) in vitro, as detected
through the fluorescence of Cy5 (Figure 41). Control samples and soluble adjuvants solution

did not show Cy5-binding, as expected.
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Figure 41. A) Cell binding/uptake into BMDC of Cy5-oligo-loaded HSA-click nanocapsules measured by flow
cytometry. B) Confocal image of bone-marrow derived dendritic cells (green) and taken up human serum albumin
nanocarriers (red). Cell experiment data and confocal images measured by Jenny Schunke.

The co-delivery of the adjuvant combination by PNCs was evaluated by the amount of cell
surface-expressed activation markers CD80 and CD86 on the BMDCs after incubation with
PNCs for 24 h (Figure 42). Untreated cells served as a negative control whereas cells treated
with lipopolysaccharide (LPS), a potent TLR4 agonist inducing high expression of DC
maturation, served as a positive control. The expression of CD80 and CD86 increased after
treatment with adjuvant-loaded PNCs compared to untreated cells or cells treated with empty
PNCs. Among the single-loaded PNCs with either R848, MDP or Poly(l:C), the TLR7/8 ligand
R848 vyielded the highest stimulation of BMDCs. The expression of the surface markers
increased with PNCs loaded with the triple-combination of adjuvants compared to single-
loaded PNCs. Moreover, a mixture of single-loaded PNCs with R848, MDP and Poly(l:C),
respectively, exhibited a lower expression of surface markers compared to equimolar amounts
of all three adjuvants encapsulated into one PNCs demonstrating a higher stimulation through

co-delivery.
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Figure 42. Upregulation of DC maturation markers CD80 and CD86 after stimulation with adjuvant-loaded HSA
NCs with single loading, triple loading and mixture of single-loaded NCs. BMDCs (2 x 10° cells/mL) were
incubated with differently loaded HSA-NC formulations (1-100 pg/mL) or LPS (100 ng/mL) as a positive control
for 24 h. Surface expression of CD80 and CD86 of PNC-treated BMDCs was measured by flow cytometry. Data
measured by Jenny Schunke.
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The in vitro results underline the importance of simultaneous delivery of adjuvants by
multicomponent encapsulation into nanocarrier to achieve higher effectivity in nanocarrier-
based vaccination approaches. With our developed protein nanocarriers combining all the
nanocarrier design requirements, we could encapsulate and co-deliver multiple components into
cells independent of molecular weight (low-high) or solubility with high efficiency and
preserved activity. Besides applying protein nanocarriers to deliver therapeutics into cells,

PNCs can be loaded with a variety of cargo molecules, opening up a wide range of possibilities.
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I11. A5. Encapsulation of Protein Nanocarriers into Polymeric Cell

Mimics

The loaded protein nanocarriers offer a variety of applications where it is necessary, that cargo
molecules are delivered to a specific target or material has to be provided on-demand.
Especially for the latter application, it could be useful to encapsulate loaded and degradable
PNCs into other systems. For example, synthetic biology aims to mimic cell compartments to
reproduce the function and behavior of cells.!® Polymeric vesicles demonstrated cell-like
characteristics and are a promising tool to create artificial cells.1% 174 The vesicles are formed
through self-assembly of amphiphilic block copolymers, resulting in vesicles with a
semipermeable core-shell structure, similar to the phospholipid bilayer of cell membranes.”
Encapsulation of loaded protein nanocarriers into those polymeric vesicles enables the
possibility to mimic different compartments and functions of cells. One ability of a cell is to
grow their cell membranes. The cellular growth could be realized in polymeric vesicles by
inserting additional chains into the assembled vesicle wall. Long chain dialkylcarbocyanines
such as Vybrant™ DiO are lipophilic dyes for cell membrane labeling, which diffuse into the
cell membrane. The incorporation of Vybrant™ DiO into the phospholipid bilayer might be
used to grow polymeric vesicles by incorporating the dye into the self-assembled polymer wall.
To deliver the dye within the polymeric vesicle upon a stimulus, Vybrant™ DiO was
encapsulated into protein nanocarriers (Scheme 7). Since the release of dye should be induced
externally, an enzymatic degradation cannot be realized, as the enzyme is too large to pass
through the vesicle wall. Therefore, the DiO-dye has to be loaded into reductive-responsive
PNCs-HDDP-SS. The DiO-loaded PNCs should then be encapsulated into polymeric vesicles
by the simple double emulsification (SDE) approach. Upon external addition of DTT, the PNCs
should degrade and the DiO-dye released into the polymeric vesicle. The dye could diffuse to
the vesicle membrane and incorporate into the polymeric assembly, possibly resulting in growth

of the membrane.
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Scheme 7. Encapsulation of Vybrant™ DiO dye into reduction-responsive protein nanocarriers (PNCs), followed
by encapsulation of PNCs into polymeric vesicles. Dye is released upon reductive degradation of PNCs and
lipophilic dye is integrated into the vesicle membrane. Protein structure was obtained from DrugBank online
(https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted. Scheme created by Natkritta Hiippe.

Vybrant™ DiO was encapsulated into HSA-NCs via azide-alkyne click reaction with HDDP-
SS in inverse miniemulsion (Scheme 7). The lipophilic DiO-dye was not water-soluble and
dimethylformamid (DMF) acted as a solvent. Despite the organic solvent in the aqueous
disperse phase, the azide-functionalized protein stayed stable and soluble in water and an
interfacial protein shell crosslinking could be performed successfully. The resulting DiO-loaded
PNCs showed comparable sizes and size distributions to previously described PNCs in
cyclohexane as well as after transfer into water (Figure 43A). A core-shell morphology was
observed for PNCs in cyclohexane with scanning electron microscopy (SEM) (Figure 43C).
Over 90% of Vybrant™ DiO was encapsulated into PNCs. The reductive degradation of HSA-
NCs-HDDP-SS with DTT (25 mM) was monitored with DLS. The derived count rate, e.g. the
scattering of the dispersion, decreased over time upon addition of DTT, indicating a reductive
degradation of PNCs (Figure 43B). The size of PNCs decreased with DTT treatment from
241 nm to 88 nm after 23 h (Figure 43A).
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Figure 43. A) DLS of protein nanocarriers crosslinked with HDDP-SS and loaded with Vybrant DiO in
cyclohexane (red), water (blue), after treatment with dithiothreitol for 0 h (dark green) and 23 h (light green). B)
Change in the derived count rate over time after addition of 25 mM DTT to the HSA-HDDP-SS nanocarriers. C)
Scanning electron micrograph of HSA-HDDP-SS with Vybrant™ DiO in cyclohexane.

After the successful formation and reductive degradation of DiO-loaded HSA-NCs-HDDP-SS,
the PNCs were encapsulated into polymeric vesicles by SDE, according to literature.!%” The
confocal images of the polymeric vesicles (Figure 44A, stained in red) showed a successful
encapsulation of Vybrant™ DiO-loaded PNCs (green) into the vesicles (Figure 44B) in high
quantity. Upon addition of DTT to the vesicle dispersion, the PNCs degraded and released the
green-fluorescent dye. The DiO-dye successfully accumulated at the vesicle membrane
(Figure 44C), but no significant growth of the vesical membrane could be observed with
confocal microscopy. One reason could be that the amount of delivered and released dye was
not sufficient to promote a membrane growth. As seen in the confocal images, a lot of green
dye could be found within the vesicle core, which were either not released or not diffused to
the outer shell. Moreover, green-fluorescent aggregated could be observed in the vesicle core,

which hindered the diffusion of dye to the membrane.

1 C vDio accumulation

Figure 44. Confocal images of polymeric vesicles with A) membrane stained by Nile Red B) HSA-HDDP-SS
NCs with Vybrant™ DiO (green) encapsulated into polymeric vesicles (red) and C) Vybrant DiO accumulation at
membrane after reductive degradation of PNCs with dithiothreitol (25 mM). Images measured by Dr. Lucas Caire
da Silva.
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It can be assumed that upon reductive degradation of PNCs degraded protein components
aggregated and part of the lipophilic dye adsorbed to degraded protein. In order to realize a
membrane growth in vesicles, higher amounts of Vybrant™ DiO would need to be released
into the vesicle membrane and vesicular conditions have to be found, where the dye and protein
does not aggregate upon DTT treatment. Another approach would be to use another stimulus
for the degradation of PNCs in the polymeric vesicles such as pH. A change in pH might
maintain a higher stability of the dye after release compared to the reducing agent, so the dye
might incorporate into the shell in higher quantity to achieve significant growth of the vesicle
wall. Nevertheless, it could be demonstrated that developed reduction-responsive PNCs-
HDDP-SS can be applied when water-soluble cargo molecules have to be encapsulated,
delivered and released with high efficiency. Moreover, PNCs proved high stability during
encapsulation into the vesicles, offering further application of PNCs by embedding or

encapsulating them into other materials to achieve multi-functional systems.
I11. A6. Conclusion

We developed a bioorthogonal protocol for the multicomponent encapsulation and co-delivery
of fully biodegradable protein nanocarriers. For the synthesis of the PNCs, we applied a metal-
free protocol to modify the protein’s amine groups to azide groups with 1-sulfurylimidazol
hydrochloride in water. With an azide-modified protein on hand, human serum albumin
nanocarriers were prepared by metal-free azide-alkyne click reaction with activated hexanediol
dipropiolate in an inverse miniemulsion. The developed process enabled the simultaneous
encapsulation of multiple cargo molecules with different physicochemical properties such as
molecular weights and solubility. A high encapsulation efficiency and a preserved bioactivity
of the cargo was obtained. Varying the crosslinker amount not only allowed to tailor the density
of the shell to entrap different adjuvants, but also the degradation and release rates of the
nanocarriers. PNCs were further equipped with disulfide bonds by using HDDP-SS as the
crosslinker, which resulted in nanocarriers releasing the cargo enzymatically and under
reductive conditions. We demonstrated a successful encapsulation of the adjuvants R848, MDP,
and Poly(I:C) into PNCs yielding a higher stimulation of immune cells with co-delivery of all
three adjuvants encapsulated into one nanocarrier compared to single-loaded PNCs. In
summary, this protocol might be used to develop efficient immunotherapies, which rely on the
combination of several drugs and adjuvants with highly different physical properties. Further,
the bioorthogonal formation of the nanocarriers with a guaranteed release upon proteolysis

might be a powerful tool for the delivery of nucleic acids.
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Chapter B — Dendritic Cell-Mediated T Cell Stimulation by Adjuvant-

Loaded Ovalbumin Nanocarriers for Anti-Tumor VVaccination

Chapter B is part of the manuscript:

J. Schunke, N. Hippe, M. Fichter, F.R. Wurm, K. Landfester, V. Mailander, manuscript in
preparation. For the thesis, this chapter was extended with preliminary results, additional

experiments, optimizations and details.

Contributions:

Natkritta Hippe synthesized and characterized the modified protein and resulting adjuvant-
loaded protein nanocarriers as well as the azide-transfer agent and crosslinker involved as stated
in the experimental part. Natkritta Hiippe performed the quantification of Resiquimod, PEG-
R848, diABZI and muramyl dipeptide. For quantification of polyinosinic-polycytidylic acid,
Natkritta Huppe performed the degradation and release of Poly(l:C) from the protein
nanocarriers. Natkritta Hlppe performed sample preparation for SEM. Jenny Schunke and
Michael Fichter performed in vitro as well as in vivo experiments with the adjuvant-loaded

protein nanocarriers and evaluated the data.
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Abstract

Tumor vaccination relies on three processes in the dendritic cell (DC)-mediated T cell
stimulation: 1) DCs present tumor-specific antigens to T cells 2) For a strong immune response,
adjuvants trigger antigen-independent upregulation of costimulatory marker molecules and 3)
For enhanced T cell activation; cytokines are secreted from the stimulated DCs. If all three
processes proceed sufficiently, T cells are activated and proliferate to specifically attack the
antigen-bearing tumor cells. To achieve a high immune stimulation by antigen and adjuvants,
the vaccine components were formulated into a nanovaccine composed of adjuvant-loaded
ovalbumin nanocarriers (OVA-NCs). A multicomponent encapsulation of adjuvants, which
target different pattern recognition receptors, promoted a synergistic stimulation of DCs leading
to antigen-presentation on MHC class | and 11, high expression of costimulatory molecules
CD80/86 and secretion of pro-inflammatory cytokines, such as TNFa, IL-6 and IL-12. The
dual-loaded OVA-NCs with a combination of TLR7/8 ligand Resiquimod (R848) and NOD2
ligand muramyl dipeptide (MDP) successfully achieved a DC-mediated T cell stimulation with
high proliferation of OT-1I/I1 T cells. In a mouse model bearing OVA-expressing melanoma
tumor, OVA-R848/MDP-NCs demonstrated the highest tumor treatment efficacy through a low
tumor growth rate and high probability of survival. The in vivo results underlined the superiority
of a nanocarrier formulation to a soluble formulation due to simultaneous delivery of the

vaccine components with enhanced synergistic stimulation effect.
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Figure 45. Dendritic cell-mediated T cell stimulation promoted by adjuvant-loaded ovalbumin nanocarriers leads
to decrease in tumor growth/size and longer survival of melanoma-bearing mice. Figure created in Biorender.com
by Natkritta Huppe.

In further optimization experiments in vitro, a triple combination of R848, MDP and Poly(l:C)
loaded into OVA-NCs further enhanced the stimulatory properties of the nanovaccine
compared to dual-loaded NCs. Moreover, a lower crosslinking degree allowed faster

intercellular degradation and release of adjuvants, leading to a higher DC stimulation.
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Especially, the high degradation rate enabled higher release of large molecules such as
Poly(I:C), promoting the synergistic effect of the adjuvant combination through simultaneous
release. STING-agonist diABZI demonstrated a high stimulatory effect as well, especially the
secretion of pro-inflammatory cytokine interferon (INF), which is not induced by the previous
chosen adjuvants, could enhance the synergistic immune stimulation of the adjuvant
combination. OVA-NCs loaded with a combination of multiple adjuvants proved to be a

promising nanovaccine for the treatment of tumors.
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I11. B1. Introduction

The immune system is a remarkable machinery of cells that interact in a complex
communication pathway to fight against threats to our body.1’® 177 If the body is exposed to
pathogens such as bacteria or viruses the immune cells detect the intruder and invoke an attack.
In most cases, the immune cells memorize the pathogen’s identity on specific molecules, such
as proteins or peptides and can eliminate the pathogen faster upon repeated exposure.!8-180
Those pathogen-related molecules, so-called antigens, play a crucial role in vaccination
processes.'8 182 A prophylactic vaccination trains the immune system to recognize specific
pathogens and prepare for an attack before a potential intrusion happens.'®-18 Prophylactic
vaccination helped to fight numerous bacterial or viral diseases up to eradication of some such
as small pox.'® However, threats to our body does not always come from outside but from
within our body as well. Cancer is still the number one cause of deaths worldwide with one in
six deaths are due to cancer.'®’ Cancerous cells originate from mutation of our own cells and
often intrudes our body slowly and quietly.'®81%° Often common tumor therapies such as
chemotherapy lack the long term efficiency to fight the cancer and come with severe side effects
for the patients due to highly toxic drugs.'®* %2 Immunotherapy aims for prophylactic or
therapeutic treatment against tumors by training the immune system against the tumor cells.%®
194 A successful activation of an adaptive immune response depends on 1) the antigen-
presentation on MHC 2) expression of costimulatory marker molecules and 3) release of
cytokines.® Several cells and signaling receptors and molecules are involved in a vaccination
process. Dendritic cells (DCs) belong to the innate immune system and are the first defenders
against pathogens.’®® 1% DCs can be found in all tissues and organs where they scan for
potential threats. As one of the main antigen-presenting cells (APCs), DCs signal other immune
cells like T cells to attack the pathogens by presenting the pathogenic antigen to the T cells.t”
199 In case of tumor therapy, a vaccine formulation would consist of the tumor-specific antigen
for recognition and adjuvants for immune cell activation.?%-22 Adjuvants are stimulating
molecules that induce immune cell activation and boost the immune response against the
antigen.?®® The higher the stimulating property of the adjuvants the higher is the effectivity of
the vaccination against the tumor-specific antigen.?®* As a first step in the vaccination process,
the DCs internalize the vaccine components. The antigen is degraded and its peptide chains
presented on the major histocompatibility complex (MHC) molecules of the DC to the T cells.
The T cells recognize antigen-MHC complexes by antigen-specific T cell receptors (TCR) in
combination with their TCR-co receptors CD4 or CD8a. The antigen presentation induces T

cell activation and proliferation to attack the tumor bearing the specific antigen.®® DCs not only
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are APCs, but offer numerous pattern recognition receptors (PRRs) on their cell surface and in
the endosome to sense all kind of pathogenic components.?%: 2°¢ One of the best studied PRRs
are toll-like receptors (TLR), which detect various pathogen- and damage-associated molecular
patterns (PAMP and DAMP) such as proteins, lipoproteins and nucleic acids.?%” 2% NOD-like
receptors (NLRs) detect PAMP and DAMP as well but especially bacterial peptidoglycans and
cytosolic RNA viruses.?%® 210 The PRRs play a crucial role in DC maturation and T cell
activation as they induce the expression of costimulatory marker molecules on the DC cell
surface.?** The maturation marker molecules, mainly CD80 and CD86, are as well recognized
by the T cells through its CD28 molecule and enhance the adaptive T cell response.?*? A high
expression of costimulatory molecules is indispensable for successful T cell activation as
insufficient expression of costimulatory molecules leads to anergy or even apoptosis of the T
cells.?'3 214 Different adjuvants act as ligands for different PRRs and induce different signaling
pathways and expression of costimulatory marker molecules. Using several adjuvants in
combination leads to an additive stimulation.® 415! In some cases, the right combination of
adjuvants creates an enhanced cross-talk between the receptors achieving a superadditive
stimulation and increased expression of costimulatory molecules. Another important signaling
mechanism that promotes adaptive immune responses is the release of cytokines. Different
cytokines trigger the activation of different T cell subtypes, for example cytokines tumor
necrosis factor (TNF) o and interleukin (IL)-12 are known to promote polarization of naive
CD4* T cells into Th1.25-27 The type of adjuvants influence the induction of different cytokines
and thus effects the T cell proliferation. Therefore, adjuvants and their right combinations are
important components for activating adaptive immune responses and should be well chosen for
the design of a vaccination formulation. If all three processes, 1) antigen-presentation, 2) co-
stimulation and 3) cytokine release, proceed effectively, the dendritic cell mediates T cell
activation and proliferation. The T cells then attack the antigen-bearing tumor cell, leading to

tumor lysis (Figure 46).
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Figure 46. Induction of DC-mediated T cell activation for tumor treatment by a vaccination with tumor-specific
antigen and adjuvants. Figure created with BioRender.com. Protein structure was obtained from DrugBank online
(https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted. Figure created in Biorender.com by
Natkritta Hippe.

Besides the right combination of adjuvants in the vaccine formulation, a high concentration of
the components in the DCs should be achieved to ensure an effective immune response. The
adjuvants molecules have to cross the plasma membrane to reach the targeted endosomal PRRs.
Usually the vaccine components are internalized by endocytosis.?® Common vaccine
formulations based on liquid mixture of the components lack the uptake efficiency into DCs
due to systemic distribution and fast excretion upon administration. Nanocarriers as a delivery
tool offer the opportunity to transport the vaccine components protected and efficiently to the
DCs.?1% 220 An encapsulation of the vaccine components into nanocarriers could mediate and
even increase the internalization of the molecules to the intracellular compartments, where the
associated PRRs are present. Therefore, a high local concentration of antigen and adjuvants
could be achieved in the cells leading to higher vaccination effectivity. Furthermore,
encapsulation of vaccine components into nanocarriers enables the simultaneous transport of
multiple components and thus promotes an additive stimulation effect when multiple adjuvants
are encapsulated. Not only multiple but also different components can be encapsulated into
nanocarriers, allowing the use of components that cannot be use in common formulations due
to toxicity or solubility. Nanocarrier-based vaccine formulations, so-called nanovaccines, are
the major focus in the development of new strategies for tumor treatments.??> 222 For example,
liposomes are already approved as drug delivery systems by the Food and Drug Administration

(FDA) and are in focus as delivery systems for vaccine components.®” Although liposomes offer
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a broad range of lipids as nanocarrier materials, many liposome preparation methods suffer
from low encapsulation efficiencies.??®> Another major class of nanocarriers are polymeric
nanoparticles (NPs).?2* Polymeric NPs as well offer a broad range of synthetic polymers, such
as polylactic acid (PLA) or polylactic-co-glycolic acid (PLGA), to name degradable and
biocompatible ones.??® 2% However, many nanocarrier procedures lack the ability to

encapsulate multiple cargo molecules simultaneously in a controlled and biorthogonal manner.

In chapter A, the development of protein nanocarriers (PNCs) for the encapsulation and
transport of multiple components was described. Multicomponent encapsulation of different
adjuvants could be achieved with the established process in inverse miniemulsion and an
additive stimulation of dendritic cells could be demonstrated. The PNCs are an optimal tool to
formulate a nanovaccine for tumor treatment. Previously, the PNCs were prepared with human
serum albumin (HSA) as the shell material since HSA is an endogenous protein offering high
biocompatibility and biodegradability. However, for the formulation of a nanovaccine an
antigen is needed to induce antigen-specific T cell activation. Ovalbumin (OVA) as an egg-
white protein can be used as a model antigen for vaccine formulations. The formation of protein
nanocarriers from ovalbumin is performed according to the previously developed protocol for
HSA-NCs. The adjuvants are loaded into the antigen-consisting nanocarrier creating an all-in-

one nanovaccine.
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I11. B2. Preparation of Ovalbumin Nanocarriers

Protein nanocarriers from ovalbumin were prepared through an interfacial crosslinking of
azide-modified ovalbumin with hexanediol dipropiolate (HDDP) in an water-in-oil inverse
miniemulsion (similar to the protocol reported in chapter A for HSA-NCs). The adjuvants were
dissolved in the water-droplet and were encapsulated during the protein shell formation,
allowing multicomponent encapsulation with high control and efficiency. For a formation of
ovalbumin nanocarriers (OVA-NCSs) by azide-alkyne click chemistry, OVA was functionalized
with azide groups by 1-imidazol-sulfuryl azide hydrochloride, as previously described in
chapter A (Scheme 8).158 160

=N s'?N

NH; HCI-Nx/ ‘63
—_— 8
H0, basic -
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| N!.‘j % MDP
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Scheme 8. Ovalbumin is functionalized with azide groups by 1-imidazole sulfurylazide hydrochloride in basic
condictions (pH 8.3-11). Formation of ovabumin nanocarriers (OVA-NCs) through azide-alkyne crosslinking of
azide-functionalized protein with hexanediol dipropiolate (HDDP). Multicomponent encapsulation of adjuvants
into OVA-NCs during the protein shell formation. Protein structure was obtained from DrugBank online
(https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted. Figure created in ChemDraw by
Natkritta Huppe.

After the reaction of OV A with the azide transfer agent at pH 11 for 24 h, the azide-modified
OVA (OVA-N3) showed a prominent azide signal 2100 cm™ in the infrared (IR) spectra
compared to the native protein (Figure 47). However, after lyophilization OVA-N3 was not
water-soluble anymore. The sensibility of OVA towards high basic pH led to denaturation and
decreased water-solubility of the protein. Without high water solubility, OVA-N3z could not be
used to successfully prepare nanocarriers in inverse miniemulsion. Therefore, the azide
functionalization protocol was tailored to optimize the reaction conditions and obtain water-
soluble OVA-Na.
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Figure 47. A) Infrared spectra of ovalbumin (OVA) before and after azide-functionalization (OVA-N3) with 1-
imidazol-sulfuryl azide hydrochloride under basic conditions (pH 11).

The azide-functionalization reaction with 1-imidazol-sulfuryl azide hydrochloride is a transfer
reaction of amines to azides and depends on the nucleophilicity of the amine moiety. As
demonstrated in chapter A, the pH value during the reaction influenced the number of
transferred amines to azides. Ovalbumin was modified by 1-imidazol-sulfuryl azide
hydrochloride at different pH values and reaction times and the resulting number of reacted
amines was determined by fluorescamine assay with glycine as a standard substrate (Table 9).
A successful azide-modification was achieved already at a pH of 8.2, resulting in seven azide
groups after one day of reaction time. At increased pH values, i.e. pH 9.5 and 11, no dependence
of reacted amines on the reaction time could be observed, indicating high reactivity of amines
atpH > 9.

For in vivo experiments, the azide-modification had to be performed under endotoxin-free
conditions to prevent fouling of the modified OVA upon storage. In general, high sterility and
stability of proteins are difficult to maintain in solution and proteins should be stored as dried
powders. Using a salt-containing solution for the lyophilization of the modified protein was
crucial to maintain the water-solubility of OVA-Nz3. Several optimization steps (pH, reaction
time, salt concentration during lyophilization) were taken to obtain water-soluble OVA-N3z and
to successfully prepare stable OVA-NCs, as described in detail in the Supplementary

Information (SI) of chapter B.
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Table 9. Azide-functionalization of ovalbumin at different pH value and time. Number of azide groups (Nex(Ns))
quantified by the theoretical (Nmeo(NH2) and experimental (Nex(NH2) number of amines, measured with the
fluorescamine assay.

pH t/d Ntheo(NH2)  Nex(NH2)  Nex(N3)
OVA, nat. - - 20 19 -
OVA-N3 8.2 1 - 12 7
OVA-N3 8.2 2 - 11 8
OVA-N3 8.2 3 - 6 13
OVA-N3 9.5 1 - 6 13
OVA-N3 9.5 2 - 6 13
OVA-N3 9.5 3 - 7 12
OVA-N3 11 1 - 3 16
OVA-N3 11 2 - 3 16
OVA-N3 11 3 - 3 16

The optimal condition to obtain water-soluble OVA-N3 was as follows: OVA was first
dissolved in a K2COs solution of pH 11 and 1-imidazolesulfuryl azide hydrochloride solution
was added dropwisely, while the pH value decreased to 9.5. The protein was left at higher basic
pH for 30 min to gain high nucleophilicity of the amines and promote the azide transfer reaction.
To minimize the harsh conditions of the azide transfer reaction, the pH value of the reaction
solution was adjusted to pH 8.3 and the reaction proceeded for 8 h. With this milder procedure,
water-soluble OVA-N3 was obtained after purification (dialysis in sterile water) and
lyophilization (with addition of NaCl (14.4 mg/mL)). With a water-soluble OVA-N3 in hand,
ovalbumin nanocarriers could be prepared similar to the method established in chapter A for
HSA-NCs (Figure 48). Since OVA-NCs should be applied in vivo, the method was modified to
a sterile and endotoxin-free procedure (sterile solvents and glassware, handling under flow
bench), as described in the SI of chapter B. The endotoxin concentration of obtained OVA-NCs
dispersion was measured with the LAL assay (see SI). With adjusting the protocol, OVA-NCs
with a prominent core-shell morphology could successfully be prepared and Cy5-Oligo was
encapsulated with 46% efficiency. The size of resulting OVA-NCs was with ~300 nm in
cyclohexane and ~240 nm after transfer to water with narrow size distributions comparable to
the results obtained for HSA-NCs.
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Figure 48. A) Dynamic light scattering and B) scanning electron micrograph of ovalbumin nanocarriers obtained
from azide-modified ovalbumin crosslinked with hexanediol dipropiolate in inverse miniemulsion.

Solubility of Ovalbumin in Presence of DMSO

Ovalbumin is, like most proteins, sensible to organic solvents such as DMSO and
temperature.??” 228 Since some adjuvants are not water-soluble and have to be dissolved in
DMSO for the encapsulation process, the stability of OVA in presence of DMSO with
increasing temperature was investigated (Table 10). A stock solution of OVA was prepared and
set to temperature and respective amount of DMSO was slowly added under stirring. With
increasing temperature, the OVA solution formed a gel after addition of 59% (35 °C) and 39%
(45 °C) DMSO. All solutions with added DMSO formed a gel after several days, indicating
slow denaturation of OVA. The concentration of DMSO in the disperse phase should not exceed
50% for 25 °C and 14% for 45 °C to ensure stability of the protein in the water droplet and

successful encapsulation of DMSO-soluble cargo molecules into OVA-NCs.

Table 10. Solubility of ovalbumin with addition of dimethylsulfoxide at different temperatures.

Sample T/°C DMSO/%  OVA dissolved
1 15 14 Y
2 15 19 Y
3 15 24 Y
4 15 29 Y
5 15 39 Y
6 15 59 gelated™
7 25 14 Y
8 25 19 Y
9 25 24 Y
10 25 29 Y
11 25 39 Y
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12 25 59 gelated*
13 35 14 Y
14 35 19 Y
15 35 24 Y
16 35 34 Y
17 35 59 gelated
18 45 14 Y
19 45 19 gelated
20 45 24 gelated
21 45 29 gelated
22 45 39 gelated

*gelated after 30 min

With a successful transfer of the PNCs preparation procedure from HSA to OVA, OVA-NCs
could be used for the DC-mediated T cell stimulation as an adjuvant-carrier and antigen all-in-
one. Therefore, different combinations of adjuvants were encapsulated into OVA-NCs to

investigate the DC stimulation.

I11. B3. In Vitro Stimulation of DCs with Adjuvant-Loaded OVA-NCs

Adjuvants are key components in vaccines as they mediate stronger adaptive immune responses
by inducing costimulatory marker molecules and release of cytokines from DCs.1®® There are
several signaling pathways in the DC-mediated T cell activation that can be triggered by using
different adjuvants. Some in combination even provide stimulatory synergies, further
enhancing the vaccination effect.’®* Different combinations of adjuvants were loaded into
OVA-NCs to create a nanovaccine with high stimulatory properties and to reduce tumor growth

in in vivo mice models.
I11. B3.1. R848 versus PEGylated R848-Loaded OVA Nanocarriers

Resiquimod (R848) as a TLR 7/8 ligand proved to be an effective adjuvant to promote high
expression of CD80 and CD86 markers in DCs.1”* However, the small molecule is rather
hydrophobic (solubility in water < 1 mg/mL) and only soluble in DMSO (20 mg/mL). OVA
was susceptible to organic solvents and denatured with at higher concentration of DMSO, as
described in section 2. Therefore, it would be beneficial to increase the water-solubility of R848
by attaching hydrophilic components such as poly(ethylene glycol) (PEG) to prevent the use of
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DMSO for the nanocarrier preparation. R848 and PEGylated R848 of different molecular
weights were encapsulated into OVA-NCs and their stimulatory effect in DCs compared
(Scheme 9).
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Scheme 9. Encapsulation of R848, R848-PEG-0.5kDa or R848-PEG-1kDa into ovalbumin nanocarriers
crosslinked with hexanediol dipropiolate in inverse miniemulsion. Cy5-Oligo was additionally encapsulated as a
fluorescent dye. Protein structure was obtained from DrugBank online (https://go.drugbank.com/drugs/DB00062,
28.11.2021) and was adapted.

R848 was functionalized with PEG through a reaction of the amine group of the R848 with
poly(ethylene glycol)-N-hydroxysuccinimid ester (PEG-NHS) in DCM (Scheme 10).
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Scheme 10. PEGylation of Resiquimod (R848) with polyethyleneglycol-N-hydroxysuccinimid ester (PEG-NHS)
in dichlormethane (DCM) with trimethylamine (NEts).

Both products with PEG-0.5 kDa and PEG-1 kDa were water-soluble (> 20 mg/mL). The ‘H-
NMR spectrum of the product showed the presence of aromatic groups from the R848 as well
as the signals from the PEG-chain (Figure 46). The functionalization degree of PEG to R848
was 20% for PEG-0.5 kDa and 10% for the PEG-1 kDa. The functionalization degree of PEG
on R848 was rather low with a high amount of unreacted PEG chains. Free R848 should be
completely removed by dialysis (MWCO 1 kDa). Unfortunately, PEGylated R848 was difficult
to separate from free PEG chains due to the small difference in molecular weight and solubility.
Therefore, a higher amount of R848-PEG was needed to obtain the same molar amount of R848
in the OVA-NCs compared to unmodified R848. Additionally, a high amount of free PEG
chains had as well be encapsulated into the NCs.
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Figure 49. 'H NMR spectrum of A) R848-PEG-0.5kDa and B) R848-PEG-1kDa in D,O.

The stimulatory properties of PEG-R848 were compared to unmodified R848 by investigating
the expression of MHC-I1, CD80 and CD86 markers on bone-marrow-derived dendritic cells
(BMDCs) (Figure 50). In all cases, PEGylated R848 induced a higher expression of markers
compared to unmodified R848, while R848-PEG-1kDa gave the highest stimulation. We
assumed, that the higher water-solubility of R848 achieved higher uptake into BMDCs and
more effective ligation to PRRs to induce a stronger stimulation and expression of markers.
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Figure 50. Upregulation of DC receptor MHC-II and maturation markers CD80 and CD86 after stimulation with
R848, R848-PEG-0.5kDa and R848-PEG-1kDa in solution. BMDCs (2 x 10° cells/mL) were incubated with
different concentrations of adjuvants (1-100 ug/mL) for 24 h. Surface expression of CD80 and CD86 of BMDCs
was measured by flow cytometry. Data from Jenny Schunke.
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The PEGylated R848 dissolved in the agueous OV A solution and were encapsulated into OVA-
NCs through interfacial crosslinking in inverse miniemulsion. As a comparison, unmodified
R848 dissolved in DMSO was encapsulated into OVA-NCs as well. There was no significant
difference in size and size distribution observable between R848- and R848-PEG loaded OVA-
NCs (Table 11). All NCs had a size of approx. 300 nm with a PDI of ~ 0.1 in cyclohexane and
after transfer into water by surfactant exchange the size decreased to approx. 230 nm. The
encapsulation efficiencies of dye Cy5-Oligo as well as R848 were comparable at approx. 40%
for unmodified as well as PEGylated R848.

Table 11. Analytical data of ovalbumin nanocarriers loaded with A) Cy5-Oligo+R848-PEG-0.5kDa, B) Cy5-
Oligo+R848-PEG-1kDa and C) Cy5-Oligo+R848.

) dn (CH) dn(H20) EEcys EERrs4s
No. Adjuvants PDI PDI
/nm /nm /% /%
1 R848-PEG-0.5kDa 286 0.08 236 0.27 43 42
2 R848-PEG-1kDa 305 0.14 251 0.28 40 39
3 R848 301 0.10 203 0.31 45 34

A difference was only significant in the morphology of the OVA-NCs loaded with the different
R848 derivatives, since R848-PEG-loaded OVA-NCs had visually thinner and softer protein
shell, even more prominent for R848-PEG-0.5kDa (Figure 51A and B). A reason could be the
high concentration of PEGylated R848 in the disperse phase, since a higher amount had to be
used to reach a similar molar concentration in the OVA-NCs compared to unmodified R848. A
high amount of free PEG chains could have influenced the protein shell formation during the
interfacial crosslinking, leading to less amount of crosslinked protein and a thinner shell. In
comparison, OVA-NCs loaded with unmodified R848 demonstrated a prominent protein shell
(Figure 51C). Despite the addition of 14 vol.-% DMSO to the disperse phase, the OVA-N3
remained sufficiently stable and soluble to perform an interfacial crosslinking with HDDP in

an inverse miniemulsion.

Figure 51. Scanning electron micrograph of ovalbumin nanocarriers loaded with A) Cy5-Oligo+R848-PEG-
0.5kDa, B) Cy5-0Oligo+R848-PEG-1kDa and C) Cy5-Oligo+R848, in cyclohexane. Scale bar: 0.5 um.
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The uptake into BMDCs measured by the Cy5-Oligo signal decreased from empty OVA-NCs
to R848-loaded to R848-PEG-1kDa-loaded OVA-NCs (Figure 52A). Since the encapsulation
efficiency of Cy5-Oligo was similar for all OVA-NCs, the lower uptake of R848-PEG-1kDa-
loaded OVA-NCs could possibly be a result of a stealth effect by the PEG chains. The scanning
electron micrographs revealed a change in shell morphology for OVA-NCs loaded with
PEGylated R848. It could be assumed, that at high concentration of R848-PEG or free PEG
chains were entrapped or adsorbed protein shell, creating an unwanted stealth effect to DCs.
All adjuvant-loaded OVA-NCs achieved a high expression of antigen-presenting MHC-1I
receptors on the BMDCs. BMDCs treated with R848 and R848-PEG-loaded OVA-NCs showed
a higher stimulation and expression of CD80 and CD86 markers for NCs loaded with
unmodified R848 compared to PEGylated R848 (Figure 52B-D). Comparing the two
PEGylated R848 samples, the OVA-NCs loaded with the smaller R848-PEG-0.5kDa led to
higher expression of stimulatory molecules compared to R848-PEG-1kDa. The results for the
stimulation of DCs by soluble R848-PEG compared to encapsulated R848-PEG were reversed,
as R848-PEG gave a higher stimulation compared to unmodified R848 in solution while
encapsulated R848 lead to higher stimulation. The encapsulation process via the inverse
miniemulsion process influenced the activity of the adjuvant, where a PEGylation of R848 was

not beneficial for the stimulative property of adjuvant-loaded OVA-NCs in BMDCs.
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Figure 52. A) Cell binding/uptake into BMDC of Cy5-Oligo-loaded ovalbumin nanocarriers (OVA-NCs)
measured by flow cytometry. B-D) Upregulation of DC receptor MHC-I1 and maturation markers CD80 and CD86
after stimulation with OVA-NCs loaded with R848, R848-PEG-0.5kDa and R848-PEG-1kDa. BMDCs (2 x 10°
cells/mL) were incubated with differently loaded OVA-NCs formulations (1-100 pug/mL) or LPS (100 ng/mL) as
a positive control for 24 h. Surface expression of CD80 and CD86 of NC-treated BMDCs was measured by flow
cytometry. Data from Jenny Schunke.
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Although the PEGylation of R848 achieved a water-soluble adjuvant and higher stimulatory
properties in solution, no benefits to the stimulatory properties of adjuvant-loaded OVA-NCs
could be gained from PEGylation under these conditions. Despite the use of DMSO for
dissolving R848 in the disperse phase, stable OVA-NCs could be obtained and high stimulation
of BMDCs was achieved resulting in high expression of costimulatory markers. For the
following development of adjuvant-loaded OVA-NCs, unmodified R848 was used in
combination with different adjuvants to create an optimal nanovaccine with superadditive

stimulation properties.
I11. B3.2. R848 and MDP-Loaded OVA Nanocarriers

A combination of TLR 7/8-agonist R848 and NOD2-ligand muramyl dipeptide (MDP) have
proven to create a synergistic effect in DC-mediated T cell activation.™ 8 Four different
OVA-NCs were synthesized by interfacial azide-alkyne crosslinking with HDDP in inverse
miniemulsion, namely OVA-NCs without adjuvants as a blank control (OVA-blank-NCs),
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R848-loaded OVA-NCs (OVA-R848-NCs), MDP-loaded OVA-NCs (OVA-MDP-NCs) and
dual-loaded OVA-NCs (OVA-R848/MDP-NCs). In all cases, Cy5-Oligo was encapsulated as
a fluorescence dye for the detection via flow cytometry (Scheme 11).
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Scheme 11. Multicomponent encapsulation of Cy5-Oligo, Resiquimod (R848) and muramyl dipeptide (MDP) into
ovalbumin nanocarriers crosslinked with hexanediol dipropiolate in inverse miniemulsion. Protein structure was
obtained from DrugBank online (https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted.

Stable adjuvant-loaded OVA-NCs were prepared with all cargo combination, even the dual-
loaded ones. In DLS measurements in cyclohexane, the diameters of the OVA-NCs were
approx. 330 nm in cyclohexane with a relatively low PDI of 0.1 (Table 12). In water, the sizes
differed about 100 nm from OVA-NCs formed with and without R848/DMSO in the disperse
phase (Table 12, no. 2 and 4). The zeta potential was with approx. -38 mV, similar for empty
and loaded OVA-NCs. The encapsulation efficiency of Cy5-Oligo, measured with
fluorescence, was around 80%, besides MDP-loaded OVA-NCs were EE of Cy5-Oligo was
considerably lower with a moderate 39%. The EEs of R848 were in single-loaded and dual-

loaded NCs comparable, while EE of MDP significantly decreased by 40%.

Table 12. Analytical data of ovalbumin nanocarriers loaded with Cy5-Oligo and variations of adjuvants R848 and
MDP.

) dn (CH) dh(H20) ¢ EEcys EEAdi.
No. Adjuvants PDI PDI
/nm /nm / mV ! % | %
1 - 333 0.12 382 054 -32 76 -
2 R848 385 0.16 211 0.18 -40 79 48
3 MDP 312 0.15 325 0.60 -38 39 73
4  R848/MDP 295 0.13 216 023 -38 87 57/33

The resulting adjuvant-loaded OVA-NCs demonstrated a prominent core-shell morphology
comparable to each other according to scanning electron micrographs of NCs in cyclohexane
(Figure 53).
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Figure 53. Scanning electron micrographs of ovalbumin nanocarriers crosslinked with hexanediol dipropiolate
loaded with A) Cy5-Oligo B) Cy5-0ligo+R848 C) Cy5 Oligo+MDP D) Cy5-0ligo+R848/MDP; in cyclohexane,
scale bar 0.5 pm.

In vitro experiments on BMDCs and splenocytes were performed with the prepared adjuvant-
loaded OVA-NCs to investigate their stimulative properties. Special focus was on the
achievement of a synergistic stimulation effect of the dual-loaded OVA-NCs with R848 and
MDP.

a) Stimulation of BMDCs by R848 and MDP-Loaded OVA-NCs

BMDCs were treated with the adjuvant-loaded OVA-NCs to investigate their stimulative
properties and induction of costimulatory marker molecules. Empty OVA-NCs acted as a
negative and lipopolysaccharide (LPS) as a positive control. The OVA-NCs demonstrated a
dose-dependent uptake into BMDCs with no significant differences between the OVA-NCs
variants (Figure 54A). Antigen-presenting MHC-I1 molecules were expressed on the surface of
BMDCs in adjuvant-loaded as well as empty OVA-NCs (Figure 54B). As expected, the antigen-
NCs were internalized and degraded by BMDCs and the antigen-peptides presented on the
extracellular MHC receptors. Using OVA as a shell material and antigen all in one allowed an
effective uptake and antigen-delivery to BMDCs. The adjuvant-loaded OVA-NCs triggered a
dose-dependent expression of costimulatory molecules CD80 and CD86, measured by flow
cytometry (Figure 54C and D). OVA-blank-NCs showed, as expected, no significant
stimulatory effect on BMDCs. OVA-MDP-NCs induced an expression of CD80 and CD86 only
for the highest concentration of 100 pg/mL, while expression of markers was already

significant for 10 ug/mL OVA-R848-NCs and OVA-R848/MDP-NCs, respectively. In case of
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CD86 expression, dual-loaded OVA-NCs demonstrated the highest marker expression,
indicating an additive stimulation effect when combining R848 and MDP. An additive effect
could not be observed for expression of CD80. The stimulatory effect of OVA-R848-NCs and
OVA-R848/MDP-NCs was similar or even higher than that of LPS.
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Figure 54. A) Cell binding/uptake into BMDC of Cy5-oligo-loaded ovalbumin nanocarriers (OVA-NCs)
measured by flow cytometry. B-D) Upregulation of DC receptor MHC-I1 and maturation markers CD80 and CD86
after stimulation with OVA-NCs loaded with R848 and MDP, respectively and in combination. BMDCs (2 x 10°
cells/mL) were incubated with differently loaded OVA-NCs formulations (1-100 pug/mL) or LPS (100 ng/mL) as
a positive control for 24 h. Surface expression of CD80 and CD86 of NC-treated BMDCs was measured by flow
cytometry. Data from Jenny Schunke.

The secretion of cytokines plays an important part in the signaling interplay of DC-mediated T
cell activation.?!” The cytokine pattern allows an assumption about the effect and character of
stimulation (pro- or anti-inflammatory) induced by the adjuvants as well as the type of T cell
polarization associated to the stimulatory pattern. As different adjuvants bind to different PRRs
and induce different signaling pathways, they can as well influence the secretion of different
cytokines. Different combinations of adjuvants can trigger cytokine secretion in a synergistic
manner. Therefore, the cytokine pattern in the supernatant of OVA-NCs treated BMDCs were
analyzed by cytometric bead array and concentration of pro-inflammatory cytokines TNFa,
IL-12 and IL-6 determined (Figure 55). The secretion of anti-inflammatory cytokines such as
IL-10 induced by adjuvant-loaded OVA-NCs was consistently low comparable to cytokine

concentration of the untreated samples. Empty OVA-NCs and MDP-loaded OVA-NCs
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triggered no significant amount of cytokine secretion in BMDCs. The pro-inflammatory
cytokines were secreted with highest concentration when treated by OVA-R848-NCs and
OVA-R848/MDP-NCs. Dual-loaded NCs demonstrated the highest cytokine secretion already
at 10 pg/mL NCs-concentration, indicating a synergistic stimulation of the adjuvant

combination, although MDP alone did not induce significant cytokine secretion.
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Figure 55. Cytokine secretion triggered by adjuvant-loaded ovalbumin nanocarriers. Cytokine contents in
supernatants of BMDCs (1 x 106 cells/ml) treated with different concentrations of OVA-NCs for 24 h were
analyzed by CBA. LPS treated BMDCs were used as positive control. Data from Jenny Schunke.

Adjuvant-loaded OVA-NCs demonstrated the induction of all three processes, important for
DC-mediated T cell stimulation. First, the nanocarriers composed of the model-antigen OVA
lead to a successful internalization and antigen-presentation on MHC-II receptors of BMDCs.
Secondly, the adjuvants were successfully delivered into the BMDCs by OVA-NCs. There the
adjuvants bonded to intracellular PRRs, triggering the expression of costimulatory marker
molecules. Thirdly, adjuvant-loaded OVA-NCs stimulated BMDCs to secrete different pro-
inflammatory cytokines in high concentrations. With all three pathways proceeded with
adjuvant-loaded OVA-NCs, they could be used to trigger a DC-mediated T cell proliferation as
an antigen-directed immune response. Here, the OVA-NCs acted as an antigen source to
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activate proliferation of OVA-peptide-specific transgenic OT-1 (CD8") and OT-Il (CD4") T
cells. OT-1 T cells recognize OVA-presenting MHC-I and OT-Il T cells recognize OVA-
presenting MHC-II receptors. The T cell populations give an indication about the efficiency of
antigen-presentation. BMDCs were treated with OVA-NCs and afterwards pre-treated BMDCs
were co-cultured with OT-1and OT-11 T cells in different ratios (Figure 56). The DC-mediated
T cell proliferation was quantified by the incorporation of radioactive nucleoside, 3H-
thymidine, into new strands of DNA during proliferation. Independent of the DC-concentration,
untreated and LPS-treated BMDCs did not mediate a T cell proliferation. BMDCs treated with
an OVA solution resulted in a proliferation of OT-I but not of OT-1I T cells. Empty OVA-NCs
induced a higher OT-I and OT-I1I proliferation than MDP-loaded OVA-NCs. OVA-MDP-NCs
led to significant OT-I proliferation, but OT-II proliferation only at the highest DC:TC ratio of
1:5. The highest proliferation rate for OT-1 and OT-Il was obtained for OVA-R848-NCs and
OVA-R848/MDP-NCs as expected from the results of marker expression and cytokine
secretion. Here, the dual-loaded OVA-NCs demonstrated a slightly higher proliferation of T
cells than OVA-R848-NCs. OT-I T cell proliferation was higher than OT-11 T cell proliferation,
especially significant for lower concentration of pre-treated BMDCs in the co-culture with T
cells. The higher proliferation of OT-I (CD8) indicated that adjuvant-loaded OVA-NCs would
direct a more prominent differentiation of T cells to Tc1 killer cells than to CD4" promoted Th

differentiation.
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Figure 56. Dendritic cell mediated T cell proliferation upon treatment with adjuvant-loaded ovalbumin
nanocarriers. LPS as control. BMDCs (1 x 106 cells/ml) were incubated with OVA-NCs for 24 h. Aliquots were
co-treated with LPS. Titrated numbers of pre-treated BMDCs (starting with 105 cells) were co-cultured with OVA
peptide-specific OT-I (CD8+) and OT-1l (CD4+) T cells (each 5 x 105 cells) in triplicates in 96 well plates. T cell
proliferation was measured in counts per minute (cpm) by 3H-thymidine incorporation, applied after three days of
BMDCI/T cell co-culture for 16 h (mean + SD; n = 3). Data from Jenny Schunke.

Encapsulation of adjuvants into OVA-NCs enabled a successful DC-directed T cell stimulation.

Dual-loaded OVA-NCs with a combination of R848 and MDP demonstrated the highest
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expression of marker molecules and cytokines, leading to the highest proliferation rate of OT-I
and OT-I1 T cells in BMDCs-directed proliferation. The developed dual-loaded OVA-NCs are
a promising nanovaccine formulation for the tumor treatment of in vivo mice models. Although
BMDCs are excellent cell models to study in vitro stimulation, in in vivo a mixture of cells are
present in immune cell-regulating organs such as the spleen, which can change the interaction
of adjuvant-loaded OVA-NCs with the cells and lead to different stimulation patterns.
Therefore, the stimulative properties of adjuvant-loaded OVA-NCs were investigated in

splenocytes, mononuclear cells from the spleen.
b) Stimulation of Splenocytes by R848 and MDP-Loaded OVA-NCs

The spleen is an important lymphoid organ with a rich and complex cell composition including
dendritic cells, macrophages as well as T- and B-lymphocytes.??® Splenocytes are ideal test
populations to investigate the interaction of OVA-NCs with immune cells in a more realistic
setup. OVA-NCs showed a concentration-dependent uptake into splenocytes, measured by the
fluorescent Cyb-signal from the encapsulated dye (Figure 57A). No significant differences in
uptake was observed for OVA-NCs with different loading. The expression of marker molecules
on splenocytes treated with adjuvant-loaded OVA-NCs was analyzed with flow cytometry.
MHC-II expression on splenocytes was not significantly increased upon OVA-NCs treatment
in comparison to high MHC-II expression in BMDCs (Figure 57B). OVA-R848-NCs and
OVA-R848/MDP-NCs obtained the highest expression of CD80 (Figure 57C). MDP-loaded
OVA-NCs induced a high CD80 expression at a high dosage of 100 pg/mL, while empty OVA-
NCs did not induce marker expression at all. For expression of CD86, no significant expression
was observed for empty and single-loaded OVA-NCs. Only a combination of R848 and MDP
in OVA-NCs yielded an increased CD86 expression, indicating an enhanced expression due to

synergistic effects of the adjuvant combination (Figure 57D).
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Figure 57. A) Cell binding/uptake into splenocytes of Cy5-oligo-loaded ovalbumin nanocarriers (OVA-NCs)
measured by flow cytometry. B-D) Upregulation of receptor MHC-11 and maturation markers CD80 and CD86
after stimulation with OVA-NCs loaded with R848 and MDP, respectively and in combination. Splenocytes were
incubated with differently loaded OVA-NCs formulations (1-100 pg/mL) or LPS (100 ng/mL) as a positive control
for 24 h. Surface expression of CD80 and CD86 of NC-treated Splenocytes was measured by flow cytometry. Data
from Jenny Schunke.

>

@
1=}

Cy5 % [of CD11c"]
(-]
o

]
MHCII MFI [CD11c™]

)
1=}

O

-
=
3
S

3
=3
=3

CD80 MFI [CD11c"]
CD86 MFI[CD11c*]
-4
s
]

]

|.H

'y
S
S

[N}
k=]
=}

untreated
LPS

untreated
LPS

The effect of adjuvant-loaded OVA-NCs on the cytokine excretion in splenocytes were
investigated by cytometric bead array. Similar to the cytokine pattern in NCs-treated BMDCs,
mainly pro-inflammatory cytokines, especially TNFo, IL-12 and IL-6 were found in the
supernatant of NCs-treated splenocytes (Figure 58). As a control, no cytokine secretion was
observed for untreated and LPS-treated splenocytes. The cytokine secretion induced by OVA-
blank-NCs and OVA-MDP-NCs were consistently low, comparable with the results in BMDCs.
Single-loaded OVA-NCs with R848 showed a concentration-dependent expression of pro-
inflammatory cytokines, however considerably lower (500 pg/mL) than in BMDCs
(10.000 pg/mL). The synergistic effect of the adjuvant combination on the cytokine secretion
was much more prominent in splenocytes than BMDCs as the cytokine concentration for all
three increased by more than double with OVA-R848/MDP-NCs.
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Figure 58. Cytokine secretion triggered by adjuvant-loaded ovalbumin nanocarriers. Cytokine contents in
supernatants of splenocytes treated with different concentrations of OVA-NCs for 24 h were analyzed by CBA.
LPS treated splenocytes were used as positive control. Data from Jenny Schunke.

ug/mL

untreated
LPS

Although, the stimulative response of splenocytes by OVA-NCs were not as high as in BMDCs,
an effect of adjuvant-loaded OVA-NCs compared to untreated, LPS-treated and OVA-blank-
NCs treated cells was still significant. Additionally, the highest expression of surface marker
molecules and even more significant cytokine expression was obtained for dual-loaded OVA-
NCs, underlining the superiority of an adjuvant combination compared to single-loaded NCs.
Therefore, dual-loaded OVA-NCs with a combination of TLR-ligand R848 and NOD-ligand
MDP offer great potential as a nanovaccine for the treatment of tumors in in vivo models. Since
a multicomponent encapsulation of adjuvants achieved an enhanced immune response in DC-
mediated T cell stimulation, an addition of another adjuvant should reach an even higher
stimulation. Therefore, three different adjuvants were encapsulated into OVA-NCs and there

stimulative properties investigated compared to dual-loaded OVA-NCs.
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111. B2.3. R848, MDP and Poly(l:C) —Loaded OVA Nanocarriers

Dual-loaded OVA-NCs with a combination of R848 and MDP increased the immune response
in DC-mediated T cell activation. An even higher stimulation of DCs could be achieved with
addition of another adjuvant. As described in chapter A, a triple combination of R848, MDP
and Poly(1:C) was encapsulated into HSA-HDDP-NCs and an additive effect of adjuvants on
the expression of marker molecules in BMDCs could be obtained. Polyinosinic-polycytidylic
acid (Poly(l:C)) is a double-stranded RNA analog which binds to endosomal TLR 3
receptors.’” In addition to TLR7/8 ligation by R848 and NOD2 binding by MDP, Poly(I:C)
could enhance a synergistic stimulation by higher cross-talk between PRRs. According to the
protocol established for multicomponent encapsulation into HSA-NCs, the triple combination
of R848, MDP and Poly(l:C) along with fluorescent dye Cy5-Oligo was encapsulated into
OVA-NCs during the interfacial crosslinking of OVA-Nz with HDDP in inverse miniemulsion
(Scheme 12).
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Scheme 12. Multicomponent encapsulation of Cy5-Oligo, Resiquimod (R848), muramyl dipeptide (MDP) and
polyinosinic-polycytidylic acid (Poly(I:C)) into ovalbumin nanocarriers crosslinked with hexanediol dipropiolate
in inverse miniemulsion. Protein structure was  obtained from DrugBank  online
(https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted.

The OVA-NCs loaded with the different adjuvants and their combinations achieved stable NCs
with a prominent core-shell morphology as observed in SEM (Figure 59). The adjuvant-loaded
OVA-NCs showed a similar hydrodynamic radius of around 300 nm with a PDI of 0.1 in
cyclohexane to empty NCs and previous HSA-NCs (Table 13). After transfer into water, the
size of the Poly(l:C)-loaded NCs, in single and triple combination, decreased significantly to
under 100 nm. The encapsulation efficiency of Poly(l:C) was considerably low, for the triple
combination even under 10%. The EEs for R848 and MDP decreased significantly as well in
the triple-loaded OVA-NCs, indicating that the high concentration of cargo molecules resulted
in high osmotic pressure in the droplets and lower encapsulation efficiencies, especially of high

molecular weight Poly(l:C). The EE of Cy5-Oligo was comparable for all OVA-NCs.
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Figure 59. Scanning electron micrographs of ovalbumin nanocarriers loaded with A) Cy5-Oligo, B) Cy5-
Oligo+R848, C) Cy5-Oligo+MDP, D) Cy5-Oligo+Poly(l:C), E) Cy5-Oligo+R848+MDP, F) Cy5-
Oligo+R848+MDP+Poly(l:C), in cyclohexane. Scale bar: 0.5 pm.

Table 13. Analytical data of ovalbumin nanocarriers loaded with Cy5-Oligo and variations of adjuvants R848,
MDP and Poly(l:C).

No. Adjuvants dh (CH) oD dh(H20) oD EEcys EEAdi.

/ nm /nm | % /%

1 - 333 0.12 382 0.54 76 -

2 R848 385 0.16 211 0.18 79 48

3 MDP 312 0.15 325 0.60 39 73

4 Poly(I:C) 294 0.11 95 0.41 63 12

5 R848/MDP 295 0.13 216 0.23 87 57/33

6 R848/MDP/Poly(l:C) 283 0.11 100 0.30 74 16/20/9

BMDCs treated with adjuvant-loaded OVA-NCs internalized the NCs concentration-
dependent, measured by the Cy5-Oligo fluorescence in flow cytometry (Figure 60A). The
measurement of MHC-I1 expression on the BMDCs after treatment with adjuvant-loaded OV A-
NCs revealed synergistic influences (Figure 60B). The dual- and triple-loaded OVA-NCs
achieved the highest MHC-I1 expression, already at a medium concentration of 10 pg/mL,

compared to single-loaded NCs. There was no significant difference in MHC-I1 expression
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between the dual and triple combination, as both were considerably high. Similar to untreated
samples, OVA-MDP-NCs however showed no MHC-II expression, independent of NCs-
concentration. Since uptake measurements revealed a high uptake of OVA-MDP-NCs and thus
an effect of NCs should be possible, MDP alone did not induce antigen-presentation by MHC-
Il at all. In combination with R848, there seemed to be a synergistic stimulation as OVA-
R848/MDP-NCs triggered higher expression of MHC-I1 compared to OVA-R848-NCs. The
triple-loaded OVA-NCs lead to the highest CD80 expression compared to single and dual
combination (Figure 60C). The synergistic effect of the triple combination was even more
significant for CD86-expression. Here, the combination of R848, MDP and Poly(l:C) in the
OVA-NCs lead to the highest upregulation of CD86, followed by the double combination and
R848-loaded OVA-NCs as expected (Figure 60D). MDP-loaded OVA-NCs again did not
induce a strong expression of marker molecules. The effect of MDP was only visible in
combination with the other adjuvants, where the combination achieved a synergistic effect

compared to single-loaded NCs.
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Figure 60. A) Cell binding/uptake into BMDC of Cy5-oligo-loaded ovalbumin nanocarriers (OVA-NCs)
measured by flow cytometry. B-D) Upregulation of DC receptor MHC-I1 and maturation markers CD80 and CD86
after stimulation with OVA-NCs loaded with R848, MDP, Poly(l:C), respectively and in combinations. BMDCs
(2 x 10° cells/mL) were incubated with differently loaded OVA-NCs formulations (1-100 pg/mL) or LPS (100
ng/mL) as a positive control for 24 h. Surface expression of CD80 and CD86 of NC-treated BMDCs was measured
by flow cytometry. Data from Jenny Schunke.
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Since a stimulation of BMDCs by OVA-NCs loaded with MDP alone was not significant and
could only be seen in combination with other adjuvants, a different adjuvant was tested, that
could achieve a higher stimulation alone and even higher synergistic effect in combination.

I11. B2.4. R848 and DiABZI — Loaded OVA Nanocarriers

The encapsulation of adjuvants into OVA-NCs were successfully performed with R848, MDP
and Poly(l:C) in single and combination. A synergistic stimulation of DCs could be achieved
by combining adjuvants, which target different receptors. However, the NOD2 ligand MDP
gave no significant stimulation of BMDCs alone, only in combination with R848, an effect
could be observed compared to single-loaded OVA-R848-NCs. Therefore, another possibly
more potent second adjuvant was chosen to achieve a higher superadditive effect on the immune
stimulation. The diamidobenzimidazole compound (diABZI) is a potent non-nucleotide STING
agonist, which induces interferon type 1 (IFN) expression as well as the secretion of cytotoxins
IL-6 and TNF.23% 21 |n comparison to R848 and MDP, diABZI also triggers the secretion of
INF cytokines, which are important for the maturation of immune cells. Therefore, an addition
of diABZI to the adjuvant combination could increase the synergistic effect in DC-mediated
T cell-stimulation with a tremendous potential to improve treatment of tumor cells. With the
encapsulation of this compound into protein nanocarriers, further improvement on the immune
activating performance of adjuvant-loaded OVA-NCs could be achieved. OVA-NCs loaded
with diABZI were prepared similar to R848, as diABZI is only soluble in DMSO (Scheme 13).
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Scheme 13. Multicomponent encapsulation of Cy5-Oligo and diABZI STING agonist 3 into ovalbumin
nanocarriers crosslinked with hexanediol dipropiolate in inverse miniemulsion. Protein structure was obtained
from DrugBank online (https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted.

The STING agonist diABZI was soluble in DMSO in high concentration (100 mg/mL) and only
small amounts of DMSO (16%) were needed, which should not influence the formation of
protein nanocarriers in inverse miniemulsion. For optimizing the amount of diBAZI to achieve

a high marker molecule upregulation and cytokine secretion, two amounts (0.8 mg and 0.08 mg)
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were encapsulated into OVA-HDDP-NCs. The quantification of encapsulated diABZI into
OVA-NCs could be performed with a standard calibration by fluorescence (Figure 61).
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Figure 61. Standard calibration curve of diABZI in DMSO by fluorescence at 260/400 nm.

The ovalbumin solution maintained stable upon addition of diABZI, dissolved in DMSO, and
stable OVA-NCs could be prepared with presence of diABZI. Scanning electron microscopy
of the OVA-diABZI-NCs in cyclohexane revealed successful formation of nanocarriers with a
prominent core-shell morphology (Figure 62). Compared to the NCs with less diABZI, OVA-
NCs loaded with 0.8 mg diABZI showed a softer shell morphology due to the influence of more
DMSO on the protein’s structure. In DLS measurements in cyclohexane similar values were
obtained for OVA-diABZI-NCs compared to previous OVA-R848-NCs, formed as well with
DMSO (16 vol.-%) (Table 14). The hydrodynamic diameter after transfer into water was with
500-600 nm double the size and broad PDI compared to OVA-R848-NCs, indicating bigger
nanocarriers or partly aggregated NCs due to change in the protein structure by DMSO. The
encapsulation efficiency of Cy5-Oligo measured with fluorescence was as high as 70%.
According to the quantified amount of diABZI in the NCs, over 90% diABZI was encapsulated
into the OVA-NC:s in both cases.

Figure 62. Scanning electron micrograph of ovalbumin nanocarriers loaded with A) Cy5-Oligo, 0.08 mg diABZI
B) Cy5-0ligo, 0.8 mg diABZI; in cyclohexane. Scale bar: 0.2 um.
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Table 14. Analytical data of ovalbumin nanocarriers loaded with Cy5-Oligo and diABZI.
m dn (CH) dn(H20) ¢ EEcys EEAdi.
(diABZI) / nm Pb! /nm i / mV | % | %
1 0.08 mg 375 0.21 654 0.97 -37 73 95
2 0.8 mg 311 0.16 523 0.67 -44 74 90

In vitro experiments on BMDCs were performed with diABZI-loaded OVA-NCs. The
expression of CD86 and CD80 markers in BMDCs upon treatment with OVA-diABZI-NCs
showed the highest stimulation with the higher amount of encapsulated agonist, while no
stimulation was observed for empty OVA-NCs (Figure 63). For lower concentration of OVA-
diABZI-NCs the upregulation of CD80 and CD86 was lower compared to BMDCs treated with
a solution of diABZI. It has to be noted, that the added mass was of NCs not diABZI, therefore
the concentration of diABZI in OVA-NCs was significantly lower compared to solution of
diABZI. The amount of diABZI in the NCs was 16 pug/mg NCs, therefore the amount of diABZI
in solution was around 60 times higher than encapsulated diABZI, resulting in a lower
stimulation. Therefore, the stimulation of diABZI-loaded OVA-NCs would be significantly
higher than unencapsulated diABZI. The applied amount of diABZI was optimal to achieve an

increased stimulation of BMDCs compared to untreated or empty OVA-NCs.

BMDCs
5000
22500 4
A |cDso B CD86
20000 4 . e AR S
.. e L ]
4000 L A e .
- . 4 175004 ® L L4
N . 5
2 F 2 15000 ® @ untreated
o 3000 . a & LPS
o O, 12500 ® - diABZ|
£ £ o000 ¢ @ OVANG
S 2000 - © T . OVA-diABZl,,-NC
8 . § 7500 4 ° * OVA-dIABZImgn-NC
- ° Fr— S
1000 4 . S e 0 ® 5000 4
2500 4
T T T T T 0 T T T T T
0.001 0.01 04 1 10 100 0.001 0.01 0.4 1 10 100
mass / ugmL-! mass / pgmL™

Figure 63. Expression of CD86 and CD80 markers on BMDCs (right) upon treatment with diABZI or OVA
nanocarriers loaded with 0.08 mg diABZI (low) and 0.8 mg diABZI (high). LPS as control. Data from Dr. Michael
Fichter.

An increased cytokine secretion was achieved for the diABZI-loaded OVA-NCs. The cytokine
measurements revealed a high amount of INF a and f§ in the supernatant of BMDCs treated
with OVA-diABZI-NCs compared to OVA-blank. High secretion of TNF-oa and IL-6 was
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observed as well, even concentration-dependent and significantly higher than soluble diABZI
(Figure 64).
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Figure 64. Expression of cytokines in BMDCs upon treatment with diABZI or OVA nanocarriers loaded with
0.08 mg diABZI (low) and 0.8 mg diABZI (high). LPS as control. Data from Dr. Michael Fichter.

An increased immune response could be obtained in BMDCs treated with OVA-diABZI-NCs,
leading to higher expression of marker molecules CD80 and CD86 and high secretion of pro-
inflammatory cytokines. In comparison to MDP, diABZI alone could achieve a significant
stimulation of BMDCs. Additionally, diABZI-loaded NCs triggered the secretion of INF
cytokines, which are not induced by adjuvants R848 or MDP. Therefore, a combination of
TLR7/8 ligand R848 with STING-agonist diABZI could give an improved adjuvant
combination, resulting in a high superadditive effect in DC-mediated T cell stimulation. As a
possible third component Poly(l:C) proved to effectively stimulate BMDCs for higher marker
upregulation. However, Poly(l:C) as a double-strand RNA mimic is a high molecular weight
molecule and its release into the cell is dependent on the degradability of the nanocarrier. As

discussed in chapter A, the degradability of protein nanocarriers crosslinked by azide-alkyne
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click chemistry was also influenced by the crosslinking degree. Therefore, the influence of the
crosslinking degree of PNCs on the stimulative property of adjuvant-loaded OVA-NCs was

investigated.
I11. B2.5. Influence of Crosslinking Degree of OVA-NCs on DC Stimulation

The crosslinking degree influences the degradation of the protein nanocarriers. With lower
crosslinking degree, the crosslinked protein shell is higher hydrated and is more accessible to
proteases and is degraded faster. A higher degradation rate would lead to more effective release,
especially of large cargo molecules such as double-strand RNA mimic Poly(l:C). With a faster
and complete degradation of nanocarriers a higher stimulation of dendritic cells by adjuvants
could be achieved and a high synergistic effect could be obtained by more simultaneous release
of low and high molecular weight adjuvants. OVA-NCs were crosslinked with either 20 eq. or
2 eq. dialkyne crosslinker HDDP in the interfacial azide-alkyne crosslinking. During the
formation of OVA-NCs low (R848), medium (R848-PEG-10kDa) and high molecular weight
(Poly(l:C)) adjuvants were encapsulated, respectively and in combination, to study the effect
of the crosslinking degree on intercellular degradation, measured by the resulting stimulation
of BMDCs.

The DLS of OVA-NCs crosslinked with different amount of HDDP showed no significant
difference in hydrodynamic diameter, measured in cyclohexane (Figure 65A, Table 15). After
transfer into water the NCs crosslinked with 2 eq. HDDP revealed a decreased size to under
100 nm and broadening of size distribution, indicating protein parts that were not sufficiently
crosslinked and disassembled after transfer into water. The decreased size in water was
observed for all OVA-NCs independent of loading. The lower degree of crosslinking was also
demonstrated in SEM as rather soft nanocarriers with thin shells were obtained for NCs
crosslinked with 2 eq. HDDP (Figure 65B). Increasing the amount of crosslinker by 10-fold led
to OVA-NCs with a more prominent shell, resulting in minimal change in NCs size after the

transfer in water due to sufficient crosslinking (Figure 65A+C).
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Figure 65. A) DLS of ovalbumin nanocarriers crosslinked with 2 eq. or 20 eq. of HDDP in cyclohexane (red) and
water (blue); scanning electron micrograph of OVA-NCs crosslinked with A) 20 eq. HDDP and B) 2 eq. HDDP
in cyclohexane.

The encapsulation efficiencies of Cy5-Oligo were double as high for OVA-NCs crosslinked
with 20 eq. HDDP compared to 2 eq. HDDP (Table 15). The crosslinking degree influenced
the encapsulation efficiency of the adjuvants as well, where in most cases lower EEs were
obtained for OVA-NCs crosslinked with 2 eq. HDDP. Especially the EE of hydrophilic small
molecule MDP decreased significantly with reduced amount of crosslinker due to a more
permeable shell and thus higher diffusion of MDP out of the OVA-NCs in water.

Table 15. Analytical data of ovalbumin nanocarriers loaded with Cy5-oligo and adjuvants R848, R848-PEG-1
kDa and a combination of R848+MDP+Poly(l:C) crosslinked with 2 eq. or 20 eq. of HDDP.

eq. ) dn (CH) dn(H20) EEcys EEAd
No. Adjuvants PDI PDI
HDDP /nm / nm | % ! %
1 2 - 316 0.14 91 0.44 21 -
2 2 R848 297 0.11 89 0.50 17 34
3 2 R848-PEG-1kDa 277 0.12 100 0.54 20 3
34/9/1
4 2 R848/MDP/Poly(l:C) 287 0.13 85 0.47 19 L
5 20 - 303 0.09 340 0.23 46 -
6 20 R848 301 0.10 203 0.31 45 19
7 20 R848-PEG-1kDa 305 0.14 251 0.28 40 39
16/20/
8 20 R848/MDP/Poly(l:C) 297 0.10 243 0.24 45 9

To investigate the influence of crosslinking degree and release rate of adjuvants from OVA-
NCs on the immune stimulation, BMDCs were treated with adjuvant-loaded OVA-NCs

crosslinked with either 2 eq. or 20 eq. HDDP. All NCs were internalized successfully by
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BMDCs, demonstrated by the prominent Cy5 fluorescence in the cells (Figure 66A). The OVA-
NCs induced a high expression of MHC-I1 receptors independent from crosslinking degree and
loading (Figure 66B). The expression of CD80 and CD86 marker revealed that OVA-NCs
loaded with R848, MDP and Poly(l:C) lead to a stronger stimulation compared to single-loaded
NCs (Figure 66C+D). Additionally, OVA-NCs crosslinked with 2 eq. HDDP demonstrated a
higher stimulation compared to 20 eq. crosslinker, which was especially significant for the
OVA-R848-PEG 10kDa-NCs and triple-loaded OVA-NCs, where a higher expression was

already achieved with a lower concentration of NCs (10 pg/mL).
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Figure 66. A) Cell binding/uptake into BMDC of Cy5-oligo-loaded ovalbumin nanocarriers (OVA-NCs)
measured by flow cytometry. B-D) Upregulation of DC receptor MHC-11 and maturation markers CD80 and CD86
after stimulation with adjuvant-loaded OVA-NCs crosslinked with either 2 or 20 eq. HDDP. BMDCs (2 x 10°
cells/mL) were incubated with differently loaded OVA-NCs formulations (1-100 pug/mL) or LPS (100 ng/mL) as
a positive control for 24 h. Surface expression of CD80 and CD86 of NCs-treated BMDCs was measured by flow
cytometry. Data from Jenny Schunke.

The higher marker expression for OVA-NCs crosslinked with lower amount of HDDP indicated
a faster and higher enzymatic degradation of OVA-NCs in the BMDCs. A faster and higher
degree of degradation allowed a more simultaneous release of all adjuvants, promoting a

synergistic stimulation of BMDCs.
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I11. B4. In Vivo Tumor Treatment with Adjuvant-Loaded OVA-NCs

The DC-mediated T cell stimulation is an important pathway to treat tumor cells.?*?> For a
successful activation of the immune cells against tumor cells three processes have to occur. For
one, the DCs presents the tumor-specific antigen on the MHC receptor to the T cells for
recognition. Second, the adjuvants trigger an antigen-independent expression of costimulatory
marker molecules such as CD80 and CD86 that are recognized by CD28 and CTLA-4 receptors
of the T cell. Lastly, the adjuvants induce the secretion of cytokines from the DCs that enhance
the stimulation of T cells. If all three processes proceed successfully, the T cells are activated
against antigen-specific tumor cells and proliferate to attack. To enhance the vaccination effect,
the vaccine components antigen and adjuvants were formulated into adjuvant-loaded OVA-
NCs, which enables a simultaneous delivery of antigen and multiple adjuvants to DCs. In in
vitro experiments with BMDCs as well as splenocytes, adjuvant-loaded OVA-NCs
demonstrated high immune stimulating properties, expressed in the upregulation of MHC-II,
CD80 and CD86 receptors as well as secretion of cytokines. A combination of R848 and MDP
loaded into OVA-NCs obtained high stimulation of DCs through a synergistic effect of the
TLR7/8 and NOD?2 ligand. The stimulation of DCs and antigen-presentation by adjuvant-
loaded OVA-NCs resulted in activation and proliferation of OT-1and OT-11 T cells, indicating
a high immune stimulating property of the developed nanovaccine. The vaccination ability of
dual-loaded OVA-NCs with a combination of R848 and MDP was investigated in an in vivo
model with tumor-bearing mice. A high immune stimulating property of the adjuvant-loaded
OVA-NCs should lead to a DC-mediated T cell stimulation and attack of the tumor cells. For
the in vivo setup, mice were inoculated with OV A-specific B16 melanoma cells (B16/OVA-
Luc cells) in the right flank to promote tumor growth (Figure 64). When the tumor reached a
significant size of 25-50 mm?3, the mice were treated every seven days with different vaccine
formulations, including the adjuvant-loaded OVA-NCs. The tumor growth and probability of
survival gave an indication over the effectivity of the tumor treatment with the different vaccine
formulations. Mice with a tumor size over 800 mm? were eliminated from the test. If the vaccine
treatment is successful and T cells are sufficiently activated to recognize ovalbumin as the
antigen on the melanoma cells, the tumor cells should be attacked resulting in decrease of tumor

size and higher probability of survival of the mice.

109



I11. Results and Discussion

Chapter B
T Y 7 N\ LY
3 2l » 3y 2l » E E gy 2= g
20
— } >
Tumor growth days after cell
E e injection
~ f" - ~ goomm: 4T | ™
|
If Ii
i |
/ |
/ / /
Injection of Injection of Treatment with NCs Tumor-free mice
B16/0VA-Luc cells adjuvant-loaded OVA-NCs every 7 days

Figure 67. In vivo tumor treatment of tumor-bearing mice with adjuvant-loaded ovalbumin nanocarriers. Figure
created with BioRender.com by Natkritta Hiippe.

OVA-NCs containing R848 and MDP, respectively and in combination, were prepared
following the developed procedure in inverse miniemulsion. Empty OVA-NCs was prepared
as a control sample. The scanning electron micrographs of the OVA-NCs in cyclohexane
revealed successful preparation of NCs with a prominent core-shell morphology (Figure 68).
The sizes of the nanocarriers measured by DLS gave a size of around 300 nm in cyclohexane
(Table 16). After transfer into water, the OVA-NCs remained in size, besides the ones loaded
with R848, where DMSO in the disperse phase, influenced the protein structure during the shell
formation leading to a decreased size of R848-containing OVA-NCs. The encapsulation
efficiency of R848 as well as MDP did not change in the single- or dual-loaded OVA-NCs.

Figure 68. Scanning electron micrographs of ovalbumin nanocarriers loaded with A) no cargo, B) R848, C) MDP
and D) R848+MDP; in cyclohexane. Scale bar: 0.2 um.
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Table 16. Analytical data of ovalbumin nanocarriers loaded with adjuvants R848 and MDP, respectively and in
combination.
No. Adjuvants dn(CH)/nm PDI dn(H20)/nm PDI EErsis/% EEwmpr/ %
1 - 332 0.14 382 0.54 - -
2 R848 385 0.16 211 0.18 61 -
3 MDP 312 0.15 325 0.60 - 55
5 R848/MDP 295 0.13 216 0.23 61 42

Tumor-bearing mice were treated with adjuvant-loaded OVA-NCs with R848 and MDP,

respectively and in combination. As a comparison, OVA-NCs and OVA solutions containing

unencapsulated adjuvants were applied as vaccine formulations as well. PBS, OVA and OVA-

NCs without adjuvants acted as control samples. The measurement of tumor size after the

inoculation of B16/OVA-Luc cells revealed a decreased tumor growth for the vaccine
formulation with a combination of R848 and MDP (Figure 69).
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Figure 69. Tumor growth on mice treated with different formulations of antigen ovalbumin and adjuvants R848

and MDP

as solutions or nanocarriers.

(https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted. Data from Jenny Schunke.
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The treatment efficacy of single-loaded OVA-NCs with MDP was comparable to a soluble
formulation with OVA, R848 and MDP, demonstrating that already one adjuvant encapsulated
into nanocarriers stimulated the immune more efficiently. Moreover, low synergistic effect of
R848 and MDP was obtained when administered in soluble form and the tumor growth
consistently with the soluble formulation. OVA-NCs with unencapsulated MDP did not achieve
a tumor reduction at all and the tumor growth was comparable to mice treated with PBS. Mice
treated with the PBS control had a probability of survival until day 19 and for OVA-NCs+MDP
until day 21 where even the third treatment on day 20 had already no effect on the survival
anymore (Figure 70). The treatment efficacy of OVA-R848-NCs was similar to OVA-NCs with
unencapsulated R848 and MDP, underlining the necessity of encapsulation to achieve high
concentrations of adjuvants for high stimulation and a synergistic effect. Nevertheless, the
OVA-NCs with unencapsulated R848 and MDP delayed a significant tumor growth for over 30
days. In one mouse, tumor growth increased significantly when the treatment was stopped after
the third injection on day 20, indicating a sufficient immune stimulation during treatment but
no long lasting effect. The dual-loaded OVA-NCs achieved the highest effect on immune cell
stimulation indicated by the slowest tumor growth. Especially compared to the soluble
formulation of OVA+R848/MDP, an encapsulation of adjuvants into nanocarriers decreased
the tumor size by half at 16 days after tumor cell injection. Moreover, during the treatment
minimal tumor growth was observed for 50% of mice treated with OVA-R848/MDP-NCs and
the mice survived up to 30 days. One mouse treated with the dual-loaded OVA-NCs did not
grow a significant tumor and stayed tumor-free even after the last NCs injection on day 20,

resulting in a long survival of the mouse through the complete test phase of 90 days.
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Figure 70. Probability of survival of mice injected with tumor cells and treated with different formulations of
antigen ovalbumin and adjuvants R848 and MDP as solutions or nanocarriers. Data by Jenny Schunke.
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The high treatment efficacy of the nanocarriers formulation compared to the soluble formation
underlined the superiority of adjuvant encapsulation, where the adjuvants are delivered
simultaneously and create a higher synergistic effect. Even a formulation of the antigen
ovalbumin as a nanocarrier resulted in a higher immune stimulation and slowed tumor growth,
demonstrating that the delivery of antigen in high concentrations as a nanocarrier had a
significant effect on the immune response compared to soluble ovalbumin. The tumor treatment
with adjuvant-loaded OVA-NCs with a combination of R848 and MDP proved to be successful
and a high positive effect on the tumor growth and probability of survival was observed. Even
if MDP alone had no strong immune stimulating properties as shown in the in vitro and
confirmed by weak effect in vivo, a combination of R848 and MDP with encapsulation into
OVA-NCs achieved the desired high immune stimulating properties and tumor treatment
efficacy due to synergistic effect. As already demonstrated in the in vitro experiments, an
exchange of MDP with the more potent STING agonist diABZI could create an even stronger
immune stimulation by dual-loaded OVA-NCs in combination with R848. Next, OVA-NCs
loaded with R848 and diABZI should be tested for their tumor treatment efficacy in mouse

models.

I11. B5. Conclusion

Nanocarriers composed of the antigen ovalbumin were successfully prepared using the
interfacial azide-alkyne crosslinking in inverse miniemulsion and multiple cargo molecules
were efficiently encapsulated. Adjuvant-loaded OVA-NCs with a combination of R848 and
MDP resulted in a successful DC-directed T cell stimulation by a synergistic effect of the
TLR7/8 and NOD 2 ligand. The induction of a high DC stimulation by dual-loaded OVA-NCs
lead to activation and proliferation of OT-1 and OT-II T cells in BMDC-directed proliferation.
The dual-loaded OVA-NCs with R848 and MDP were applied in in vivo mouse models with a
melanoma tumor. The tumor growth of mice treated with different formulations revealed the
highest treatment efficacy for adjuvants encapsulated into OVA-NCs. The nanocarriers
formulations demonstrated superior immune stimulation compared to soluble formulations due
to simultaneous delivery of the vaccine components to immune cells. The higher concentration
of internalized vaccine components into DCs resulted in a higher immune response thus higher
decrease of tumor cells and higher survival of mice. In conclusion, adjuvant-loaded OVA-NCs
proved to have high potential as nanovaccines for the treatment of tumors.
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The combination of three adjuvants (R848, MDP and Poly(l:C)) achieved an even higher
stimulation of DCs in vitro compared to the dual-loaded NCs. OVA-diABZI-NCs showed
higher stimulation properties than MDP. Further optimization of adjuvant-loaded OVA-NCs
could achieve even higher anti-tumor effect, increasing their potential as nanovaccines in
immunotherapy.
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Chapter C — Protein Nanocarriers via Interfacial Denaturation

Chapter C is part of the manuscript:

N. Hippe, F.R. Wurm, K. Landfester, manuscript in preparation. For the thesis, this chapter

was extented with preliminary results, additional experiments, optimizations and details.

Contributions:

Natkritta Hlppe synthesized and characterized the protein nanocarriers as stated in the
experimental part. Natkritta Huppe performed the NanoDSF and DLS measurements as well as
sample the preparation for SEM. She also performed the degradation and release experiments

of the protein nanocarriers.
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Abstract

Denaturation of proteins were applied for the preparation of protein nanocarriers (PNCs)
without use of chemical reactions. Established methods such as desolvation lack high control
and efficiency to encapsulate cargo molecules. Inverse W/O miniemulsion allows the
entrapment of multiple cargo molecules in the water droplet upon shell formation. Thermal
denaturation of protein at the water droplet interface resulted in formation of protein
nanocarriers and encapsulation of dye. A decreased melting temperature (Tm) at the W/O
interface lead to formation of a protein nanocapsules instead of nanoparticles. The type of
protein and solvent influenced the thermal denaturation process and ovalbumin in a water-in-
cyclohexane was revealed to efficiently form PNCs. A two-step heating profile with heating
first T > T (80 °C) then T<Tn (40 °C) leads to a stable protein shell even after transfer to water
and high encapsulation efficiencies (EE > 80%) could be obtained. Often the formed protein
shell was susceptible to the ultrasonication in the water transfer step. With formation of PNCs
by thermal denaturation in a double W/O/W emulsion the redispersion step could be left out
and transfer of PNCs into water was performed by solvent evaporation after thermal
denaturation. Dependent on the surfactant and emulsification technique, stable PNCs with
EE > 90% could be achieved in double emulsion. As demonstrated, the crosslinker type and
crosslinking degree influences the degradation of PNCs. Unselective crosslinking with highly
reactive 1,4-toluene diisocyanate lead to formation of unwanted polyurea in the nanocarrier
shell, decreasing the enzymatic degradability and release. In comparison, PNCs from thermal
denaturation demonstrated high enzymatic degradability and dye release, similar to PNCs
crosslinked with hexanediol dipropiolate in a bioorthogonal azide-alkyne click reaction.
Interfacial denaturation of proteins in inverse miniemulsion showed high potential for
multicomponent encapsulation into PNCs with high control and efficiency without using

chemical reactants.

Figure 71. Biodegradable protein nanocarriers prepared via interfacial denaturation by heating in a W/O/W
double emulsion. Image created by Natkritta Hippe.

117



I11. Results and Discussion
Chapter C

I11. C1. Introduction

Medical regulations expect quality products with high biocompatibility, definition and
reproducibility before approval. Only a few nanocarrier-based drug formulations were
approved by the Food and Drug Administration (FDA), including Abraxane®, a protein-based
drug conjugate.?®® To the motto “less is more”, nanocarrier design should focus on basic
principles to achieve quality products instead of designing more and more complex synthetic
systems. The major challenge is to prepare nanocarriers without synthetic materials, without
modification of materials, in principle without chemical reactions at all, but still maintain high
definition and reproducibility of the product. In food industry, the regulations for products are
very strict as well and only few substances are allowed for food applications. For example,
proteins are biocompatible, degradable and come from a broad range of sources, making them
abundant and cost-effective materials. Nanocarriers based on proteins have proven to be
efficient biocompatible delivery systems for food actives and are successfully applied in food
applications.® %4 Broad commercial use of protein nanocarriers (PNCs) in medical applications
is yet to achieve as medical regulations require even higher precision in size and size
distribution for nanocarriers. Additionally, encapsulation of cargo molecules should proceed
with high control and efficiency. Over the past years, various strategies for the preparation of
PNCs were developed for medical applications.®1"3" A majority of the methods are based on
precipitation or denaturation of proteins under certain chemical (e.g. anti-solvent) or physical
(e.g. heat or pressure) changes.® 235 26 One of the main methods to form protein nanocarriers
is a desolvation or coacervation method, at which upon change in solvent, pH or ionic strength
the reduction of solubility leads to a protein aggregation. Other techniques to induce protein
particle formation are thermal denaturation/gelation or self-assembly upon addition of
hydrophobic compounds.?* 237 Although those established methods have demonstrate
successful formation of PNCs, methods based on coacervation lack high reproducibility due to
difficult control over size and lack high encapsulation efficiencies (EEs) due to passive
entrapment.t® 2% 238 Fyrthermore, they still require crosslinking of the nanocarriers to achieve
high stability and entrapment efficiency, e.g. with glutaraldehyde®® or genipin (more
biocompatible), which are not bioorthogonal.?*® 2% Therefore, preparation of PNCs without the
use of chemical reactions have to be optimized, if they were to be used in medical applications

and fulfil demanding medical regulations.

Emulsions as an active encapsulation strategy offer higher control over the encapsulation

process compared to passive entrapment in coacervation or self-assembly approaches.*® Protein
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nanocarriers were successfully prepared through interfacial crosslinking in inverse
miniemulsions and cargo molecules (even multiple) could be encapsulated with high efficiency,
as demonstrated by Piradashvili et al. or previously in chapter A."% 82 8% Although chosen
chemistries were bioorthogonal and the cargo’s activity could be maintained, bioorthogonal
reactions always require the modification of the material with the respective reacting groups.
Proteins are prone to any structural changes, leading to instability. Even with a mild and
minimal modification reaction such as the azide transfer by 1-imidazolsulfuryl azide
hydrochloride, several optimization steps had to be done to maintain the water-solubility of
sensitive proteins. The questions are whether an interfacial crosslinking is necessary to form a
protein shell or if an interfacial denaturation for example with temperature is sufficient to induce
a protein shell formation in inverse miniemulsion. The combination of an emulsion-based
strategy with physical nanocarrier preparation by denaturation has high potential to prepare
fully biocompatible and biodegradable protein nanocarriers without the use of chemical
reagents and modifications, while achieving high control over the encapsulation process.
Therefore, the preparation of protein nanocarriers formed through an interfacial denaturation
via heating in inverse miniemulsion was studied to design a reaction-free approach
(Scheme 14).
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Scheme 14. Preparation of protein nanocarriers via interfacial thermal protein denaturation at the nanodroplet
interface of an inverse miniemulsion. Image created by Natkritta Hiippe.
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I11. C2. Interfacial Denaturation in W/O Inverse Miniemulsion

Protein nanocarriers were prepared through an interfacial denaturation of the proteins upon
heating. The organic solvent used as the continuous phase for the formation of W/O
miniemulsions mediates the interfacial behavior of proteins. There is a broad range of proteins
with different denaturation temperatures that influence their interfacial denaturation. Therefore,
both factors, solvent and denaturation temperature, were studied in the formation of a protein

shell by interfacial denaturation.
I11. C2.1. Proteins with Different Melting Temperatures

Denaturation describes the process when non-covalent bonds (e.g. hydrogen bonds) of protein
structures break under the influence of a stimuli (e.g. temperature, pH, ionic strength).?** These
non-covalent bonds are responsible for the ordered protein folding and upon unfolding the
protein chains change, leading to decreased solubility and aggregation. However, proteins are
partly unfolded and partly maintain their native structure, which can lead to a refolding process
when the denaturing stimuli ceased. Most proteins, such as ovalbumin, demonstrated reversible
denaturation or so-called renaturation and only denature irreversibly under drastic
conformational changes at extreme conditions like frying an egg at high temperatures.??” 242
The unfolding of proteins is described with the melting temperature (Tm).2*® At the melting
temperature, half of the protein is unfolded (i.e. denatured), which can be measured by label-
free nano differential scanning fluorimetry (NanoDSF). In NanoDSF, the protein solution is
heated and upon unfolding of the protein-chain, the fluorescent aromatic side-chains of
tryptophan and tyrosine are exposed to the solvent. The fluorescence of the exposed aromatic
moieties change and can be correlated to the rate of unfolding, where the melting temperature
is expressed in the maxima. The interfacial denaturation was studied in an inverse miniemulsion
of water as dispersed phase and cyclohexane as continuous phase. Proteins with different
melting temperatures, ranging from hemoglobin (46 °C), ovalbumin (77 °C) to casein
(>100 °C) (measured by NanoDSF), were studied, if they could be used to generate protein
nanocarriers in inverse miniemulsion (Table 17). Proteins possess hydrophilic and hydrophobic
domains and can denature in the presence of organic solvents.?** 22 Since the protein
nanocarriers were prepared in an inverse miniemulsion, the unfolding of the proteins was
measured in a water-in-cyclohexane miniemulsion. In most cases, the determined Tm were
lower in the emulsion compared to pure water, for example, the T of ovalbumin in the emulsion

was determined to be 69 °C compared to Tm= 77 °C in water (Table 17).
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Table 17. Analytical data of protein nanocarriers from proteins with different melting temperatures. Melting
temperatures measured by NanoDSF. Size, size distributions and DCR measured by dynamic light scattering.

Encapsulation efficiency measured by fluorescence of dextran-rhodamine B (570/590 nm).

_ TmH20  Tmemul T dhreac dh,cH dh,H20 EE
Protein DI DCR
/°C /°C /°C /nm /nm /nm [ %
Hemo- 46 49 40 143  0.23 328 0.08 101 0.43 234 -
globin 80 139 0.20 380 025 304 0.21 9435 5
Oval- 77 69 40 120 0.18 257 0.17 467 0.73 663 17
bumin 80 425  0.85 596 0.35 349 0.34 1241 56
) 40 116 0.22 301 0.11 133 041 330 -
Casein  >100* 56
80 108 0.22 261 0.07 106 0.28 256 34

Tm: melting temperature in H2O or inverse miniemulsion (emul); dn: hydrodynamic radius; dn reac: hydrodynamic
size of miniemulsion dispersion droplets after heating and before purification, measured by DLS at 173°; CH:
cyclohexane; PDI: polydispersity index, DCR: derived count rate, EE: encapsulation efficiency. *NanoDSF
measured from 25-100 °C

To observe the nanocarriers after interfacial denaturation by heating, an inverse miniemulsion
was prepared and heated to 40 °C (formation temperature under Trm) and above T at 80 °C for
24 h. When hemoglobin was used as a shell material at 40 °C protein nanocarriers with a core-
shell morphology were obtained as visualized in SEM (Figure 72), however the shell thickness
seemed to be thin and cracks were observed. At 80 °C, well above the Tm, particle-like PNCs
were obtained. Dynamic light scattering (DLS) of the dispersion in cyclohexane indicated
diameters of 328 and 380 nm, respectively (Table 17). However, for hemoglobin nanocarriers
prepared below Tm, transfer into water resulted in a very low scattering intensity in DLS
measurements, indicating disassembly of the protein particles. The hemoglobin particles
prepared at 80 °C remained insoluble, indicating formation of stable PNCs. However, when
dextran-rhodamine B as a dye was dissolved within the disperse phase, no or very low amount
of dye was detected in the PNCs for both temperatures. In case of ovalbumin (OVA) with a
higher Tm of 69 °C, similar observations were made. While at 40 °C ovalbumin formed PNCs
with a prominent core-shell morphology, at 80 °C particle-like structures were obtained. Similar
to hemoglobin, PNCs, formed under Tm, partly disassembled resulting in a lower EE of 17%
compared to 56% at 80 °C. The melting temperature of high temperature stable protein casein
with Tm = 280 °C decreased significantly to 56 °C in inverse miniemulsion. At both heating
temperatures, below and above Tm, casein showed particle rather than capsule morphologies.
Moreover, after transfer into water the casein NCs almost completely dissolved, expressed in
the low derived count rate (DCR) for both cases. Nevertheless at 80 °C, 34% dye could be
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encapsulated into casein NCs of small sizes in water (dnwater = 106 nm). Disassembly of PNCs,
prepared under Tm, could be expected after transfer into water as only a small fraction of protein
chains unfolded and refolding of the protein chains could have occurred as soon as the
denaturing stimuli (temperature and organic solvent) were removed. Heating of the proteins in
inverse miniemulsion however lead to higher denaturation degree of the protein chains and

formation of stable aggregates.
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Figure 72. Scanning electron micrographs of protein nanocarriers of proteins hemoglobin, ovalbumin and casein
with different melting temperatures formed through interfacial denaturation at 40 °C (T < Tm) or 80 °C. Scale bar:
0.5 pm.

The investigation of different proteins for the formation of PNCs through interfacial
denaturation revealed OVA to be the most promising to form nanocapsules and entrap cargo.
In the next section, the influence of the organic solvent on the protein denaturation and protein

shell formation was investigated with cyclohexane and toluene.
I11. C2.2. Different Organic Solvent for Inverse Miniemulsion

Organic solvent impact the stability and denaturation of proteins.?*® For ovalbumin, the melting
temperature decreased from 77 °C in water to 69 °C in an inverse water-cyclohexane-emulsion,
while toluene further reduced the Tm to 50 °C (Figure 73).

OVA-NCs formed in an inverse miniemulsion at 40 °C with toluene yielded no prominent PNCs
with a core-shell morphology but rather deformed nanoparticles (NPs) (Figure 73B).
Comparing the DLS data, in toluene the size distribution was bimodal with significant amount
of species between 500-1000 nm, indicating formation of bigger aggregates (Figure 73D). After
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transfer into water, those aggregated separated, resulting in mean sizes around 200 nm.
Compared to cyclohexane, a significant amount of dye (EE = 64%) could be encapsulated,

owing to the higher denaturation and thus more efficient entrapment of dye.
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Figure 73. Scanning electron micrographs (upper row) and dynamic light scattering (bottom row) of ovalbumin
nanocarriers formed through thermal denaturation at 40 °C in a water-in-cyclohexane (A+C) and water-in-toluene
(B+D) miniemulsion. Scale bar: 0.5 pum.

Heating to 40 °C led to the formation of OVA-NCs with a prominent core shell morphology
comparable to the morphology observed for OVA-NCs crosslinked with HDDP. However, the
temperature was not high enough to denature the protein irreversibly leading to renaturation
and disassembly in water. As a result, dye was only encapsulated with low EEs. Next, the
heating temperature was changed to promote stronger interfacial denaturation and obtain OVA-
NCs with a stable shell.

I11. C2.3. Ovalbumin NCs from Interfacial Denaturation in W/O Miniemulsion

In a water-in-cyclohexane miniemulsion the melting temperature of ovalbumin was 69 °C.
Therefore, heating to 40 °C was not sufficient to form a stable protein shell by irreversible
denaturation. In comparison, heating above T at 80 °C in emulsion led to formation of full
particles, where the proteins inside the droplet denatured as well (Figure 71B). The complete
denaturation resulted in higher stability of PNCs after transfer to water and higher EEs.
However, the morphology was deformed with high sizes and broad distribution in emulsion due

to strong aggregation (Figure 74E). To find the optimal heating profile, the miniemulsion was
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heated to 80 °C for 5 min first to induce unfolding in the majority of protein chains. Then the
emulsion stirred overnight at 40 °C to mediate the denaturation only at the interface. The
resulting PNCs possessed a prominent core-shell morphology with 257 nm size. The protein
shell maintained stable after transfer to water and 88% EE could be achieved. Although the size
distribution after transfer into water was bimodal with a size around 500 nm, the strategy to
first induce denaturation at T > Tm was successful for the preparation of stable PNCs through
interfacial denaturation in inverse miniemulsion.
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Figure 74. Scanning electron micrographs (upper row) and dynamic light scattering (bottom row) of ovalbumin
nanocarriers formed through thermal denaturation in a water-in-cyclohexane miniemulsion at 40 °C (A+D), 80 °C
(B+E) and 80 °C, cooled to 40 °C after 5 min. Scale bar: 0.5 pm.

The transfer of PNCs into water was performed by emulsifying the NCs dispersion in
cyclohexane into a SDS-containing solution through ultrasonication. Upon cyclohexane
evaporation the surfactant was exchanged and the PNCs stabilized in water. Although the
transfer technique worked for crosslinked PNCs, the more labile PNCs tend to disassemble
upon ultrasonication, especially if not irreversibly denatured, leading to a broad and bi-modal
size distribution in DLS. Therefore, another strategy had to be found to maintain the protein
shell upon transfer into water.

I11. C3. Interfacial Denaturation in W/O/W Emulsion

Ovalbumin nanocarriers were successfully formed by interfacial denaturation in inverse
miniemulsion. However, after transfer to water the PNCs showed a broad and bimodal size
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distribution compared to PNCs in cyclohexane. Therefore, the water transfer step is a crucial
and limiting step for the preparation of PNCs by interfacial denaturation. Double emulsions
offer preparation of nanocarriers and transfer into aqueous dispersion in one pot, providing a
direct approach without ultrasonication after interfacial denaturation. By emulsifying the W/O
miniemulsion in water prior to denaturation, the water transfer could proceed just by solvent
evaporation. Therefore, the PNCs were prepared by heating in a W/O/W emulsion, followed by
solvent evaporation to stabilize the PNCs in water (Scheme 15).

Emulsificatioi>/| Heating \>_|S/olvent Evapo@%
o

Cyclohexane

0~ KLE Formation of W/O WIO/W double Formation of Stabilisation of
o dye _ miniemulsion emulsion protein carriers protein carriers in
o Protein 0~ Surfactant water

Scheme 15. Process steps for the preparation of protein nanocarriers through interfacial denaturation in a water-
in-oil-in-water (W/O/W) double emulsion upon heating. Dextran-RhodaminB-10 kDa was encapsulated as a
model cargo. P((E/B)-b-EQ)) was used to stabilized the W/O miniemulsion, which was emulsified in a second
aqueous phase with different surfactants. Scheme prepared with ChemDraw 20.1 by Natkritta Hippe.

The O/W miniemulsion with ovalbumin in the disperse phase was prepared as established and
the resulting miniemulsion was emulsified again in an aqueous solution with different
surfactants (anionic, cationic and non-ionic) and by using different techniques (US bath,
Ultraturrax, US Tip). Then the double emulsion was stirred at 40 °C overnight to form OVA-
NCs and afterwards the cyclohexane was removed by evaporation. Resulting NCs demonstrated
a prominent core-shell morphology as observed in SEM (Figure 75A). After transfer into water,
the DLS showed presence of two species (green), one below and one above 100 nm, resulting

in a mean size of approx. 110 nm and a multi-modal distribution (Figure 75B).
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Figure 75. A) Scanning electron micrographs of ovalbumin nanocarriers formed through interfaciel denaturation
in a water-in-cyclohexane-in-water double emulsion at 40 °C and B) dynamic light scattering of ovalbumin
nanocarriers in cyclohexane (red), water after redispersion into 0.1 wt% SDS solution (blue) and water after
interfacial denaturation in double emulsion (green). Scale bar: 0.5 um.

Different techniques were used to form a W/O/W double emulsion (Table 18). Only the
emulsion formed in the ultrasonication (US) bath had comparable sizes to PNCs in cyclohexane.
Whereas the other two techniques, ultrasonication tip (amplitude 10%, 1 min) and ultraturrax
(20 000 rpm), lead to smaller PNCs under 100 nm as measured from the unpurified dispersion.
After purification by washing through a centrifuge filter (MWCO 50 kDa) the PNCs from the
double emulsion via an ultraturrax aggregated. In all three cases, encapsulation efficiency of
dye was over 90%, significantly higher than in W/O miniemulsion and comparable to EEs
obtained for crosslinked PNCs. The approach with the US bath showed the most promising
results to form stable PNCs from interfacial denaturation in a double emulsion. Next, different
surfactants were used in the second aqueous phase to stabilize the W/O/W emulsion. The PNCs
size in the unpurified dispersion was lower than 200 nm, with cationic
cetyltrimethylammoniumbromid (CTAB) even smaller than 50 nm. After purification the
results for polymeric LutA50 stood out, as it formed large PNCs and the encapsulation
efficiency was very low (not detectable), whereas for the other nonionic surfactants over 70%
encapsulation efficiency was achieved. While PNCs from Brij78 and Tween80 maintained their
diameters after purification, the dispersion from CTAB cleared up and almost no scattering
could be observed, indicating no presence of PNCs. The high encapsulation efficiency seemed
to be caused by ionic interaction of the cationic surfactant CTAB with the anionic Cy5-dye. In
conclusion, SDS or one of the polymeric non-ionic surfactants gave the best results for
formation of PNCs through thermal denaturation in double emulsion and achieved high

encapsulation efficiencies.
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Table 18. Analytical data of ovalbumin nanocarriers formed through interfacial denaturation at 40 °C in a W/O/W
double emulsion stabilized with different surfactants (0.1 wt%). W/O miniemulsion were stabilized with P((E/B)-
b-EQ)). Double emulsion formed with different methods. Dynamic light scattering (DLS) of nanocarriers in
cyclohexane was measured from the base W/O miniemulsion after heating at 40 °C and purification by
centrifugation. DLS after heating at 40 °C in W/O/W emulsion measured after evaporation of cyclohexane from
unpurified and purified dispersions.

No. Surfactant Method dh,cH PDI dh,unpure oDl dh,water oD EE
of W/OW/ /nm / nm /nm | %
1 - - 318 0.17 - - 157 0.50 -
2 SDS US-Bath 318 0.17 232 - 109 - 91
3 SDS US-Tip 318  0.17 89 0.37 82 - 90
4 SDS Ultraturrax ~ 318  0.17 78 0.34  (4158) - 90
5 CTAB US-Bad 318 0.17 48 0.40 92 040 77
6 Brij78 US-Bad 318 0.17 110 0.42 147 044 72
7 Lut-A50 US-Bad 318 0.17 182 - 499 - 3
8 Tween80 US-Bad 318 0.17 181 - 197 - 88

* PDI without values: DLS curve had no Gaussian distribution.
I11. C4. Degradation of Protein Nanocarriers: Crosslinked vs. Denatured

As shown in chapter A and B, the crosslinking degree influenced the degradation rate of protein
nanocarriers. A high degradation degree is important to ensure efficient release of cargo
molecules, especially large ones, at the target site. PNCs were prepared with different shell
formation techniques and the degradation behavior of crosslinked and denatured PNCs was
compared (Table 19).

Table 19. Analytical data of ovalbumin nanocarriers prepared through crosslinking in W/O miniemulsion with 1)
30 mg 1,4- toluene diisocynate (TDI), 2) 3 mg TDI and 3) hexanediol dipropiolate (HDDP); 4) through interfacial
denaturation in a W/O/W emulsion at 40 °C; before and after enzymatic degradation. Release of dextran-
rhodamine B-10 kDa was determined in the supernatant after 24 h treatment with proteinase K (5 U/mL).

dh,CH dhywater EE NCS yleld dh,degraded Release
No. Method PDI PDI PDI
/ nm /nm 1 % 1 % / nm | %
1 TDlsomg 258 0.07 305 0.36 69 56 312 0.36 4
2 TDlzmg 273  0.08 306 0.28 58 50 245 0.47 25
3 HDDP 294  0.12 271 0.30 63 28 77 0.42 63
4 Denat. 288 0.17 354 052 83 66 80 0.39 72

Ovalbumin nanocarriers prepared by crosslinking with 1,4-toluene diisocyanate (TDI) or

hexanediol dipropiolate (HDDP) or by interfacial denaturation in inverse miniemulsion resulted
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in PNCs of comparable sizes between 258 and 294 nm as determined by DLS in cyclohexane.
SEM revealed in all cases a prominent core-shell morphology; the TDI-crosslinked PNCs
appeared stiffer, which could be explained by H-bonding polyurea units in the crosslinked shell,
while PNCs-HDDP and the denatured PNCs seemed softer materials (Figure 76). After transfer
to water, the diameters of PNCs-TDI and PNCs-HDDP remained relatively unchanged
(Table 19). The size distribution of PNCs-denatured increased in water, which might be related
to aggregation due to cyclohexane evaporation. In all cases, encapsulation efficiencies
(of dextran-rhodamine B-10 kDa) over 50% were obtained, interestingly the denatured PNCs
resulted in the highest EE of 83%, probably because dye remained entrapped without the

additional centrifugation step in cyclohexane and redispersion into water by ultrasonication.
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Figure 76. Scanning electron micrographs of ovalbumin nanocarriers formed through A) interfacial denaturation
in a W/O/W emulsion at 40 °C; crosslinking in W/O miniemulsion with B) hexanediol dipropiolate (HDDP), C) 3
mg 1,4- toluene diisocynate (TDI) and D) 30 mg TDI. Scale bar: 0.5 pum.

Enzymatic Degradation

The enzymatic degradation of crosslinked and denatured PNCs was followed over time after
treatment with proteinase K (5 U/mL) by measuring the derived count rate (DCR) via DLS
(Figure 77A). The DCR s the scattering intensity of the sample and indicates the degradation
of PNCs, as the dispersion cleared up during enzymatic degradation to a homogeneous solution
approaching a DCR of 0. In all cases, the scattering intensity decreased over time, indicating
that parts of the nanocarriers dissolved during enzymatic hydrolysis. However, the different
preparation methods resulted in different degradation rates. The DCR of PNCs crosslinked with
a high amount of TDI decreased only slowly during 20 h after the addition of the enzyme,
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indicating a slow degradation. In case of unselective crosslinkers such as TDI, not only the
protein is crosslinked during reaction at the water droplet interface, but TDI reacts as well with
water to a diamine. Then the diamine reacts in a following polyaddition reaction with itself,
forming polyurea.?*" 2# Since polyurea is not enzymatically degradable, parts of the nanocarrier
shell will not be as well. Thus, the presence of polyuria units in the protein shell could slow
down the enzymatic degradation of the PNCs-TDI. When PNCs were crosslinked with less TDI
(3 mg), the enzymatic degradability increased, as observed by a decrease of DCR after addition
of proteinase K. Therefore, the amount of crosslinker mediates the amount of polyuria
formation and thus biodegradability of protein nanocarriers crosslinked with TDI. For PNCs
crosslinked by azide-alkyne click chemistry with HDDP, the DCR significantly decreased in a
matter of 5 min, indicating a fast enzymatic degradation. Afterwards, only a minimal change in
scattering was measured, indicating that most of PNCs were disassembled in 2 h and then
protein parts were further degraded. In comparison to the highly reactive and unselective TDI,
the HDDP reacts selectively with azide-modified proteins without formation of side products.
As demonstrated in chapters A and B, PNCs-HDDP proven high enzymatic degradability
controlled by the crosslinking degree. Protein nanocarriers formed without crosslinking but
through interfacial denaturation demonstrated a quickly decreasing DCR after addition of
enzyme to the PNCs dispersion similar to PNCs-HDDP. This implicates, that the degradation
of PNCs prepared by crosslinking with HDDP or by interfacial denaturation do offer similar

degradability independent of the preparation method.

In addition, the release of the dye dextrane-rhodamine B-10 kDa was monitored during the
enzymatic degradation (Figure 77B). Proteinase K was added to the PNCs and samples were
taken from dispersion at specific time points. The released dye in the supernatant was measured
by fluorescence after separation from the remaining PNCs by filtration through centrifuge filters
(MWCO 50 kDa). Low degradability of PNCs-TDI-30 mg was underlined by release
experiments, where below 5% dye (dextrane-RhodB-10kDa) was released after 24 h treatment
with proteinase K (5 U/mL) (Figure 77B). Even after a second addition of higher concentrations
of enzyme (30 U/mL) after 24 h, no significant dye release could be observed for PNCs-TDI-
30 mg. These results underline the previous observations, that PNCs-TDI have a low
degradability due to the proportion of non-degrabdable polyurea as a side product in the protein
shell. In fact, when decreasing the amount of TDI to 3 mg, the release of dye was around 10%
and a significant increase in release over 20% could be obtained for PNCs-TDI-3 mg with a

second addition of enzyme after 24 h. With less TDI less polyurea is formed and the PNCs
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became more degradable and more dye could be released. However, even with 3 mg of TDI, a

significant part of the PNCs was still not degradable, hindering a high release of the large dye.
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Figure 77. Enzymatic degradation and release of PNCs: A) Derived count rates (DCR) measured by dynamic light
scattering of protein nanocarriers (2 mg/mL) with different preparation strategies (TDI 30 mg, TDI 3 mg, ,
interfacial denaturation) after the addition of proteinase K(5 U/mL); Note: the DCR was normalized to the initial
DCR of respective dispersion as the maximum and DCR of the proteinase K solution as minimum. B) Release of
dextran-rhodamine B (10 kDa) from protein nanocarriers (2 mg/mL) during the enzymatic degradation with
proteinase K (5 U/mL) (n = 3), measured by fluorescence (570/590 nm). After 24 h proteinase K (30 U/mL) was
added to PNCs-TDI-3 mg (green) and PNCs-TDI-30 mg (blue).

The release experiments for both PNCs-HDDP and PNCs-denatured revealed an increased
release of dye over time up to approx. 70% after 24 h. As observed in the DLS measurements,
where in both cases, the DCR dropped quickly after addition of enzyme, it was expected, that
PNCs crosslinked with HDDP or prepared by denaturation would have a higher amount of
released dye compared to PNCs-TDI. Since similar results were obtained for PNCs-HDDP and
PNCs-denatured, crosslinking with HDDP might not have a significant effect on the
degradability of PNCs in comparison to denatured protein. Therefore, both methods are suitable
for the preparation of highly degradable protein nanocarriers. However, degradability is not the
only factor that could be influenced by the preparation method. The use of a crosslinker could
change the surface characteristics of PNCs compared to PNCs prepared by interfacial
denaturation. Different surface properties mediate different interactions of the nanocarriers with
cells or components of biological fluids such as proteins. Therefore, the surface characteristics
play an important role for the fate of the nanocarriers in the body. PNCs prepared by interfacial
denaturation without additional use of reactants such as crosslinkers could offer another strategy
to obtain the desired nanocarrier-cell interaction and thus efficient drug delivery systems.
Moreover, different surface characteristics of PNCs enable different possibilities for surface
modification, achieving multifunctional PNCs.
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I11. C5. Conclusion

Interfacial denaturation of proteins by heating in a W/O miniemulsion allowed the preparation
of fully degradable protein nanocarriers (PNCs) with dye encapsulation during protein shell
formation. The preparation of protein nanocarriers by interfacial denaturation was influenced
by the melting temperature Tm of proteins, which decreased at the interface of a water-in-
cyclohexane miniemulsion. Ovalbumin (OVA) was revealed the most promising protein to
prepare PNCs with a core-shell morphology by interfacial denaturation. Since the transfer into
water was the weak spot of the strategy, a double emulsion (W/O/W) was generated from the
W/O miniemulsion prior to interfacial denaturation. The water transfer of PNCs in the double
emulsion proceeded in one-pot by solvent evaporation. Stable protein nanocarriers could be
obtained by the double emulsion technique with high EE of dye (> 90%). The degradation of
PNCs prepared by crosslinking with TDI or HDDP or interfacial denaturation demonstrated the
influence of the crosslinker on the degradation and release of cargo molecules. Unselective
crosslinking with TDI lead to decreased enzymatic degradability due to the formation of
polyurea. Bioorthogonal crosslinking with hexanediol dipropiolate (HDDP) achieved similar
high enzymatic degradation and release results as denatured PNCs, proving as well that
crosslinking by click reaction does not influence the degradability significantly. In conclusion,
PNCs could be prepared successfully by interfacial denaturation in inverse miniemulsion with
efficient dye loading and enzymatic degradability. In the next step, PNCs could be applied for
the multicomponent encapsulation of therapeutics as described for crosslinked PNCs, moving
forward in the development of a fully biocompatible drug delivery system without the use of

chemical reactions and reactants.
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Chapter D — Modification of Protein Nanocarriers for Cell Trafficking,

Stealth and Targeting

Chapter D, III. D2. “Protein Nanocarriers to Study Cell-Carrier Interaction” is part of the

manuscript:

R. da Costa Marques, N. Hiippe, J. Oberlander, 1. Lieberwirth, K. Landfester, V. Mailander,
manuscript in preparation. For the thesis, this chapter was extended with preliminary results,
additional experiments, optimizations and details.

Contributions:

Natkritta Hippe synthesized and characterized the modified protein and resulting protein
nanocarriers as well as the azide-transfer agent and crosslinker involved as stated in the
experimental part. The iron oxide nanoparticles were synthesized and encapsulated by Natkritta
Hippe. Johanna Simon performed the in vitro plasma protein corona and cell uptake
experiments. Richard da Costa Marques performed the intracellular protein corona experiments
as well as the cell uptake experiments, transmission electron microscopy (TEM) and confocal
laser scanning microscopy (cLSM) for the proteomics-guided intracellular trafficking analysis.
For the surface modification, Natkritta Huppe performed and analyzed the modification.
Maximilian Bruckner functionalized the antibodies and modification of nanocarriers as well as

all in vitro experiments regarding the stealth and targeting experiments.
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Abstract

The development of nanocarriers as drug delivery systems requires investigation on their
behavior and interaction in physiological environment. The knowledge gained from studying
protein corona formation and cell-carrier interaction can be used to improve the nanocarrier
system by tailored modification. Protein nanocarriers proved to be promising delivery systems
for vaccine components. Modification of protein nanocarriers with magnetic CMPVA-coated
iron oxide nanoparticles enabled to study the formation of protein corona from blood as well as
intracellular corona. Furthermore, due to the higher contrast of loaded magnetic nanoparticles
in electron microscopy, the cell uptake mechanism and intracellular pathway of PNCs could be
visualized. Cell-carrier interaction experiments revealed the need for stealth and targeting
properties in PNCs to promote their specific uptake into dendritic cells. Therefore, PNCs were
modified with stealth polymer polyethylene glycol and a decreased uptake into macrophages
could be achieved. The modification with azide-bearing antibodies by a specific site-click
reaction to DBCO-functionalized PNCs resulted in a higher uptake of CD11c-modified PNCs
into dendritic cells. However, a contribution of Fc-mediated uptake was observed, indicating
an unspecific uptake mechanism via Fc receptors. The site-selective conjugation of antibodies
to PNCs have to be improved to ensure a specific Fab-directed targeting to CD11c receptors of
DCs. Protein nanocarriers loaded with adjuvants and modified with stealth and targeting
properties are promising delivery systems to promote a high anti-tumor immune response

through DC-mediated T cell stimulation.

Figure 78. Modification of Protein Nanocarriers for Cell Trafficking, Stealth and Targeting. Figure created in
BioRender.com by Natkritta Huppe.
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I11. D1. Introduction

Nanocarriers as drug delivery systems protect the cargo from systemic distribution and fast
excretion, increasing the therapeutic efficacy and lowering side effects by protecting the body
from toxic cargo molecules. Encapsulation of vaccine components, i.e. antigen and adjuvants,
into nanocarriers have proven to increase the vaccination effect by simultaneous delivery into
dendritic cells (DCs).8"2*° Up to now, many nanovaccines have been reported to be taken up
by “passive targeting” into DCs.?*® An even higher efficiency, especially in vivo, could be
achieved by specifically targeting the dendritic cells and reduce competitive uptake into
undesired cells such as macrophages.®> %2 Nanocarriers offer numerous possibilities for
modification towards stealth and targeting functions. Over the past decade, many targeting
strategies to dendritic cells were developed at which the surface of the nanocarriers are
functionalized with targeting ligands such as carbohydrates?® 2%, antibodies or proteins.?®
Especially, the novel site-specific conjugation technique to the Fc part of antibodies allowed
higher specific targeting of antibody-functionalized nanocarriers to dendritic cells by the Fab
region.?®® The decrease of targeting through the Fc part is important to hamper unspecific
uptake into Fc-receptor bearing cells like macrophages. Although many have proven the
targeting specificity of surface-modified nanocarriers in vitro, none of the nanocarriers have
been clinically approved due to failed in vivo studies.?>"*2>® One major reason is the adsorption
of blood proteins onto the nanocarriers surface leading to coverage of the targeting ligands on
the surface.?>® The formation of a protein corona and their influence on the fate of nanocarriers
in the body have been studied extensively in the past years.26%262. Many strategies have been
developed to decrease protein adsorption and enhance blood circulation time by modifying the
nanocarriers’ surface with stealth polymers such as polyethylene glycol*’, polyphosphoesters?
or polysarcosines?4.26°> Surface-functionalization of nanocarriers with stealth and targeting
moieties is a crucial step to achieve high treatment efficacy. Once arrived at the targeting cell,
the nanocarriers are internalized, degraded and the therapeutic cargo released to take effect.
However, little is known about what actually happens with the nanocarriers in cells. Blood is
not the only biological medium that the nanocarriers encounter on their way to the target. It has
been reported that nanocarriers content with different cell milieus upon internalization into cells
where a new biological environment with a different protein composition could change the
existing plasma protein corona.” The formation of the so-called intracellular protein corona
(IPC) alike the blood protein corona influences the intracellular fate of the nanocarriers.26% 267

Moreover, the IPC acts like a tracing mark of where the nanocarriers travelled through the cells
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and analysis of the IPC could give an insight into cellular processing of nanocarriers.?®
Studying the intracellular fate of nanocarriers would benefit their design on how to improve

their functionality and increase treatment efficacy.

Great developments were achieved in the last years towards specific targeting of dendritic cells
with modified nanocarriers. The next step is to transfer the approaches gained for intracellular
trafficking, stealth and targeting from model nanocarriers to nanocarriers, which have clinical
potential, such as protein nanocarriers, developed in this work. The combination of
biodegradable nanocarriers loaded with therapeutics and modified with stealth and targeting
properties could achieve high therapeutic efficiency and paves the way towards clinical
application of anti-tumor nanovaccines. Furthermore, the knowledge gained from intracellular
studies could lead to precise design of optimal multifunctional drug delivery systems.
Therefore, protein nanocarriers, prepared through interfacial crosslinking in inverse
miniemulsion, were loaded with magnetic nanoparticles to study intracellular trafficking and
were surface-functionalized with stealth and targeting moieties to enhance specific uptake into
DCs.

I11. D2. Protein Nanocarriers to Study Cell-Carrier Interaction

Magnetic separation of cells containing nanocarriers is a convenient method to study cell-carrier
interaction, especially for PNCs, which are too soft to be collected by centrifugation without
damage. Therefore, superparamagnetic iron oxide nanoparticles (SPIONs) were encapsulated
into PNCs during their interfacial formation in inverse miniemulsion. To study the influence of
unselective and biorthogonal crosslinking on the nanocarrier’s surface composition and thus
influence on carrier-cell interaction, the nanocarriers were prepared with toluene diisocyanate

(TDI) and hexanediol dipropiolate (HDPP), respectively.
I11. D2.1. Synthesis of CMPVA-Coated FezOs-Nanoparticles

The superparamagnetic FesOs-NPs were synthesized through co-precipitation of iron(ll) and
iron(I11) chloride under high basic conditions and stabilized with oleic acid (Scheme 16A),
according to literature.?®® Since the protein nanocarriers are prepared in an inverse water-in-oil
miniemulsion, the SPIONs were transferred to an aqueous phase by exchanging the oleic acid.
Tetramethylammonium hydroxide (TMAOH) was reported to be a good stabilizer for SPIONs
in water, but due to its ionic charge it is also sensitive to higher salt concentrations, leading to

aggregation of SPIONs. Therefore, as additional polymeric stabilizer carboxymethylated
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polyvinyl alcohol (CMPVA) (Scheme 16B) was used to prevent aggregation of SPIONs upon
encapsulation and achieve a higher loading into PNCs.

NH; (aq.)

H 1112
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Scheme 16. A) Synthesis of iron oxide nanoparticles by co-precipitation. B) Synthesis of carboxymethylated
polyvinyl alcohol.

Polyvinyl alcohol could successfully be functionalized with carboxymethyl groups
(Scheme 16B; Figure 79A). The molecular weight increased from 8000 gmol to 12000 gmol-
L after carboxymethylation. CMPVA was obtained as a colorless powder and with 65% yield.
The oleic acid-stabilized FesO4-NPs were redispersed in an aqueous solution of TMAOH
(10 wt%) and CMPVA was added to obtain CMPVA-coated Fe304-NPs (CMPVA@Fez0s-
NPs), stable in agueous media. Transmission electron microscopy (TEM) revealed spherical

NPs with a size of around 20 nm.
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Figure 79. A) *H NMR of carboxymethylated polyvinyl alcohol (CMPVA). B) Transmission electron micrograph
of CMPVA@Fe3;04 nanoparticles in water. Scale bar: 100 nm.

CMPVA@Fe304-NPs were highly stable in high concentrations (100 mg/mL) in aqueous phase
up to several months and could be used to modify protein nanocarriers with magnetic properties
by encapsulation of CMPVA@Fez04-NPs into PNCs.
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I11. D2.2. Encapsulation of CMPVA@Fe304-NPs into PNCs

Protein nanocarriers were prepared by interfacial crosslinking in an inverse miniemulsion.
Depending on the crosslinker, the reaction could be performed unselectively or
bioorthogonally. In chapter A, a biorthogonal strategy for PNCs formation was realized with
azide-alkyne click chemistry, leading to preservation of the cargoe’s activity and high
therapeutic effectivity. Not only does the crosslinking chemistry affect the encapsulation of the
cargo, but the resulting nanocarrier surface composition as well. As previously described by
Frey et al., the surface composition, influenced by the crosslinker, impacts the protein
adsorption and cell-carrier interaction.?* The influence of unselective crosslinking with
1,4-toluene diisocyanate (TDI) and biorthogonal crosslinking with hexanediol dipropiolate
(HDDP) on interaction of protein nanocarriers with proteins and cells were investigated.
Encapsulation of CMPVA@Fe304-NPs into PNCs allowed a magnetic cell separation of PNCs-

containing cells to study cell-carrier interaction.
a) PNCs Crosslinked with 1,4-Toluene Diisocyanate (TDI)

For an unselective crosslinking of proteins in an inverse miniemulsion, TDI was chosen as the
crosslinker. TDI is a highly reactive compound that reacts mainly with nucleophiles such as
amines to urea bond (Scheme 17). However, TDI also hydrolyzed upon reaction with water at
the interface of the inverse miniemulsion and reacts with another TDI to polyurethanes.?’® The
unwanted side reaction of TDI with itself creates polyurethane patches in the shell of the protein
nanocarriers, leading to a different surface composition. To investigate the cell-carrier
interaction of PNCs-TDI, CMPVA@Fe304-NPs were encapsulated into PNCs during the

interfacial crosslinking with TDI in inverse miniemulsion (Scheme 17).

® .\ ® ® Cy50ligo
' ° ‘ . ‘ Fe;0, NPs

Scheme 17. Encapsulation of CMPVA@Fe3;0s-nanoparticles into PNCs by interfacial crosslinking with 1,4-
toluene diisocyanate (TDI) in inverse miniemulsion. Protein structure was obtained from DrugBank online
(https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted. Figure created by Natkritta Hiippe.

139



I11. Results and Discussion
Chapter D

Different methods were tested to find the optimal encapsulation strategy for magnetic
nanoparticles with high encapsulation efficiency and minimal amount of free CMPVA@Fe30s-
NPs (Table 20). Since usually magnetic stir bars were used for the reaction, a mechanical stirrer
was used instead to prevent accumulation of SPIONs on the magnetic stir bar. Encapsulation
of CMPVA@Fe304-NPs by method 1 resulted in almost no formation of protein nanocarriers
as seen in electron microscopy (Figure 80A+E). Instead, most of the proteins aggregated as
well as the SPIONSs, which was not encapsulated into PNCs and hard to separate from PNCs.
High amount of free SPIONSs in the dispersion is not desirable for the protein corona studies, as
the protein corona of free magnetite might falsify the results. It was observed that upon addition
of highly concentrated CMPVA@Fe304-NPs dispersion to the protein solution, both
aggregated. Therefore, in method 2 the amount of SPIONs was decreased to 5 mg. The protein
mostly stayed stable and some CMPVA@Fe304-NPs could be encapsulated into PNCs-TDI
with a prominent core-shell morphology (Figure 80B+F). However, as observed in TEM, a lot
of PNCs-TDI were empty and there was still aggregates of CMPVA@Fez04-NPs outside of the
PNCs. Due to mechanical stirring, a bigger flask had to be used, which promoted the
evaporation of solvent from the miniemulsion during the reaction, leading to instability of the

nanodroplets, aggregation of proteins and CMPVA@Fe304-NPs.

Table 20. Comparison of method 1, 2, 3 and 4 for encapsulation of CMPVA@Fe304-nanoparticles into protein
nanocarriers in inverse miniemulsion.

Method 1 Method 2 Method 3 Method 4

Amount of magnetite 50 mg 5mg 0.3 mg 25 mg
Reaction vessel 100 mL-flask 100 mL-flask 40 mL-vial 40 mL-vial
Mechanical stirrer for reaction yes yes no no
Magnetic stirrer for reaction no no yes yes
Magnetic stirrer for redispersion no no yes yes
Hydrodynamic radius / nm 320 240 320 378

PDI 0.10 0.14 0.18 0.15

Encapsulation of magnetic NPs was performed with the previous established method by stirring
with a magnetic stirrer in a 40 mL vial. The amount of CMPVA@Fe304-NPs was further
decreased to 0.3 mg to prevent free magnetite after the PNCs formation. PNCs-TDI, formed
according to method 3, resulted in stable NCs with a prominent core-shell morphology and
comparable size to previous PNCs. However, due to the small amount of CMPVA@Fe304-NPs

most of the PNCs were empty (Figure 80C+G). Empty PNCs could be separated from SPIONs-
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loaded ones, but with high yield loss. In method 4, the amount of magnetite was increased to
25 mg and the encapsulation into PNCs performed as established before. Due to the high
stability of the iron oxide-NPs coated with CMPVA, no protein or NPs aggregated upon mixing.
With method 4, stable PNCs evenly loaded with CMPVA@Fe304-NPs could be obtained and
no free NPs was observed in EM (Figure 80D+H). Moreover, energy dispersive X-ray
spectroscopy (EDX) measurements revealed successful encapsulation of SPIONs into PNCs
(S1'to chapter D, Figure 174).

Method4

Figure 80. Scanning (upper row) and transmission (lower row) electron micrographs of protein nanocarriers
loaded with CMPVA@Fe;04-nanoparticles prepared with A/E) Method 1, B/F) Method 2, C/G) Method 3 and
D/H) Method 4; in cyclohexane. Scale bar: 0.5 um.

The CMPVA@Fe304-NPs-loaded PNCs were purified by centrifugation. After centrifugation
at 1500g, a significant amount of PNCs were left in the supernatant. To investigate the PNCs
in the supernatant, the dispersion was centrifuged at higher speed (3000g) to collect all NCs.
As expected, the PNCs from the supernatant contained a high amount of empty and lightly
loaded PNCs compared to the PNCs from the main fraction (Figure 81D). The size of PNCs
from the supernatant fraction was about 100 nm smaller than the main fraction (Table 21). To
increase the yield, loaded PNCs were separated from empty ones by magnetic decantation.
Despite their heavy loading with SPIONs, the PNCs in water were still too soft to be collected
efficiently by centrifugation. Therefore, to prevent loss of PNCs during purification in aqueous
dispersion a centrifuge filter was used for purification of NPs-loaded PNCs.
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Table 21. Analytical data of CMPVA@Fe3;04-loaded protein nanocarriers crosslinked with TDI.

_ dn (CH) dn (H20) ¢ EEcys
Sample Centrifuge speed PDI PDI

nm / nm mV /%
1 15009 345 0.13 371 0.24 -30 36
2% 3000g 265 0.17 - - - -

*nanocarriers from supernatant of sample 1

Figure 81. Scanning (left) and transmission (right) electron micrographs of A/B) Protein nanocarriers (PNCs)
loaded with CMPVA@Fe3;04-nanoparticles, centrifuged at 1500g and C/D) PNCs from the supernatant of A,
centrifuged at 3000g; in cyclohexane. Scale bar: 1 um.

PNCs-TDI could successfully be prepared and loaded with CMPVA@Fe304-NPs with minimal
amount of free NPs as proven by EM. Additionally, the fluorescent dye Cy5-Oligo was as well
encapsulated into PNCs-TDI with moderate encapsulation efficiency of 36%. PNCs with

magnetic and fluorescent modification could be used for studying the cell-carrier interaction.
b) PNCs Crosslinked with Hexanediol Dipropiolate (HDDP)

In comparison to TDI-crosslinked PNCs, crosslinking with the activated dialkyne HDDP in an
azide-alkyne click reaction enables a chemoselective crosslinking strategy with no side
products, resulting in nanocarriers composed mainly of the protein shell material.
CMPVA@Fe304-NPs were encapsulated into PNCs-HDDP by interfacial crosslinking in

inverse miniemulsion (Scheme 18).
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Scheme 18. Encapsulation of CMPVA@Fe;0s-nanoparticles into PNCs by interfacial crosslinking with
hexanediol dipropiolate (HDDP) in inverse miniemulsion. Protein structure was obtained from DrugBank online
(https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted. Figure created by Natkritta Hiippe.

The CMPVA@Fe304-NPs were added to the aqueous dispersed phase to encapsulate them into
ovalbumin nanocarriers, crosslinked with HDDP. Upon addition of the NPs solution to the
protein solution, it turned turbid, indicating protein or NPs aggregation. Nevertheless, PNCs
with comparable size of 328 nm and partly loaded with CMPVA@Fe304-NPs could be obtained
as observed in DLS and EM (Figure 82), indicating aggregation of NPs rather than protein in
the disperse phase. Although loaded PNCs could be separated from empty ones by magnetic
decantation, a high amount of CMPVA@Fe304-NPs were not encapsulated and accumulated
on the surface of the PNCs as seen in the scanning electron micrograph (Figure 82B).
Additionally, loaded PNCs could not be transferred into water by surfactant exchange (0.1 wt%
SDS) and PNCs aggregated in water after evaporation of cyclohexane (Figure 82A, blue curve).
One reason could be the adsorption of SPIONs on the PNCs surface, changing its interaction

with the surfactant and surface stability in water.
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Figure 82. A) Dynamic light scattering; B) Scanning electron and C) Transmission electron micrograph of
CMPVA@Fe;0.-NPs-loaded protein nanocarriers prepared with PBS, in cyclohexane (red) and water (blue).
Scale bar: 0.5 um.
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In comparison to PNCs prepared with TDI, proteins for the crosslinking with HDDP were
functionalized with azide-groups. To increase the stability of modified protein, the protein was
dissolved in a phosphate buffer. A reason for the aggregation of CMPVA@Fe304-NPs upon
addition to the protein solution could be their instability in salt-containing solutions. Therefore,
the protein was dissolved in deionized water instead of PBS buffer and upon addition of
CMPVA@Fes304-NPs, the dispersion maintained stable and no aggregated could be observed.
The formation of PNCs crosslinked with HDDP with the salt-free protocol lead to stable PNCs,
which could be transferred into water and a size of approx. 350 nm with 0.22 PDI was observed
in DLS (Figure 83A). EM revealed a prominent core-shell morphology of PNCs and efficient
loading of CMPVA@Fe304-NPs with almost no free magnetic NPs in the dispersion
(Figure 83B+C).
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Figure 83. A) Dynamic light scattering; B) Scanning electron and C) Transmission electron micrograph of
CMPVA@Fe;04-NPs-loaded protein nanocarriers prepared without salt, in cyclohexane (red) and water (blue).
Scale bar: 0.5 pm.

CMPVA@Fe304-NPs could successfully be encapsulated into PNCs crosslinked with
unselective crosslinker TDI as well as selective dialkyne HDDP through interfacial shell
formation in inverse miniemulsion. The modified PNCs could be used to investigate protein

corona formation and cell-carrier in the next step.
I11. D2.3. Plasma Protein Corona and Cellular Uptake of Protein Nanocarriers

If nanocarriers are to be applied for clinical therapy such as nanovaccines, their fate in the body
and interaction with biological fluid and cells have to be investigated to increase their delivery
efficiency. One of the in vivo phenomena after administration into the blood is the adsorption
of proteins forming a so-called protein corona around the NCs. The formation and composition
of the protein corona depends on the composition of the nanocarriers’ surface and influences

the bio-distribution and cell uptake of the NCs.?%% 26! Therefore, the formation of a protein
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corona and its composition on the PNCs was investigated. PNCs crosslinked with unselective
TDI should have another surface composition than crosslinking with selective HDDP,
influencing the protein corona formation and cellular uptake. Due to modification of protein
nanocarriers with magnetic properties by encapsulation of CMPVA@Fe304-NPs, PNCs could

easily be magnetically separated from blood media as well as after uptake into cells.

The amount of adsorbed protein on the PNCs surface after incubation into human blood plasma
was determined by Pierce assay (Figure 84A). Protein nanocarriers in general adsorbed low
amount of proteins with less than 0.2 mgm™ compared to model nanocarriers such as
polystyrene (PS) nanoparticles (300 mgm2) and even PS-NPs already functionalized with
stealth polymer PEG (1.1 mgm). No difference in amount of protein adsorption could be
observed for PNCs crosslinked with TDI or HDDP. The formed protein corona of the PNCs
was investigated by SDS-PAGE and the protein composition revealed with LC-MS. After
incubation of PNCs in blood plasma, the pattern of protein composition observed by SDS Page
showed a richer composition for PNCs crosslinked with HDDP compared to TDI. For analysis
of the protein corona composition, label-free mass spectrometry was used after detachment of
the protein corona from the PNCs by SDS solution (Figure 84B). All identified proteins were
divided into seven groups and the respective composition displayed in percentage. A significant
difference in the protein corona composition between polystyrene NPs and protein NCs could
be observed, where PS-NPs mostly adsorbed lipoproteins. Protein nanocarriers demonstrated a
broader protein composition pattern with the dominant proteins being immunoglobulins and
complement proteins. There was a slight difference between TDI and HDDP crosslinked PNCs
as PNCs-HDDP revealed an enriched adsorption of complement proteins and PNCs-TDI
enriched immunoglobulin Ig kappa. Proteins from the complement system and
immunoglobulins might mediate the interaction with phagocytic cells leading to unspecific
uptake and short blood circulation times.?®* Therefore, protein nanocarriers independent of
crosslinker should be functionalized with stealth polymers such as polyethylene glycol to
decrease protein adsorption and increase higher targeting efficiency with longer blood

circulation time.
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Figure 84. A) Absolute amount of corona proteins adsorbed onto nanocarriers after incubation in blood plasma
(mgm-? surface) determined by the Pierce assay (n = 3) B) Corona proteins adsorbed onto nanocarriers identified
by quantitative LC-MS were classified into seven different groups according to their biological functions. Data
from Dr. Johanna Simon.

The cell uptake of PNCs crosslinked with unselective TDI compared to biorthogonal HDDP
was investigated in different biological media. All PNCs interacted strongly with RAW?264.7
macrophages as predicted from the protein corona composition with enriched complement
proteins and immunoglobulins (Figure 85). PNCs crosslinked with HDDP demonstrated high
uptake of over 90% already after 2 h independent of the incubation media. PNCs crosslinked
with TDI were less uptaken by macrophages and showed a decrease in uptake after incubation
with blood serum and plasma, respectively. The uptake experiments into macrophages revealed
the findings in the corona composition where PNCs crosslinked with HDDP strongly enriched
complement proteins on their surface compared to TDI crosslinked PNCs. The small difference
in corona composition led to a significant difference in the unspecific uptake by macrophages.
The results from the corona composition as well as cell uptake demonstrated that the surface
composition of the PNCs crosslinked with TDI and HDDP, respectively, were not the same. As
assumed, an unselective side reaction of TDI with itself lead to patches of polyurethane on the
surface of PNCs, influencing the protein adsorption and cellular uptake of PNCs. If PNCs
crosslinked with HDDP were to be used as nanocarriers to target dendritic cells, the PNCs have
to be surface-functionalized with stealth polymers to hamper the high unspecific cell uptake of
PNCs-HDDP into macrophages.
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Figure 85. Cell uptake of protein nanocarriers crosslinked by click chemistry versus 1,4-toluene diisocyanate
(TDI) into RAW264.7 after incubation in different media, A) uptake after 2 h and B) uptake after 24 h. Data from
Dr. Johanna Simon.

The cell uptake of PNCs into HelLa cells showed after 2h in both cases no interaction of PNCs
and HelLa cells (Figure 86). After 24 h a significant increase of uptake could be observed for
PNCs-HDDP without and with prior incubation in 10% FBS. In general, incubation of the PNCs
in blood serum and plasma, respectively, reduced the cellular uptake towards HelLa cells. If
PNCs were to be used as nanocarriers to target cancer cells, the PNCs have to be surface-

functionalized with cancer-specific targeting moieties to promote uptake into cancer cells.
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Figure 86. Cell uptake of protein nanocarriers crosslinked by click chemistry versus 1,4-toluene diisocyanate
(TDI) into HeLa cells after incubation in different media, A) uptake after 2 h and B) uptake after 24 h. Data from
Dr. Johanna Simon.

The investigation of the protein corona formation and composition as well as the uptake of
PNCs into macrophages and HeLa cells revealed the need for surface modification with stealth
and targeting properties to enhance the delivery efficacy of PNCs. Since PNCs were applied

successfully to analyze plasma protein formation and cellular uptake, PNCs loaded with
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CMPVA@Fe304-NPs could be used to study the intracellular trafficking and formation of an

intracellular protein corona.

I11. D.2.4. Intracellular Protein Corona and Cellular Uptake of Protein

Nanocarriers

The plasma protein corona mediated the uptake of PNCs into macrophages and HeLa cells. On
their journey into the cell, PNCs encounter a change in biological environment and a change in
the protein corona composition could be induced. A different protein corona could on one hand
influence the uptake pathway of PNCs into the cells. On the other hand, the IPC indicates
footprints, revealing in which cell compartments the PNCs have been present upon
internalization. The information about the uptake mechanism and further processing of the
PNCs in cells could assist in the tailored design of optimal nanocarriers. Therefore, PNCs were
modified with magnetic and fluorescent properties by encapsulation of CMPVA@Fe30s-NPs
and fluorescent dye Cy5-Oligo to study cell uptake and intracellular trafficking in dendritic
cells (DCs).

Viability experiments of DCs after incubation with CMPVA@Fes30s-NPs-loaded PNCs
revealed no cytotoxicity induced by PNCs, even with increased concentrations of PNCs, while
the control treated with 20% DMSO decreased the viability greatly (Figure 87A). The use of
proteins as nanocarrier materials promoted high biocompatibility of the PNCs. The cell uptake
of CMPVA@Fe304-NPs-loaded PNCs increased concentration-dependent and time-dependent,
measured by the Cy5 fluorescence in flow cytometry after DCs were incubated with PNCs for
2 h and 24 h, respectively (Figure 87B). The incubation of PNCs in cell culture medium
supplemented with 5% fetal bovine serum (FBS) to form a protein corona during cell incubation
did not affect the cell uptake after 2 h. After 24 h incubation, a protein corona on the PNCs
induced a reduced cell uptake compared to PNCs in cell culture medium without FBS
(Figure 87C). The cell uptake of PNCs (250 pg/mL) was performed with continuous incubation
and removal of PNCs after 2 h (Figure 87D). Both experiments revealed fast uptake rates of
PNCs during the first 2 h. A continuous incubation mediated continuous uptake until the cells
internalized all PNCs, indicated with a plateau of Cy5-positive cells. Removal of PNCs after
2 h demonstrated exocytosis of PNCs after 4 h, indicated by decrease of Cy5-signal in PNCs-
containing cells. The cell uptake experiments, analyzed by flow cytometry, already indicated a

cell-carrier interaction where the PNCs were successfully taken up and processed in the DCs.
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Figure 87. A) Viability of cells after incubation with CMPVA@Fe3;04-NPs-loaded protein nanocarriers. Uptake
of CMPVA@Fe30-NPs-loaded protein nanocarriers B) with different concentrations into dendritic cells after 2 h
and 24 h. C) treated with and without 5% FBS in the cell culture medium; NP concentration 250 pg/mL. D) Over
time without (black) and with (grey) removal of NCs after 2h; measured by the median fluorescence intensity
(MFI) of Cy5-0Oligo. Data from Richard da Costa Marques.

Microscopic analysis with transmission electron microscopy (TEM) and confocal laser
scanning microscopy (cLSM) visualized the cell-carrier interaction (Figure 88). The high
contrast of CMPVA@Fe304-NPs encapsulated into the PNCs in TEM allowed identification
and tracking of PNCs upon cell uptake and intracellular processing. Upon addition of
CMPVA@Fe304-NPs-loaded PNCs to the cell medium, the uptake mechanism of DCs for
PNCs could be observed as a zipper-like mechanism on the cell surface around the PNCs
indicating an uptake by phagocytosis (Figure 88A), correlating with prior TEM visualizations
of phagocytosis events.” The encapsulation of Cy5-Oligo enabled the identification of PNCs
after internalization into DCs. As demonstrated by cLSM, the yellow-marked PNCs were
detected inside the cells, whereas the cell membrane was marked pink and the cell nucleus blue
(Figure 88B). After a successful uptake of PNCs into DCs, the intracellular fate of the PNCs
was visualized by TEM. The PNCs could easily be identified due to the high contrast of
encapsulated SPIONs. The evaluation of the micrographs of DCs treated with
CMPVA@Fe304-NPs-loaded PNCs revealed presence of PNCs in endosomal compartments of
the cell among others (Figure 88C). Moreover, after fusion of late endosomes with lysosomes
to endolysomes (Lys) the PNCs came into a cell milieu with enzymes and acidic pH, where

PNCs probably are degraded and cargo molecules released.
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Figure 88. A) Transmission electron micrograph of cell about to internalize CMPVA@Fe30.-NPs-loaded protein
nanocarriers (MPNCs) by phagocytosis. B) mPNCs uptaken into cells and visualized by cLSM. C) Transmision
electron micrograph of mPNCs internalized into endolysosomes (Lys) of cells. Images from Richard da Costa
Marques.

While electron microscopy allows visual analysis of cell-carrier interaction, the intracellular
protein corona formed during internalization of PNCs into DCs could give more information
about the uptake and processing route. The magnetic properties of PNCs due to loading with
CMPVA@Fe304-NPs enabled a magnetic separation of uptaken PNCs from cellular debris
after cell lysis. After lysis of the PNC loaded DCs, the PNCs were collected magnetically after
being released from the cells by cell lysis (Figure 89A). The protein-coated PNCs were purified
from the cell media by magnetic decantation and the intracellular protein corona on the PNCs
obtained through heating in SDS solution. An SDS-PAGE of the intracellular protein corona
revealed a difference in protein composition between 2 h and 24 h uptake, indicating a dynamic
protein corona and change of environment during internalization of PNCs into DCs
(Figure 89B). Further proteomic analysis could give an overview over the protein composition
of the ICP and correlating with knowledge over occurrence of proteins in specific

compartments, a tracking profile of PNCs upon internalization into DCs could be created.
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Figure 89. A) Magnetic collection of CMPVA@Fe3;04-NPs-loaded protein nanocarriers after uptake into cells and
cell lysis. B) SDS-PAGE of intracellular protein corona on CMPVA@Fe3;0.-NPs-loaded PNCs after uptake into
cells. Figure partly created with BioRender.com by Natkritta Hiippe. Data from Richard da Costa Marques.
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The modification of protein nanocarriers with CMPVA@Fes04-NPs provided a strategy to
study intracellular uptake and protein corona formation of PNCs interacting with DCs. The high
contrast of SPIONs in TEM allowed visualization of PNCs during the cell-carrier interaction
and PNCs were easily separated from the cell debris after cell lysis. The intracellular protein
corona could be studied due to the superparamagnetic properties of PNCs. Although in vitro
cell uptake studies demonstrated high uptake rates of PNCs into DCs, in vivo targeting of DCs
might fail due to high unspecific uptake into macrophages as revealed by plasma protein corona
analysis. Therefore, PNCs were modified with stealth and targeting moieties on their surface to

promote long circulation times and high targeting efficiency into DCs.
I11. D3. Surface Modification of Protein Nanocarriers

Developed nanovaccine, composed of adjuvant-loaded ovalbumin nanocarriers, proved a high
anti-tumor immune response due to efficient DC-mediated T cell stimulation in vitro as well as
in an in vivo mouse model. Compared to a subcutaneous administration, an intravenous
injection could mediate the accumulation of therapeutic PNCs in the lymph nodes where the
immune cells are located, increasing the stimulating efficiency of adjuvant-loaded PNCs.
However, injection into the blood circulation systems means contact of PNCs with blood
components including proteins and phagocytic cells that could lead to unspecific uptake and
fast excretion of PNCs. Efficient delivery of nanovaccines is crucial to induce a robust anti-
tumor immune response. Therefore, the PNCs had to be modified with stealth moieties to
enhance blood circulation time and prevent unspecific uptake. Additionally, dendritic-cell
specific antibodies, such as CD11c, promote receptor-mediated uptake of antibody-modified
PNCs into DCs.2" 272

I11. D3.1. Modification with Stealth Polymers

Low affinity to blood proteins affects the formation of protein corona on nanocarriers and
mediates the cell-carrier interaction. The importance of the protein corona in understanding the
biological fate of the nanocarriers has opened up a new field to control the protein corona
formation by modifying the nanocarriers.?”® Many studies have proven the ability of polymers
such as PEG to promote stealth properties when functionalized on the surface of NCs.
Therefore, protein nanocarriers were modified with polyethylene glycol and the influence of
surface modification on the unspecific cell uptake into macrophages was investigated. Due to

the naturally high number of amine groups on proteins, PNCs could be modified with PEG
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through NHS-reaction of N-hydroxysuccinimid-polyethylene glycol-methylene oxide (NHS-
PEG-MeO) with the amines on the NCs surface under basic conditions (Scheme 19).
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Scheme 19. Surface functionalization of protein nanocarriers with N-hydroxysuccinimid-polyethylene glycol-
methylene oxide under basic conditions (NHS-PEG-MeO). Protein structure was obtained from DrugBank online
(https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted.

PEG with two molecular weights, namely 2 and 5 kDa, were chosen and added to the PNCs in
different PEG/NH: ratios to obtain different densities of PEG chains on the PNCs surface
(Table 22). Successful PEGylation of PNCs was confirmed by fluorescamine assay, where a
decreased number of amines could be determined for PNCs after reaction with NHS-PEG-MeO.
A higher ratio of PEG to amines achieved higher PEGylation rates of PNCs in both cases with
PEG-2kDa and PEG-5 kDa. Therefore, the density of PEG chains per nm? carrier was 0.3 chains
for 0.5 eq. PEG and 1.5 chains for 50 eq. PEG. There was no significant difference for the

PEGylation efficiency between the PEG with different molecular weights.

Table 22. Analytical data of surface-functionalized protein nanocarriers with N-hydroxysuccinimid-poly(ethylene
glycol-methylene oxide) (NHS-PEG-MeO) in different ratios and molecular weights.

Mw (PEG) NH2 PEG chain PEG chain

Sample PEG:NH:2 _ )

/gmol? [carrier [ carrier / nm?

OVApristine - - 2.82 - 105 - -

OVAPreG 2 000 0.5 2.42 -10° 40 000 0.32
OVAFPEG 2 000 50 9.30 - 10% 189 000 1.50
OVApEG 5000 0.5 2.37-105 45 500 0.36
OVAPrEG 5000 50 9.01 - 10* 191 900 1.52

The uptake of PNCs functionalized with PEG into RAW264.7 cells was investigated for the
different PEG densities (Figure 90). In case of the low PEG density of 0.32 chains/nm?, no
stealth effect and decreased uptake was observed and over 50% for PEG-2 kDa and almost 80%

for PEG-5 kDa of PNCs were taken up into the macrophages. In fact, pristine PNCs showed
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lower unspecific uptake than PNCs modified with a low density of PEG. As described by
Li et al., the density of PEG chains on the NCs surface influences the conformation of the
chains on the surface and thus mediates the stealth effect towards phagocytic cells.?” The
authors revealed that the PEG conformation changed from a mushroom brush to a dense brush
with increasing the PEG chain density. A dense brush above 0.5 chains/nm? demonstrated a
decreased unspecific cell uptake into macrophages. A significant stealth effect and decreased
uptake was observed for PNCs with 1.5 PEG chains/nm? due to the described formation of a
dense PEG brush on the PNCs, influencing the protein corona formation. The highest stealth
effect was achieved for PEG-5 kDa with a PEG density of 1.5 chains/nm? and less than 5%
PNCs were uptaken into RAW264.7 cells.
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Figure 90. Uptake of protein nanocarriers with and without polyethylene glycol (2 and 5 kDa) on the surface into
RAW?264.7 cells, measured by fluorescence of Cy5-positive cells. Data from Maximilian Briickner.

Surface functionalization of PNCs with PEG led to higher stealth effect with inhibited
unspecific uptake into macrophages. A higher density of PEG chains on NCs surface
(1.5 chains/nm?) achieved the highest stealth effect. PEG was until recently the gold standard
as a stealth polymer, but the polymer has risen concerns about its degradability and
immugenicity. Therefore, more biocompatible and degradable alternatives should be found as
stealth polymers. Polyphosphoesters (PPEs) have demonstrated their high stealth ability
comparable with PEG.?%3 PPEs have the advantage that they are biocompatible and compared
to PEG degradable.?”® So far, PPEs have only been used on model nanocarriers such as
polystyrene nanoparticles. Next, the stealth property of PPEs should be transferred to

nanocarriers that could be used in clinical applications such as developed protein nanocarriers.
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I11. D3.2. Targeting with Antibodies

Modification of nanocarriers with cell-specific antibodies enhances specific targeting to desired
cells and increases the delivery efficiency. Dendritic cells as antigen-presenting cells play a
crucial role in antigen-specific anti-tumor responses.?®? Different surface receptors on the cell
promote specific uptake, for example, on dendritic cells, those include, CD11c, CLEC 9A, or
DC-SIGN.?®% 28 The orientation of antibodies on the nanocarriers’ surface mediates the
specificity of uptake, where the Fc part of the antibody promotes an unspecific uptake through
Fc receptors, present also on phagocytic cells. To ensure a specific targeting of dendritic cells,
the respective antigen-binding region, namely the Fab part, of the antibody has to be accessible.
Therefore, Bruckner et al. developed an efficient strategy for site-specific functionalization of
antibodies onto nanocarriers.?®® The antibodies were functionalized with azide moieties at a
characteristic N-gylcosylation pattern at the Fc part. The antibody was attached to the surface
through a chemoselective azide-alkyne click reaction, where a site-specific conjugation
promotes an orientation of the Fab region outwards and thus a specific dendritic cell targeting.
Further, in vivo studies demonstrated a successful antibody-mediated cell uptake through the
CD11c surface receptor on DCs, despite the formation of a protein corona upon intravenous
injection.?®? The site-specific antibody functionalization was now transferred from the model
nanocarrier mgHES (hydroxyethylstarch coated magnetite nanoparticles) to protein
nanocarriers to achieve a specific targeting of adjuvant-loaded PNCs to DCs and enhance anti-

tumor vaccination.

a) Surface Functionalization with DBCO Groups

For the functionalization with antibodies via site-click reaction, alkyne groups are needed on
the surface of the nanocarriers. The protein nanocarriers bearing amino-groups on the surface
were functionalized via NHS chemistry with dibenzocyclooctine (DBCO) moieties
(Scheme 20).
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Scheme 20. Surface functionalization of protein nanocarriers with DBCO groups by dibenzocyclooctin-N-
hydroxysuccinimidylester (DBCO-NHS) and quantification of DBCO groups by anthracene-azide. Protein
structure was obtained from DrugBank online (https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was
adapted.

The number of alkyne groups on the PNCs can be determined with anthracene-azide, which
forms a fluorescent product (1ex = 370 nm, Aem = 418 nm) when reacting with alkyne-groups by
azide-alkyne click chemistry.?’”” The increase in fluorescence corresponds to the amount of

reacted alkyne groups (equation 1):

Q

. |
Nreacted azido = (E) " NAnth-N; with ) = L eq.1
0

First, the amount of remaining amines on the PNCs surface was determined by fluorescamine
assay using glycine as a standard substrate and lysozyme as a reference substrate. The
ovalbumin nanocarriers were crosslinked with 10 eq. HDDP and afterwards possessed

2 - 10% amines per nanocarrier (Table 23).

Table 23. Amount of amines on the surface of ovalbumin nanocarriers determined with fluorescamine assay.

HDDP Ntheo(NHz)/ Nex(N H2) Nex(N H2) Nex(N H2)

M /gmol*
/ eq. protein /protein /mg NC INC
OVA nat. 42800 - 20 19 - -
OVA-N; 42800 - 20 6 - -
OVA-NC 42800 10 20 5 5-10%° 2-10°
Lysozyme 14300 - 6 6 - -

The OVA-HDDP NCs were functionalized with DBCO-PEG4-NHS ester (2 eq. to amine
groups) over night and after washing through a centrifuge filter (MWCO 3K), the amount of
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DBCO on the surface was determined with the anthracene-azide. The increase in fluorescence
corresponds to the amount of reacted alkyne groups (equation 1). An increase in fluorescence
was observed after the reaction of PNCs-DBCO with anthracene azide, indicating the presence
of alkynes on the NCs surface. The amount of reacted azide groups corresponded to 7 - 10°
DBCO groups per nanocarrier and 35% of amines were conjugated with DBCO moieties
(Table 24). Additionally, the supernatant from the reaction dispersion was analysed and an
excess of DBCO groups corresponding to 1.5 - 101 reacted azides were determined. The blank
nanocarriers did not result in an increase of fluorescence, meaning no anthracene azides were
attached to the PNCs without DBCO.

Table 24. Fluorescence intensity measured for anthracene azide (23*10- mg), blank (0.2 wt% NC dispersion) and
sample (23*10-° mg Anth-N3 + 0.2 wt% NC-DBCO dispersion); Aex = 370 nm, Aem = 418 nm.

Sample HDDP Ne(NH2)/NC  lo(Anth-N3)  loank | N(reac.Ns) N(DBCO)/NC
1 10 eq. 2-10° 2600 1100 3800  2.8-10'° 7-10°
2% 10 eq. 2108 2600 - 19800  1.5-10%6

*supernatant of sample 1

DBCO-NHS ester were added to the PNCs in different ratios to the amount of amine groups
(Table 25). A ratio of 0.5 eq. DBCO with 2% led to the lowest conversion of amine groups and
approx. 38000 DBCO groups were quantified on the PNCs. With an increasing amount of
DBCO, the conversion of amines increased, while the conversion of DBCO was between
20-30% in all cases. With an excess of 4 eq. DBCO, 70% amine groups were conjugated with
DBCO corresponding to approx. 106 groups. However, when a ratio of 6:1 was used, the
number of DBCO determined on the PNCs exceeded the number of amines, resulting in 125%
amine conversion. The exceeding amount of DBCO indicates that at high excess the DBCO

moieties adsorb to the PNCs surface and could not be removed by three times centrifugation.
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Table 25. Amount of DBCO groups on protein nanocarriers with 2 - 10° amine groups, determined with
anthracene assay.

Ratio DBCO DBCO Conversion DBCO Conversion NH;

/ eq. /I NC [ % [ %
0.5 3.75 - 10* 39 2
1 1.63 - 10° 35 8
2 5.50-10° 25 28
4 1.40 - 10° 21 70
6 2.51-10° 25 125

b) Surface Functionalization with Antibodies

To study the antibody-mediated specific targeting of dendritic cells, protein nanocarriers were
functionalized with purified anti-mouse CD11c-antibodies, binding to CD11c-expressing DCs.
An isotype antibody, here the purified Armenian hamster 1gG Isotype Ctrl antibody, was used
as a control, because its composition (class and type) matches to the CD11c-antibodies, with a
lack of specificity to the target. For this reason, the isotype control allowed the differentiation
between non-specific Fc-directed uptake from specific Fab-mediated uptake. Due to the DBCO
groups on the PNCs surface, azide-modified antibodies could be attached site-specifically to
the surface metal-free via strain-promoted azide-alkyne click chemistry (Scheme 21). The
PNCs were loaded with CMPVA@Fe304 NPs to allow magnetic purification of antibody-

modified PNCs from the reaction solution with unreacted antibodies.

0
&

Scheme 21. Site-specific antibody functionalization of CMPVA@Fe3;04 nanoparticles-loaded protein nanocarriers
bearing DBCO groups via strain-promoted azide-alkyne click chemistry. Protein structure was obtained from
DrugBank online (https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted. Figure (antibody)
partly created in BioRender.com by Natkritta Hiippe.

The amount of CD11c-antibodies on the PNCs surface was verified with a fluorescein
isothiocyanate-labelled (FITC) secondary antibody test by flow cytometry (Figure 91A). A

concentration-dependent increase of FITC fluorescence was observed with increased amount
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of antibody added to the PNCs. A negative control with naked OVA-NCs and DBCO-
functionalized OVA-NCs only weakly bound anti-hamster FITC, displayed in almost no
fluorescence observed by flow cytometry. The DBCO-functionalized PNCs were conjugated
with the targeting antibody CD11c as well as the isotype control 1gG in two concentrations to
investigate a concentration-dependent specific uptake into DCs. The CD11c-targeting
experiments showed an increased uptake of OVA-NCs into DC2.4 cells when functionalized
with the antibody (Figure 91B). No concentration-dependent uptake was observed as the NCs
reacted with 10 pg antibodies lead to a similar uptake compared to 50 pg, for CD11c and IgG,
respectively. In comparison, no significant increase in uptake was obtained for naked and
DBCO-functionalized PNCs. Incubation of antibody-modified PNCs in FBS resulted in
comparable uptake as PNCs without FBS, indicating that a formation of a protein corona around
the PNCs did not have an effect on their uptake. However, high specific Fab-directed uptake
could not been proven as PNCs functionalized with the isotype control resulted in an increased

uptake as well, not significantly less than with the targeting antibody.
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Figure 91. A) Antibody detection on protein nanocarriers by secondary antibody test. Uptake of CD11c-antibody-
functionalized protein nanocarriers treated with and without FBS into B) DC2.4 cells. C) MutuDC1940 cells D)
into MutuDC1940 after Fc-receptor blocking. Data from Maximilian Briickner.
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Because no specific CD11c-promoted uptake into DC2.4 cells could be proven for PNCs,
another dendritic cell line was tested. The MutuDC1940 are splenic dendritic cells derived from
CD11c:SV40LgT transgenic mice, expressing a high concentration of CD11c-receptors. The
uptake experiments of antibody-modified OVA-NCs into MutuDC1940 revealed an increased
uptake of NCs into DCs (Figure 91C). Here, the lower concentration of CD11c lead to a higher
uptake compared to 50 pg antibody. While FBS incubation had no influence on the uptake of
NCs-CD11c (10 pg), a decreased uptake was observed for NCs-CD11c (50 pg) with a protein
corona. The isotype control achieved as well increased uptake of NCs-1gG into MutuDC1940
with a significant concentration-dependence and influence of FBS. More importantly, the
uptake of NCs-CD11c into MutuDC1940 was significantly higher compared to 19G-modified
NCs, indicating an increased contribution of specific Fab-directed uptake compared to DC.2.4
cells. The higher expression of CD11c-receptors on MutuDC1940 promoted a CD11c-specific
uptake of PNCs (Figure 91D). However, the contribution of Fc-directed unspecific uptake was
still significant as demonstrated with the 1gG control. Therefore, the contribution of Fc-directed
uptake was investigated by blocking the Fc receptors on DCs prior to incubation with antibody-
modified PNCs. If the Fc receptors are blocked, there should not be unspecific uptake by the
Fc part and uptake into DCs should be promoted only through targeting by the Fab region of
antibody-modified PNCs. Different ratios of antibody to the DBCO concentration were applied
to study the minimal and optimal ratio where the highest targeting specificity is achieved. The
uptake into MutuDC1940 was significantly higher for NCs-CD11c with the highest ratio of
DBCO:antibody (2000:1) compared to 1gG with the same ratio, indicating a higher contribution
of Fab-directed targeting. Many studies have demonstrated that even a low number of
antibodies on the NCs surface can enhance the targeting specificity. Sometimes according to
the motto “Less is more”, higher site-specific conjugation of antibodies could be achieved,
when lower concentrations of antibodies are not sterically hindered in the conjugation.
However, as seen from the high uptake of IgG-modified PNCs for the other ratios, Fc-directed
uptake was still possible and complete blocking of Fc receptors failed with this setup. Therefore,
no clear information could be gained from these blocking experiments. Changes on the setup
could promote successful blocking og Fc receptors and prove specific Fab-directed targeting of
CD11c-functionalized PNCs to DCs. Regarding the high contribution of Fc-directed uptake, it
has to be considered that there might be azide groups on the PNCs surface left unreacted after
the interfacial azide-alkyne crosslinking of azide-modified proteins with HDDP. The excess of
azides could react in a side reaction with the DBCO-NHS ester in the same strain-promoted

azide-alkyne click reaction as with the azide-modified antibody, conjugating the PNCs surface
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with unwanted NHS moieties (Scheme 22). The NHS moieties could then react unselectively
with the amine groups on the antibody, leading an uncontrolled orientation of the antibody on
the PNCs. Most likely, the side reaction lead to a higher number of Fab-specific conjugation,

decreasing the number of accessible target sites and increasing number of accessible Fc-regions.

Scheme 22. Side reaction of DBCO functionalization by reaction of DBCO with remaining azide groups on the
surface of protein nanocarriers.  Protein  structure was obtained from DrugBank online
(https://go.drugbank.com/drugs/DB00062, 28.11.2021) and was adapted.

Nevertheless, higher uptake into DCs could be achieved with modifying the PNCs with
antibodies compared to naked PNCs. The most promising results were obtained for specific
targeting of splenic MutuDC1940 cells as the antibody-modified OVA-NCs achieved the
highest difference of CD11c-targeted uptake compared to the IgG isotype control. Antibody-
modification of PNCs can offer a high potential to improve the therapeutic efficiency of the
nanovaccine by an increased and more selective uptake into DCs. Thus, transfer of the
successful results achieved for site-specific antibody modification on model NCs mgHES
should be of high focus for further development of PNCs as nanovaccines.

I11. D4. Conclusion

Modification of protein nanocarriers with enabled studying the interaction of PNCs with cells
to enhance their delivery efficiency into DCs and thus therapeutic efficiency. PNCs-TDI and
PNCs-HDDP could successfully be loaded with CMPVA@Fe304-NPs with minimal amount
of free NPs. Encapsulation of the Cy5-Oligo added fluorescent properties to the magnetic
PNCs, so that the modified PNCs could be used for studying cell-carrier interactions. The
results from the protein corona composition and cell uptake into macrophages as well as HeLa
cells demonstrated the necessity for surface modification of protein nanocarriers with stealth
and targeting properties to achieve high specific uptake into dendritic cells. Additionally, the
difference in corona composition of TDI compared to HDDP crosslinked PNCs revealed the
effect of the crosslinker on the surface composition of PNCs and thus affects their interaction
with proteins and cells. The high contrast of magnetic PNCs could be used to visualize
intracellular uptake and study intracellular protein corona formation of PNCs upon
internalization into DCs. The modification of PNCs with stealthy polyethylene glycol,

obtaining high density of PEG brushes (1.5 chains/nm?) on the surface, significantly decreased
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the unspecific cell uptake into macrophages compared to naked PNCs. PNCs were
functionalized with DBCO groups to enable site-specific modification with azide-bearing
antibodies. CD11c-modified PNCs obtained a higher uptake into DCs compared to unmodified
PNCs. Although, unspecific uptake by the isotype control revealed Fc-directed internalization,
the contribution of specific Fab-directed targeting was significantly increased, especially in
splenic MutuDC1940. Further optimization of stealth and targeting properties of PNCs by
surface modification could advance the potential of adjuvant-loaded PNCs as anti-tumor

nanovaccines for clinical use.
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This thesis presents the development of multifunctional nanocarriers for co-delivery of
therapeutics. Interfacial azide-alkyne click reaction between the activated dialkyne hexane diol
dipropiolate and azide-modified protein in an inverse miniemulsion enabled successful
preparation of protein nanocarriers without the use of metal catalysts or the formation of side
products, making it a mild and biorthogonal approach. Dissolving cargo molecules in the
disperse phase of an inverse miniemulsion allowed multicomponent encapsulation during the
nanocarrier shell formation with high efficiency and control. With the developed method, four
and possibly even more cargo molecules could be encapsulated simultaneously into protein
nanocarriers without significantly compromising the encapsulation efficiency of each cargo.
Developed nanovaccine composed of dual-adjuvant-loaded ovalbumin nanocarriers
demonstrated efficient anti-tumor properties in in vivo experiments with melanoma-bearing
mice. Here, co-encapsulation and co-delivery of adjuvants lead to higher decrease of tumor
growths and longer survival of mice. The in vivo results underline the importance of
nanocarriers as drug delivery systems to achieve high local concentrations of therapeutics at the
target site and enhance treatment efficacy. The high stimulation efficiency of adjuvant-loaded
protein nanocarriers demonstrated, that all adjuvants maintained their bioactivity during the
encapsulation process, underlining the advantage of the mild and biorthogonal preparation
method. Interfacial denaturation of proteins in W/O/W emulsions also proved to be an efficient
bioorthogonal strategy to prepare protein nanocarriers without the use of chemical reactants.
The prepared protein nanocarriers not only allow multicomponent encapsulation, but also
surface modification with stealth and targeting moieties. The additional functionalities
promoted a higher uptake of the nanocarriers into dendritic cells, which could facilitate an even
higher treatment efficacy of the nanovaccine. In this thesis, the protein nanocarriers were
modified successfully at the surface with stealth polymer PEG via NHS chemistry and targeting
antibodies via site-specific strain-promoted azide-alkyne reaction. The developed procedure for
the preparation of multifunctional protein nanocarriers can be adapted to numerous materials,
cargo molecules and surface functionalization. The versatile PNCs are not only promising for
vaccination, but for various biomedical applications such as theranostics. Integration of several
functionalities into one system enables multitherapies, revolutionizing biomedical treatments.
Furthermore, the tailored design of a fully biocompatible and biodegradable nanocarrier with
high treatment efficacy could fulfill the strict requirements of the FDA, paving the way for

broad application of nanocarriers in biomedicine.
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V. 1. Supplementary Information to Chapter A

Materials

All chemicals and materials were used as received. Human serum albumin (> 99% purity) was
purchased from Sigma Aldrich as well as 1,6-hexanediol (99%), propiolic acid, sulfuryl
chloride and imidazole. Cyclohexane (HPLC grade) was purchased from VWR. Fluorescamine
was purchased from Alfa Aesar. The block copolymer poly((ethylene-co-butylene)-b-(ethylene
oxide)) P((E/B)-b-EOQ) used as the oil-soluble surfactant was synthesized as described in
literature and consists of a poly((ethylene-co-butylene) block (NMR: M» = 3900 g/mol) and a
poly(ethylene oxide) block (NMR: My = 2700 g/mol).1%* The anionic surfactant sodium dodecyl
sulfate (SDS) was purchased from Sigma Aldrich. Cy5-Oligo was purchased from IBA
Lifesciences. Proteinase K from tritirachium album (> 30 units/mg) and peroxidase from
horseradish (> 50 units/mg) was purchased from Sigma Aldrich. Resiquimod (R848),
Muramyldipeptide (MDP) and Polyinosinic-polycytidylic acid (Poly(l:C) LMW) was
purchased from Invivogen. Amicon Ultra-2 centrifugal filter devices were purchased from
Merck Millipore (100 kDa) nominal molecular weight limit (NMWL). The magnesium and
calcium-free phosphate-buffered saline was purchased from Life Technologies. Demineralized

water was used for all experiments.
Experimentals
1. Synthesis of 1,6-Hexandiol Dipropiolate (HDDP)

The dialkyne crosslinker was synthesized by esterification following the literature. Briefly,
hexandiole (4 g, 33.85 mmol), propiolic acid (9.48 g, 135.39 mmol) and p-TsOH (333.33 mg,
5 mol%) were dissolved in 120 mL toluene and stirred at 135 °C under reflux for 3 days using
a dean-stark apparatus. Afterwards, the reaction solution was washed twice with 100 mL
saturated NaHCO3 solution and twice with 100 mL water. The solvent was removed and the
product purified by column chromatography (PE:EtOAc 10:1). The product was obtained as
colorless crystals. Yield: 3.37 g, 45%.

'H NMR (300 MHz, CD-Cl,) & 4.10 (t, 4H, O-CH,), 2.87 (s, 2H, HC=C), 1.61 (m, 4H, CH,-
CH2-0), 1.32 (m, 4H, CH2-CH,-CH2) ppm. 3C NMR (300 MHz, CD,Cl,) § 153, 74.6, 66.6,
28.5, 25.8 ppm.
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Figure 92. 'H NMR spectrum of 1,6-hexandiol dipropiolate in CD,Cl,.
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Figure 93. 13C NMR spectrum of 1,6-hexandiol dipropiolate in CD,Cl..
2. Synthesis of Disulfide 1,6-Hexanediole Dipropiolate (HDDP-SS)

The dialkyne crosslinker was synthesized by esterification following the literature. Briefly,
bis(2-hydroxyethyl) disulfide (3.0 g, 19.5 mmol), propiolic acid (5.4 g, 78.0 mmol) and p-TsOH
(360 mg, 2 mmol) were dissolved in 150 mL benzene and stirred under reflux for 3 days using
a dean-stark apparatus. Afterwards, 100 mL saturated NaHCO3 solution was added to the

reaction solution and the organic phase separated. The aqueous phase was washed twice with
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100 mL diethylether. The organic phases are combined and dried over Na>SOa. The solvent
was removed and the product purified by column chromatography (n-hexane:EtOAc = 3:1).
The product was obtained as colorless crystals. Yield: 2.3 g, 46%.

'H NMR (300 MHz, CDCls) § 4.41 (t, 4H, O-CH,), 2.96-2.92 (m, 6H, S-CH, and HC=C) ppm.
13C NMR (300 MHz, CD,Cly) § 152.3, 75.5, 74.3, 74.3, 63.9, 36.7 ppm.

3. Synthesis of 1-Imidazole-Sulfonyl Azide Hydrochloride

The azide transfer agent was synthesized according to Goddard-Borger et al.'*® Briefly, sodium
azide (1.63 g, 25 mmol) was suspended in 25 mL MeCN and cooled down to 0 °C. Under
vigorous stirring sulfurylchloride (3.34 g, 25 mmol) was added drop-wisely. The reaction
solution was slowly brought to room temperature and the reaction carried out at room
temperature overnight. Again, the reaction solution is cooled down to 0 °C and imidazole
(3.23 g, 47.5 mmol) added in small portions. The reaction is stirred at room temperature for 3 h.
Afterwards, 50 mL EtOAc is added and the reaction solution is washed twice with 50 mL
saturated NaHCO3 solution and twice with 50 mL water. The organic phase is dried over
MgSOs and filtered. A mixture of AcCI/EtOH is slowly added to the reaction solution at 0 °C.
The product is filtered, washed with EtOAc and dried. Yield: 3.13 g.

IH NMR (300 MHz, D20) & 7.44 (dd, 1H, N-CH=CH), 7.85 (dd, 1H, HC=CH-N), 9.17 (dd,
1H, N=CH-N) ppm. 3C NMR (300 MHz, CD:Cl) & 152.3, 75.5, 74.3, 74.3, 63.9, 36.7 ppm.
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Figure 94. *H NMR spectrum of 1-imidazole-sulfonyl azide hydrochloride in D,0.
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Figure 95. 13C NMR spectrum of 1-imidazole-sulfonyl azide hydrochloride in D;O.
4. Azidation of Proteins with 1-Imidazole-Sulfonyl Azide Hydrochloride

The human serum albumin (1 g) was dissolved in 20 mL K>COs solution of pH 11. The azide
transfer agent (276 mg) was dissolved in 2 mL water and added dropwisely to the protein
solution. The pH value of the reaction solution was adjusted to pH 11 with 1 M NaOH. The
reaction solution was stirred at room temperature for 48 h. The product was purified by dialysis
(MWCO 1K) and lyophilized. Yield: 0.93 g. Horse radish peroxidase (200 mg) was
functionalized with azide moieties with the similar procedure. Amounts of reagents were
adapted, 86 mg of azide transfer agent. Yield: 0.27 g. The amount of azide moieties was

determined using the fluorescamine assay.
5. Fluorescamine Assay

The quantitative amount of azide groups was determined with the fluorescamine assay in borate
buffer at pH 8.2.

Fluorescamine Amine Fluorescent product

Scheme 23. Reaction of fluorescamine with amines to a fluorescent product at pH 8.2.
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Glycine was used for the standard calibration curve and lysozyme was used as a reference. A
decreased amount of amine groups was determined for the protein after azide-functionalization,

indicating a successful reaction.
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Figure 96. Fluorescamine assay, standard calibration with glycine.
6. Preparation of Protein Nanocarriers

First, the azide-functionalized protein (HSA and HRP, 50 mg) was dissolved in 0.4 mL NaCl
solution (c =14.4 mg/mL) and dye solution was added, either 100 pL Cy5-Oligo (c=0.1
nmol/uL) or dextrane-rhodamine B (0.1 mg, 1 mg/ mL). 357 mg of surfactant
poly((ethylene/butylene)-block-(ethylene oxide)) (P((E/B)-b-EO)) were dissolved in 7.5 g of
cyclohexane and the mixture was added to the aqueous solution. The two phases were
homogenized by ultrasound under ice-cooling (70% amplitude, 3 min, 20 s pulse, 10 s pause).
A third solution containing of 10.7 mg P((E/B)-b-EQ), 35.7 mg crosslinker in 5 g of
cyclohexane and was then added dropwise to the stirred miniemulsion at 40 °C. The reaction
was carried out at 40 °C for 24 h. Afterwards, the protein nanocarriers were purified by
repetitive centrifugation (15009, 20 °C) and redispersion in cyclohexane to remove excess of
surfactant and crosslinker. For the transfer of the nanocarriers into aqueous media, 500 pL of
concentrated nanocarrier dispersion in cyclohexane is added dropwise to 5 mL 0.1 wt% SDS
solution under shaking in an ultrasonication bath for 3 min. Then, the emulsion was stirred open
over night to evaporate the organic solvent. The protein nanocarriers in water were purified by
repetitive centrifugation and washing in Amicon Ultra-2 centrifugal filters (500g, MWCO
100 kDa).
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Scheme 24. Preparation of protein nanocarriers crosslinked with HDDP in inverse miniemulsion and transfer into
water. Scheme created in ChemDraw 20.1 by Natkritta Huppe.

PGPR surfactant: For the preparation of protein nanocarriers by using PGPR as a surfactant,
PGPR (75 mg) was used instead of P((E/B)-b-EO) in the cyclohexane phase. The procedure for

the inverse miniemulsion and following crosslinking maintained.

Vybrant DiO: For the encapsulation of Vybrant DiO dye into protein nanocarriers crosslinked
with HDDP-SS, a solution of dye (1 mM in DMF, 20 pL) was added to the disperse phase
containing HSA (50 mg) and 7.2 mg NaCl in 0.48 mL H20. The preparation of protein

nanocarriers proceeded as described above.

7. Encapsulation of Protein Nanocarriers into Polymersomes

The encapsulation of protein nanocarriers into polymersomes by simple double emulsification
(SDE) method was performed according to Houbrechts et al.!%” Briefly, protein nanocarriers
were dispersed in an aqueous sucrose solution (250 mM). The PNCs in sucrose (5 pL) were
added into a solution of polybutylene-polyethylene oxide in toluene (30 pL). Both solution were
gently emulsified for 1 min using a micropipette. A double emulsion was formed by adding the
W/O emulsion (5 pL) into more sucrose solution (200 pL) and gentle emulsification with a
micropipette for 1 min. The double emulsion was left open to air for at least 2 h to evaporate
the toluene. Then the dispersion (100 pL) was transferred into a microscope chamber slide
containing a glucose solution (400 pL, 250 mM) for microscopic analysis. To degrade the
protein nanocarriers encapsulated in the polymersomes, a solution of dithiothreitol (25 mM)

was added to the dispersion.
8. Characterization of Protein Nanocarriers

Dynamic light scattering (DLS) was used to determine the average size and size distribution of

the nanocarriers. A diluted dispersion (10 pL sample diluted in 1 mL cyclohexane or 50 pL
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sample diluted in 200 pL H>0O) was measured on a Malvern Zetasizer Nano S (Malvern
Panalytical) equipped with a detector at 90° scattering mode at 20 °C. The zeta potential of the
nanocarriers were measured in 102 M potassium chloride solution with a ZetaNanosizer
(Malvern Panalytical) at 20 °C. Scanning electron microscopy (SEM) studies were done on a
field emission microscope (LEO (Zeiss) 1530 Gemini, Oberkochen, Germany) working at an
accelerating voltage of 170 V. The silica wafers are cleaned in the plasma oven prior to use.
Then, 2 pL of a diluted nanocarrier dispersion in cyclohexane or distilled water (concentration
similar to samples for DLS) were dropped onto the wafers and dried under ambient conditions
for 15 min. No additional contrast agent was applied. The solid content of the nanocarrier
dispersion was measured gravimetrically. The fluorescence intensities for all mentioned

experiments were measured using a microplate reader (Infinite M1000, Tecan, Switzerland).
9. Determination of Encapsulation Efficiency and Permeability

The encapsulation efficiency was determined by measuring the fluorescence intensity of using
amicroplate reader (Infinite M1000 Tecan, Switzerland). The unpurified nanocarrier dispersion
after transfer into 0.1 wt% SDS were concentrated in an Amicon centrifuge filter 100 K for 30
min at 500 g. The amount of non-encapsulated dye was measured in the supernatant and the
encapsulation efficiency determined in proportion to the fluorescence intensity of the un-
purified dispersion. After washing the aqueous dispersion, the permeability of the nanocarriers
was measured using the same method. The dispersion was concentrated in an Amicon
Centrifuge filter at a certain time point and the amount of leaked dye measured in the

supernatant.
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Figure 97. Fluorescence curve of HSA nanocarriers with encapsulated Cy5-Oligo (left). Standard calibration curve

of Cy5-Oligo fluorescence (right).
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10. Degradability of Protein Nanocarriers

The enzymatic degradation of the protein nanocarriers were performed with proteinase K and
determined by release of Cy5-Oligo. A 0.1 wt% nanocarrier dispersion in PBS buffer was
treated with a proteinase K solution (30 U/mL) at 37 °C. After the enzymatic degradation the
dispersion is filtered by centrifugation in an Amicon centrifuge filter 3K at 5009 for 30 min and
the amount of released dye in the supernatant measured by fluorescence. The degradation of
the nanocarriers by proteinase K is also monitored by DLS measurements every 5 min over
10 h. The reduction-responsive properties of HDDP-SS-crosslinked protein nanocarriers were
investigated with dithiothreitol (DTT) by release of Cy5-Oligo. A 0.1 wt% nanocarrier
dispersion in PBS was treated with a DTT solution (25 mM) at 20 °C. After the reductive
degradation, the dispersion is filtered by centrifugation in an Amicon centrifuge filter 3K at
500g for 30 min and the amount of released dye in the supernatant measured by fluorescence.
The degradation of the nanocarriers by DTT is also monitored by DLS measurements every
5 min over 10 h. In both cases, enzymatic and reductive degradation, a sample treated with PBS

buffer serves as a control sample and every experiment was performed in triplets.
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Figure 98. Tyrosine calibration curve for the determination of th enzyme activity of proteinase K.
11. Determination of Enzyme Concentration in Protein Nanocarrier

A protein assay with bicinchoninic acid (BCA) was used as the substrate to determine the
concentration of the enzyme in the nanocarrier dispersion. Briefly, BCA (100 mg), sodium
carbonate (200 mg), sodium hydrogen carbonate (95 mg) and sodium tartrate (16 mg) were
dissolved in 10 mL of distilled water and the pH of the solution was adjusted to 11.3 by using
3.0 M NaOH. A solution of CuSO4x 5 H20 (50 mg/mL, 200 pL) in distilled water was added

to the substrate solution. 10 pL of protein or nanocarrier dispersion was mixed with 200 uL of
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metal-containing substrate solution and incubated at 60 °C for 30 min. The absorbance of the
sample was measured at 565 nm and the enzyme concentration determined by a standard

calibration with native enzyme.
12. Enzymatic Activity

The enzymatic activity of HRP and HRP-HDDP nanocarriers were determined using 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) as substrate. Briefly, the substrate was
dissolved in 100 mM potassium phosphate buffer (pH 5.0) to a concentration of 5 mg/mL. The
enzyme in different stages of the nanocarrier preparation were diluted to a concentration of
0.002 mg/mL protein in a solution of 0.5% Triton X-100 in 40 mM PBS buffer (pH 6.8). The
ABTS solution (190 pL) was mixed with the enzyme solution (3.3 pL) in a 96-well plate and
the reaction started with addition of 0.3% (w/w) hydrogen peroxide solution (6.6 pL). The
absorbance at 405 nm was monitored by a UV/Vis spectrophotometer and the enzyme activity

determined by a standard calibration with native HRP.
13. Quantification of Adjuvants in Protein Nanocarriers

For the quantification of adjuvants in the protein nanocapsules (PNCs), the PNCs were
degraded by proteinase K (30 U/mL) at 37 °C overnight. The PNCs remains and the enzyme
were separated from the released adjuvants through a centrifuge filter (MWCO 3K, 30 min,
1500g). The amount of Resiquimod (R848) was determined by fluorescence (lex = 260 nm,
Jem = 360 nm) using a standard calibration curve (Figure 99). Muramyl dipeptide (MDP) was
determined from the supernatant using the Morgan-Elson Reaction (Scheme 6). The
supernatant (50 puL) was mixed with borate buffer (50 uL, pH 9) and incubated at 100 °C for
3 min. The mixture is cooled to room temperature and DMAB (500 pL) was added to the
mixture. The mixture was incubated again at 37 °C for 15 min and afterwards the absorbance
measured at 585 nm. The MDP was quantified by a standard calibration (Figure 100). Poly(l:C)
was quantified from the full mixture after degradation as it has a too high molecular weight to
be separated from the proteins. The full mixture of PNCs after degradation with proteinase K
was eluted through a reverse phase HPLC column using a mixture of acetonitrile, 0.01% formic
acid and 0.02 mol/L ammoniumacetate. The Poly(l:C) signal was quantified using a standard

calibration curve (Figure 101).
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Figure 99. Standard calibration curve of R848 by fluorescence measured at 360 nm.
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Figure 100. Absorbance measurements of MDP assay via Morgan-Elson reaction with DMAB.

Figure 101. Standard calibration curve of Poly(l:C) measured by HPLC.
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14. In Vitro Experiments with BMDCs

Bone marrow-derived dendritic cells (BMDC) were differentiated from bone marrow
progenitors (BM cells) of 8- to 10-week-old C57BL/6mice. Briefly, the bone marrow was
obtained by flushing the femur, tibia, and hip bone with Iscove's Modified Dulbecco's Medium
(IMDM) containing 5% FCS (Sigma-Al-drich) and 50 uMp-mercaptoethanol (Roth, Karlsruhe,
Germany). For the analysis of DC maturation and nanocarrier uptake/binding and degradation
via flow cytometry the BM cells (2 x 105cells/1.25 mL) were seeded in 12 well suspension
culture plates (Greiner Bio-One,Frickenhausen, Germany) with culture medium (IMDM with
5% FCS, 2 mL-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin [all from Sigma-
Aldrich], and 50 uM B-mercaptoethanol), supplemented with 5% of GM-CSF containing cell
culture supernatant derived from X63.Ag8-653 myeloma cells stably transfected with a murine
GM-CSF expression construct. On day 3, 500 pL of the same medium was added into each
well. On day 6, 1 mL of the old medium was replaced with 1 mL fresh medium per well. For
other DC based assays the BM cells (2 x 106cells/10 mL) were seeded on bacterial dishes (J
94 mm; Greiner Bio-One). On day 3 and 6, an additional 5 mL of culture medium was added
into these dishes. Before usage, all nanoparticle solutions were checked for endotoxin
contaminations by limulus amebocyte lysate (LAL) assay (Thermo Fisher Scientific) according

to the manufacturer's instructions.
Confocal Imaging

Uptake of PNCs containing fluorescent Cy5-Oligo (red) was monitored by Confocal Laser
Scanning Microscopy (cLSM). To this end, BMDC (3 x 105cells) on day 7 of culture were
seeded in chamber slides(Thermo Fisher Scientific) and treated with 150 pg/mL PNCs for 3 h
at 37 °C. After that, the chamber slides were washed, and the samples were incubated with
DAPI (Sigma-Aldrich) to stain the cell nuclei (blue). Unbound dye was washed off. Samples
were assayed using a Zeiss LSM710 (Carl Zeiss) and analyzed using ImageJ (NIH, Bethesda,
USA) and ZEN 2009 (Carl Zeiss) software.

Flow Cytometry Assay

To detect cell-nanocarrier-interaction and to analyze the expression of surface markers, cells
were harvested and washed in staining buffer (phosphate buffer saline [PBS]/2% FCS). To
block Fc receptor-mediated staining, cells were incubated with rat anti-mouse CD16/CD32 Ab
(clone 2.4G2), purified from hybridoma supernatant, for 15 min at room temperature. After

that, cells were incubated with eFluor450-conjugated Ab specific for MHC class Il 1-Ab, d,g/I-
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Ed, k(cloneM5/114.15.2), fluorescein isothiocyanate (FITC)-labeled Ab directed at CD80
(clone 16-10A1), phycoerythrin (PE) anti-CD86 (clone GL-1), PE-Cy7-labeled anti-CD11c
(clone N418), for 30 min at 4 °C. Dead cells were stained by incubation with fixable viability
dye (FVD) eFI506 for 30 min at room temperature in the dark. Samples were measured with a
BD FACSCanto-I1 flow cytometer equipped with BD FACS Diva software (BDBiosciences).
Data were generated based on defined gating strategies and analyzed using FlowJo software
(FlowJo, Ashland, USA)
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V. 2. Supplementary Informations to Chapter B

Materials

All chemicals and materials were used as received. Albumin from chicken egg white (> 99%
purity) was purchased from Sigma Aldrich as well as 1,6-hexanediol (99%), propiolic acid,
sulfurylchloride and imidazole. Cyclohexane (HPLC grade) was purchased from VWR.
Fluorescamine was purchased from Alfa Aesar. The block copolymer poly((ethylene-co-
butylene)-b-(ethylene oxide)) P((E/B)-b-EQ) used as the oil soluble surfactant was synthesized
as described in literature and consists of a poly((ethylene-co-butylene) block (NMR: M, = 3900
g/mol) and a poly(ethylene oxide) block (NMR: M, = 2700 g/mol).*®! The anionic surfactant
sodium dodecyl sulfate (SDS) was purchased from Sigma Aldrich. Cy5-Oligo was purchased
from IBA Lifesciences. Proteinase K from tritirachium album (> 30 units/mg) was purchased
from Sigma Aldrich. Resiquimod (R848), muramyl dipeptide (MDP) and polyinosinic-
polycytidylic acid (Poly(l:C) LMW) was purchased from Invivogen, diABZI compound 3 was
purchased from Selleckchem. PEG-NHS was purchased from Sigma Aldrich. Amicon Ultra-2
centrifugal filter devices were purchased from Merck Millipore (50 kDa) nominal molecular
weight limit (NMWL). The magnesium and calcium free phosphate-buffered saline, was

purchased from Life Technologies. Demineralized water was used for all experiments.
Experimentals

1. Azidation of Ovalbumin with 1-Imidazole-Sulfonyl Azide Hydrochloride

Ovalbumin (1 g) was dissolved in 20 mL K2COsz solution of pH 11 (for the optimization
experiments pH value was adjusted accordingly to 8.2, 9.5 or 11). The azide transfer agent
(276 mg) was dissolved in 2 mL water and added dropwisely to the protein solution. The
reaction solution was stirred at pH 11 and room temperature for 30 min. Afterwards, the pH
value of the reaction solution was adjusted to pH 8.3 with 1 M NaOH or 1 M HCI. The reaction
solution was stirred at room temperature for 8 h (for the optimization experiments reaction time
was adjusted accordingly to one, two or three days). The product was purified by dialysis
(MWCO 1K) and lyophilized in NaCl (14.4 mg/mL). Yield: 0.78 g. The amount of azide

moieties was determined using the fluorescamine assay (see chapter A experimental part).
2. Endotoxin-Free Preparation of Ovalbumin Nanocarriers

All glassware were baked at 200 °C over night. All plastic materials (caps, centrifuge tubes)
were autoclaved at 120 °C. Other preparation equipment (spatula, sonicator tip) was sprayed
177



V. Supplementary Information

with 70% EtOH. All materials were dissolved in sterile and endotoxin-free solvents and
handeled under the flow bench. First, the azide-functionalized ovalbumin (50 mg) was
dissolved in cargo solution, according to table 26. 357 mg of surfactant
poly((ethylene/butylene)-block-(ethylene oxide)) (P((E/B)-b-EO)) were dissolved in 7.5 g of
cyclohexane and the mixture was added to the aqueous solution. The two phases were
homogenized by ultrasound under ice-cooling (70% amplitude, 3 min, 20 s pulse, 10 s pause).
A third solution containing of 10.7 mg P((E/B)-b-EQ), 13 mg crosslinker hexanediol
dipropiolate (for synthesis see chapter A experimental) in 5 g of cyclohexane and was then
added dropwise to the stirred miniemulsion at 40 °C. The reaction was carried out at 40 °C for
24 h. Afterwards, the ovalbumin nanocarriers were purified by repetitive centrifugation (1500g,
30 min, 20 °C) and redispersion in cyclohexane to remove excess of surfactant and crosslinker.
For the transfer of the nanocarriers into agueous media, 500 puL of concentrated nanocarrier
dispersion in cyclohexane was added layered onto 5 mL 0.1 wt% SDS solution and emulsified
under shaking in an ultrasonication bath for 5 min. Then, the emulsion was stirred open over
night under the flow bench to evaporate the organic solvent. The ovalbumin nanocarriers in
water were purified by repetitive centrifugation (500g, 20°C, 30 min) and washing in Amicon
Ultra-2 centrifugal filters (MWCO 50 kDa). The solid content of the dispersion was measured

gravimetrically.

Table 26. Volume of cargo solution added to ovalbumin (50 mg) to obtain the disperse phase.

Cargo Veyoris c/mgmL? Veargo / UL Vwater / pL
/ pL?
Cy5 Oligo - 0.12 100 500
R848 100 10 70 330
R848-PEG-0.5 kDa 100 3.75 400 -
R848-PEG-1 kDa 100 6.75 400 -
MDP 100 10 250 150
Poly(1:C) 100 20 250 150
diABZI 100 10 8 392
diABZI 100 10 80 320
R848+MDP 100 10+10 70+250 80
R848+MDP+Poly(l:C) 100 10+10+20° 70+250 80

ac / nmoluLt, °MDP (10mg/mL) dissolved in Poly(I:C) solution (20 mg/mL)
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Scheme 25. Preparation of ovalbumin nanocarriers crosslinked with HDDP in inverse miniemulsion and transfer

into water. Scheme prepared in ChemDraw 20.1 by Natkritta Hippe.
Optimization of OVA-NCs Preparation Procedure

Number 1: A formation of OVA-NCs with partly dissolved OVA-N3 resulted in broad size
distribution with the majority of NCs had large particle-like morphologies (Table 27, no.1,
Figure 102A).

Number 2: Since the modified OVA had a low water-solubility after lyophilization, OVA-N3
was kept in solution after purification and concentrated to achieve a high concentration of
protein in the disperse phase. The resulting OVA-NCs were comparable to previously
synthesized HSA-NCs in size, size distribution, and core-shell morphology in cyclohexane as
well as after transfer to water. However, for encapsulation of cargo molecules that have to be
added to the dispersed phase, OVA-Nz3 has to be concentrated to higher than 100 mg/mL to fit
into the fixed disperse phase volume of 500 pL. With higher concentrated OVA-N3 solution it
was observed that the protein began to gelate and precipitate (Table 27, no.2, Figure 102B).

Number 3: The azide-transfer reaction was performed at pH 8.2 for 24 h. The resulting OVA-
N3 possessedtwo2 azide groups, which reduced the effect on the protein structure and its
stability, resulting in water-soluble OVA-N3 after lyophilization. OVA-NCs formed from
OVA-N3z with two azide groups resulted in a morphology with a thin and soft shell in SEM,
indicating low crosslinking efficiency of the protein due to the low number of azide groups
(Table 27, no.3, Figure 102C). A lower crosslinking degree leads to higher permeability of the

protein shell, unsuitable for efficient transport of small molecules.

Number 4: With adjusting the pH to 9.5 and decreased reaction time to 8 h, five azide groups

per OVA were obtained (Table 27, no. 4). The modified protein was lyophilized in PBS solution

(180 mg/mL) resulting in water-soluble OVA-N3. The formation of OVA-NCs gave stable

capsules with a core-shell morphology and comparable size and size distribution to HSA-NCs
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in cyclohexane and water (Figure 102D). However, the high salt concentration in the protein
solution affected the encapsulation efficiency (EE), especially of small molecule R848, leading
to low EE of 3%.

Table 27. Analytical data of ovalbumin nanocarriers synthesized from azide-functionalized ovalbumin with
different amounts of azide and salt.

Nex Salt dn(CH) dn(H20) ¢ EEcys EERrsss
PDI PDI
(N3) /mgmL?  /nm /nm mV /% 1%

16 - 344*  0.30* n.d. n.d. n.d. n.d. n.d.

2 - 309 0.15 170 0.62 nd. 63 16

5 180 229 0.20 353 040 -38 43 3

e 16 - 229 0.21 353 040 -38 n.d. n.d.

Figure 102. Scanning electron micrographs of ovalbumin nanocarriers synthesized from A) Low water-soluble
azide-functionalized ovalbumin (OVA-N3) A) OVA-N3 concentrated in solution, B) OVA-N; with two azide
groups lyophilized in water, C) OVA-N3 with five azide groups lyophilized in PBS buffer, D) OVA-N3z with five
azide groups lyophilized with 14 mg/mL NaCl. All OVA-NCs were loaded with Cy5 Oligo.
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Figure 103. Dynamic light scattering of ovalbumin nanocarriers crosslinked with HDDP and loaded with Cy5-
Oligo (blue), Resiquimod (R848, orange), muramyl dipeptide (MDP, green) and R848+MDP (black) in A)
cyclohexane and B) water.

3. Characterization of Protein Nanocarriers

Dynamic light scattering (DLS) was used to determine the average size and size distribution of
the nanocarriers. A diluted dispersion (10 pL sample diluted in 1 mL cyclohexane or 50 pL
sample diluted in 200 pL H>O) was measured on a Malvern Zetasizer Nano S (Malvern
Panalytical) equipped with a detector at 90° scattering mode at 20 °C. The zeta potential of the
nanocarriers were measured in 102 M potassium chloride solution with a ZetaNanosizer
(Malvern Panalytical) at 20 °C. Scanning electron microscopy (SEM) studies were done on a
field emission microscope (LEO (Zeiss) 1530 Gemini, Oberkochen, Germany) working at an
accelerating voltage of 170 V. The silica wafers are cleaned in the plasma oven prior to use.
Then, 2 pL of a diluted nanocarrier dispersion in cyclohexane or distilled water (concentration
similar to samples for DLS) were dropped onto the wafers and dried under ambient conditions
for 15 min. No additional contrast agent was applied. The solid content of the nanocarrier
dispersion was measured gravimetrically. The fluorescence intensities for all mentioned

experiments were measured using a microplate reader (Infinite M1000, Tecan, Switzerland).
4. Determination of Encapsulation Efficiency

The encapsulation efficiency was determined by measuring the fluorescence intensity of using
amicroplate reader (Infinite M1000 Tecan, Switzerland). The unpurified nanocarrier dispersion
after transfer into 0.1 wt% SDS were concentrated in an Amicon centrifuge filter 100 K for
30 min at 500g. The amount of non-encapsulated dye was measured in the supernatant and the
encapsulation efficiency determined in proportion to the fluorescence intensity of the un-
purified dispersion.
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Figure 104. Standard calibration curve of Cy5-Oligo fluorescence.

For the quantification of adjuvants in the protein nanocarriers (PNCs), the PNCs were degraded
by proteinase K (30 U/mL) at 37 °C overnight. The PNCs remained and the enzyme were
separated from the released adjuvants through a centrifuge filter (MWCO 3K, 30 min, 15009).
The amount of Resiquimod (R848) and R848-PEG was determined by fluorescence (lex = 260
nm, lem = 360 nm) using a standard calibration curve. Muramyl dipeptide (MDP) was
determined from the supernatant using the Morgan-Elson Reaction. The supernatant (50 pL)
was mixed with borate buffer (50 puL, pH 9) and incubated at 100 °C for 3 min. The mixture
was cooled to room temperature and DMAB (500 pL) was added to the mixture. The mixture
was incubated again at 37 °C for 15 min and afterwards the absorbance measured at 585 nm.
The MDP was quantified by a standard calibration. Poly(l:C) was quantified from the full
mixture after degradation as it has a too high molecular weight to be separated from the proteins.
The full mixture of PNCs after degradation with proteinase K was eluted through a reverse
phase HPLC column using a mixture of Acetonitrile, 0.01% formic acid and 0.02 mol/L
ammoniumacetate. The Poly(I:C) signal was quantified using a standard calibration curve. For
the calibration curves of the adjuvants see chapter A experimental part. The amount of STING
agonist diABZI was determined by fluorescence fluorescence (1ex = 260 nm, Aem = 400 nm)

using a standard calibration curve.
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Figure 105. Standard calibration curve of diABZI.
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5. InVitro Experiments
Endotoxin Assay

Before usage of NCs for in vitro and in vivo experiments, the concentration of endotoxins in
the OVA-NCs dispersions was determined with LAL assay (Pierce LAL Chromogenic
Endotoxin Quantification Kit, Ref. No: 88282, Thermo Fisher), according to the

manufacturer’s instructions.
Isolation of BMDCs

Bone marrow-derived dendritic cells (BMDC) were differentiated from bone marrow
progenitors (BM cells) of 8- to 10-week-old C57BL/6mice. Briefly, the bone marrow was
obtained by flushing the femur, tibia, and hip bone with Iscove's Modified Dulbecco's Medium
(IMDM) containing 5% FCS (Sigma-Al-drich) and 50 uMf-mercaptoethanol (Roth, Karlsruhe,
Germany). For the analysis of DC maturation and nanocarrier uptake/binding and degradation
via flow cytometry the BM cells (2 x 105cells/1.25 mL) were seeded in 12 well suspension
culture plates (Greiner Bio-One,Frickenhausen, Germany) with culture medium (IMDM with
5% FCS, 2 mL-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin [all from Sigma-
Aldrich], and 50 uM B-mercaptoethanol), supplemented with 5% of GM-CSF containing cell
culture supernatant derived from X63.Ag8-653 myeloma cells stably transfected with a murine
GM-CSFexpression construct. On day 3, 500 uL of the same medium was added into each well.
On day 6, 1 mL of the old medium was replaced with 1 mL fresh medium per well. For other
DC based assays the BMcells (2 x 106cells/10 mL) were seeded on bacterial dishes (& 94 mm;
Greiner Bio-One). On day 3 and 6, an additional 5 mL of culture medium was added into these

dishes.
Isolation of Splenocytes

Splenocytes were collected from spleens of C57BL/6 mice by grinding the spleen though a cell
strainer. The spleen cell medium was centrifuged (300g, 10 min, 4 °C) and lysis buffer (pH 7.4)
was added to the cell pellet to lyse the erythrocytes for 1 min. Then spleen cell medium was
added to stop the lysis and the splenocytes suspension was separated by centrifugation. For in
vitro experiments, the splenocytes were seeded on suspension culture plates in spleen cell

medium.
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Isolation of OT-1 and OT-II T cells

The T cells were isolated from the spleen of transgenic OT-1 and OT-Il mice. The splenocytes
were isolated as described the previous section and suspended in T cell isolation buffer. The
cell suspension was passed through a nylon wool column to separate T cells from undesired
immune cells and T cells were collected from the column with T cell isolation buffer. The T cell

suspension was centrifuged (300g, 10 min, 4 °C) and T cells were isolated and counted.
Confocal Imaging

Uptake of PNCs containing fluorescent Cy5-Oligo (red) was monitored by Confocal Laser
Scanning Microscopy (cLSM). To this end, BMDC (3 x 105cells) on day 7 of culture were
seeded in chamber slides(Thermo Fisher Scientific) and treated with 150 pg/mL PNCs for 3 h
at 37 °C. After that, the chamber slides were washed, and the samples were incubated with
DAPI (Sigma-Aldrich) to stain the cell nuclei (blue). Unbound dye was washed off. Samples
were assayed using a Zeiss LSM710 (Carl Zeiss) and analyzed using ImageJ (NIH, Bethesda,
USA) and ZEN 2009 (Carl Zeiss) software.

Flow Cytometry Assay

To detect cell-nanocarrier-interaction and to analyze the expression of surface markers, cells
were harvested and washed in staining buffer (phosphate buffer saline [PBS]/2% FCS).
Internalization of OVA-NCs into cells was measured by the fluorescent signal of Cy5 in NC-
positiv cells in flow cytometry. To block Fc receptor-mediated staining, cells were incubated
with rat anti-mouse CD16/CD32 Ab (clone 2.4G2), purified from hybridoma supernatant, for
15 min at room temperature. After that, cells were incubated with eFluor450-conjugated Ab
specific for MHC class 1l 1-Ab,d,g/I-Ed,k(cloneM5/114.15.2), fluorescein isothiocyanate
(FITC)-labeled Ab directed at CD80 (clone 16-10A1), phycoerythrin (PE) anti-CD86 (clone
GL-1), PE-Cy7-labeled anti-CD11c (clone N418), for 30 min at 4 °C. Dead cells were stained
by incubation with fixable viability dye (FVD) eFI1506 for 30 mi min at room temperature in
the dark. Samples were measured with a BD FACSCanto-11 flow cytometer equipped with BD
FACSDiva software (BDBiosciences). Data were generated based on defined gating strategies

and analyzed using FlowJo software (FlowJo, Ashland, USA).
Measurement of Cytokines Secretion

The amount of cytokines were measured from the supernatants of the cell culture. The BMDCs

or splenocytes were treated with OVA-NCs and the supernatants were collected after 24 h by
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centrifugation (300g, 10 min, 4°C). The cytokines were quantified using a Cytometric Bead
Array Kit (CBA Flex Set (IL-1pB, IL-5, IL-6, IL-10, IL-12p70, IFN-y, TNF-a); BD Biosciences,
Heidelberg) followed by data analysis using FCAP Array software (Soft Flow).

Ovalbumin-Specific T Cell Proliferation

T cell proliferation in BMDCs were performed with ovalbumin-specific OT-1and OT-11 T cells.
CD8* OT-I T cells recognize OVAzs7-264 peptides in the context of H-2K®, and CD4* OT-II T
cells are specific for OVAszs-339 peptide in the context of H-2 I-Ab and 1-A%.2"8The BMDCs
(10° cells/mL) were beforehand treated with adjuvant-loaded OVA-NCs and then co-cultured
with OT-T/OT-Il T cells (5x10%/mL), respectively, for 72 h. The proliferation rate was
measured by genomic incorporation of of radioactive [Methyl-3H] thymidine (*HTdR). The co-
culture was pulsed with *HTdR (0.25 pCi/well) for another 16 h. T cells were harvested and
transferred to glass fiber filters. The incorporation of radioactive methyltritium was quantified

with a liquid scintillation counter.
6. In Vivo Experiments
Mice

Six week old female B6 mice (C57BL/6J) were purchased from Charles River Laboratories and
were kept under a 12 h dark, 12 h light cycle (with food and water supply ad libitum). OT-1/-11
x Ly5.1 were bred in-house. All animal experiments were performed at the PKZI at University
Medical Center in Mainz and have been approved by the Animal Care and Use Committee

(Landesuntersuchungsamt Rheinland-Pfalz).
Tumor Cell Injection

B16/OVA-Luc cells, transfected and purchased from Translational Oncology Mainz (TRON) ,
were cultured in DMEM high glucose (4.5 g/l, Sigma-Aldrich) supplemented with 10% FCS
(heat-inactivated), 100 U ml™* penicillin, 100 pg ml™* streptomycin and 10 pg/ml Blasticidin
(InvivoGen). The cells were cultured at 37 °C and 7.5% CO.. For injection, they were collected
using trypsin-EDTA (Sigma-Aldrich) and 5*10° cells (in sterile PBS, 100 ul) were injected
subcutaneously into the right flank. Tumors were measured every other day with a caliper and
tumor volume was calculated using the formula: width x length x length/2. Animals were killed

when the tumor reached a size > 800 mm?.
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Immunization with OVA-NCs

All OVA-NCs were synthesized as described previously and prepared in sterile PBS (Gibco).
They were injected subcutaneously in the tail base (500 pg in 100 pl) at day 6, 13 and 20 post

tumor cell injection.
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V. 3. Supplementary Informations to Chapter C

Materials

All chemicals and materials were used as received. Human serum albumin (> 99% purity) was
purchased from Sigma Aldrich as well as 1,6-hexanediol (99%), propiolic acid, sulfuryl
chloride and imidazole. Cyclohexane (HPLC grade) was purchased from VWR. Fluorescamine
was purchased from Alfa Aesar. The block copolymer poly((ethylene-co-butylene)-b-(ethylene
oxide)) P((E/B)-b-EQ) used as the oil soluble surfactant was synthesized as described in
literature and consists of a poly((ethylene-co-butylene) block (NMR: M, = 3900 g/mol) and a
poly(ethylene oxide) block (NMR: M, = 2700 g/mol). *6! The anionic surfactant sodium dodecy!
sulfate (SDS) was purchased from Sigma Aldrich. Cy5-Oligo was purchased from IBA
Lifesciences. Proteinase K from tritirachium album (> 30 units/mg) and peroxidase from
horseradish (> 50 units/mg) was purchased from Sigma Aldrich. Amicon Ultra-2 centrifugal
filter devices were purchased from Merck Millipore (100 kDa) nominal molecular weight limit
(NMWL). The magnesium and calcium free phosphate-buffered saline, was purchased from
Life Technologies. Demineralized water was used for all experiments.

Experimentals

1. Synthesis of 1,6-Hexandiol Dipropiolate (HDDP)

The dialkyne crosslinker was synthesized by esterification following the literature. Briefly,
hexandiol (4 g, 33.85 mmol), propiolic acid (9.48 g, 135.39 mmol) and p-TsOH (333.33 mg,
5 mol%) were dissolved in 120 mL toluene and stirred at 135 °C under reflux for 3 days using
a dean-stark apparatus. Afterwards, the reaction solution was washed twice with 100 mL
saturated NaHCOz solution and twice with 100 mL water. The solvent was removed and the
product purified by column chromatography (PE:EtOAc 10:1). The product was obtained as
colorless crystals. Yield: 3.37 g, 45%.

'H NMR (300 MHz, CD:Cly) & 4.10 (t, 4H, O-CH,), 2.87 (s, 2H, HC=C), 1.61 (m, 4H, CH>-
CH,-0), 1.32 (m, 4H, CH2-CH,-CH) ppm. *C NMR (300 MHz, CDCl) § 153, 74.6, 66.6,
28.5, 25.8 ppm.

2. Synthesis of 1-Imidazole-Sulfonyl Azide Hydrochloride

The azide transfer agent was synthesized according to Goddard-Borger et al.'>® Briefly, sodium
azide (1.63 g, 25 mmol) was suspended in 25 mL MeCN and cooled down to 0 °C. Under
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vigorous stirring sulfuryl chloride (3.34 g, 25 mmol) was added drop-wisely. The reaction
solution was slowly brought to room temperature and the reaction carried out at room
temperature overnight. Again, the reaction solution is cooled down to 0 °C and imidazole
(3.23 g, 47.5 mmol) added in small portions. The reaction is stirred at room temperature for 3 h.
Afterwards, 50 mL EtOAc is added and the reaction solution is washed twice with 50 mL
saturated NaHCO3 solution and twice with 50 mL water. The organic phase is dried over
MgSOs and filtered. A mixture of AcCI/EtOH is slowly added to the reaction solution at 0 °C.
The product is filtered, washed with EtOAc and dried. Yield: 94%.

IH NMR (300 MHz, D,0) & 7.44 (dd, 1H, N-CH=CH), 7.85 (dd, 1H, HC=CH-N), 9.17 (dd,
1H, N=CH-N) ppm. 3C NMR (300 MHz, CD2Cl) § 152.3, 75.5, 74.3, 74.3, 63.9, 36.7 ppm.

3. Azidation of Proteins with 1-Imidazole-Sulfonyl Azide Hydrochloride

Ovalbumin (1 g) was dissolved in 20 mL K2COs solution of pH 11 (for the optimization
experiments pH value was adjusted accordingly to 8.2, 9.5 or 11). The azide transfer agent
(276 mg) was dissolved in 2 mL water and added dropwisely to the protein solution. The
reaction solution was stirred at pH 11 and room temperature for 30 min. Afterwards, the pH
value of the reaction solution was adjusted to pH 8.3 with 1 M NaOH or 1 M HCI. The reaction
solution was stirred at room temperature for 8 h (for the optimization experiments reaction time
was adjusted accordingly to one, two or three days). The product was purified by dialysis
(MWCO 1K) and lyophilized in NaCl (14.4 mg/mL). Yield: 0.78 g.

4. Preparation of Protein Nanocarriers by Interfacial Denaturation

A) Inverse W/O Miniemulsion

First, the (azide-functionalized) protein (50 mg) was dissolved in 0.4 mL NaCl solution
(c =14.4 mg/mL) and 100 puL Cy5-Oligo (c = 0.1 nmol/pL) or dextran-rhodamin B (0.5 mg).
35.7 mg of surfactant poly((ethylene/butylene)-block-(ethylene oxide)) (P((E/B)-b-EQ)) were
dissolved in 7.5 g of cyclohexane and the mixture was added to the aqueous solution. The two
phases were homogenized by ultrasound under ice-cooling (70% amplitude, 3 min, 20 s pulse,
10 s pause). A third solution containing of 10.7 mg P((E/B)-b-EO), crosslinker (TDI 30 mg or
3 mg; HDDP 35.7 mg) in 5 g of cyclohexane and was then added dropwise to the stirred
miniemulsion at 40 °C. In case of protein nanocarriers from thermal denaturation, the third
solution was added without crosslinker. The reaction was carried out at 40 °C (or 80 °C) for
24 h. Afterwards, the protein nanocarriers were purified by repetitive centrifugation (1500g,

20 °C) and redispersion in cyclohexane to remove excess of surfactant and crosslinker. For the
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transfer of the nanocarriers into aqueous media, 500 pL of concentrated nanocarrier dispersion
in cyclohexane is added dropwise to 5 mL 0.1 wt% SDS solution under shaking in an
ultrasonication bath for 3 min. Then, the emulsion was stirred open over night to evaporate the
organic solvent. The protein nanocarriers in water were purified by repetitive centrifugation
and washing in Amicon Ultra-2 centrifugal filters (MWCO 100 kDa, 5009).

B) Double W/O/W Emulsion

The W/O miniemulsion was prepared as described above in 4.A. The resulting inverse
miniemulsion (2 mL) was emulsified in water containing different surfactants (0.1 wt%, 20
mL). Different techniques can be used for emulsification such as ultrasonication bath (shaking
under dropwise addition of W/O miniemulsion for 10 min), Ultrasonication tip (10% amplitude,
1 min, 10 s pulse, 5 s pause) or ultraturrax (20000 rpm, 5 min). The double emulsion was heated
to 40 °C (or 80 °C) under stirring for 24 h. Then, the emulsion was cooled down to room
temperature and stirred open over night to evaporate the cyclohexane. Protein nanocarriers were
obtained by washing through a centrifuge filter (MWCO 50 kDa, 5009, 30 min, three times).

5. Characterization of Protein Nanocarriers

Dynamic light scattering (DLS) was used to determine the average size and size distribution of
the nanocarriers. A diluted dispersion (10 pL sample diluted in 1 mL cyclohexane or 50 pL
sample diluted in 200 pL H20) was measured on a Malvern Zetasizer Nano S (Malvern
Panalytical) equipped with a detector at 90° scattering mode at 20 °C. Scanning electron
microscopy (SEM) studies were done on a field emission microscope (LEO (Zeiss) 1530
Gemini, Oberkochen, Germany) working at an accelerating voltage of 170 V. The silica wafers
are cleaned in the plasma oven prior to use. Then, 2 pL of a diluted nanocarrier dispersion in
cyclohexane or distilled water (concentration similar to samples for DLS) were dropped onto
the wafers and dried under ambient conditions for 15 min. No additional contrast agent was
applied. The solid content of the nanocarrier dispersion was measured gravimetrically. The
fluorescence intensities for all mentioned experiments were measured using a microplate reader
(Infinite M1000, Tecan, Switzerland).

6. Determination of Encapsulation Efficiency

The encapsulation efficiency is determined by measuring the fluorescence intensity of using a
microplate reader (Infinite M1000 Tecan, Switzerland). The unpurified nanocarrier dispersion
after transfer into 0.1 wt% SDS are concentrated in an Amicon centrifuge filter 100 K for
30 min at 500g. The amount of non-encapsulated dye was measured in the supernatant and the

189



V. Supplementary Information

encapsulation efficiency determined in proportion to the fluorescence intensity of the un-

purified dispersion (Cy5-Oligo: 4 = 649/670 nm; Dextran-rhodamine B: 1 = 570/590 nm).
7. Degradation of Protein Nanocarriers

The enzymatic degradation of the protein nanocarriers were performed with proteinase K and
determined by release of dextran-rhodamine B. A 0.2 wt% nanocarrier dispersion in PBS buffer
was treated with a proteinase K solution (5 U/mL) at 37 °C. After the enzymatic degradation
the dispersion is filtered by centrifugation in a centrifuge filter (MWCO 50 kDa) at 5009 for
30 min and the amount of released dye in the supernatant measured by fluorescence. The
degradation of the nanocarriers by proteinase K is also monitored by DLS measurements every

5 min over 20 h. Enzymatic degradation was performed in triplets.
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Figure 106. Dynamic light scattering of ovalbumin nanocarriers prepared by crosslinking with 30 mg TDI (blue),
3 mg TDI (green), HDDP (orange) or by interfacial denaturation (red) in A) cyclohexane and B) water.
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V. 4. Supplementary Informations to Chapter D

Materials

All chemicals and materials were used as received. Human serum albumin and ovalbumin (>
99% purity) was purchased from Sigma Aldrich as well as 1,6-hexanediol (99%), propiolic
acid, sulfurylchloride, imidazole, tetramethylammonium hydrochloride, Polyvinyl alcohol
(PVA). 1,4-toluene diisocyanate was purchased from TCI chemicals. Cyclohexane (HPLC
grade) was purchased from VWR. Fluorescamine was purchased from Alfa Aesar. The block
copolymer poly((ethylene-co-butylene)-b-(ethylene oxide)) P((E/B)-b-EO) used as the oil
soluble surfactant was synthesized as described in literature and consists of a poly((ethylene-
co-butylene) block (NMR: Mn = 3900 g/mol) and a poly(ethylene oxide) block (NMR: Mn =
2700 g/mol).’®! The anionic surfactant sodium dodecyl sulfate (SDS) was purchased from
Sigma Aldrich. Cy5-Oligo was purchased from IBA Lifesciences. Amicon Ultra-2 centrifugal
filter devices were purchased from Merck Millipore (50 kDa) nominal molecular weight limit
(NMWL). The magnesium and calcium free phosphate-buffered saline, was purchased from

Life Technologies. Demineralized water was used for all experiments.

Experimentals
To Section 2.1: Preparation of CMPVA@Fe304

1. Synthesis of Carboxymethylated Polyvinyl Alcohol

Polyvinyl alcohol (PVA) was dissolved in 10 mL distilled water at 80 °C and cooled down to
room temperature. Sodium hydroxide was dissolved in 20 mL distilled water and slowly added
to PVA solution under stirring (750 rpm). Bromo acetic acid was dissolved in 10 mL distilled
water and added to the reaction solution dropwisely. The reaction was stirred for three days at
room temperature. Afterwards, the reaction solution was filtered and the supernatant adjusted
to pH 6 with 1M HCI. Ethanol was added to the reaction solution and stirred for 30 min to
precipitate the side product. The product solution was centrifuged to remove the side product
and lyophilized to obtain carboxymethylated PVA (CMPVA) as a white powder. Yield = 63%.

2. Synthesis of CMPVA-Coated Iron Oxide Nanoparticles

Oleic acid-coated iron oxide nanoparticles (FesOs NPs) were synthesized by co-
precipitation.?® Briefly, Iron(111) chloride hexahydrate (24.36 g, 90 mmol) and Iron(lI) chloride

tetrahydrate (12.01 g, 60 mmol) were dissolved in 100 mL water and an agueous ammonia
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solution (40 mL, 28 wt%) was added dropwise under vigorous stirring. Oleic acid (4.00 g,
14 mmol) was added to the solution and the reaction was stirred with a mechanical stirrer
at 70 °C for one hour, followed by 110 °C for two hours. After purification with distilled water,
the oleic acid-coated iron oxide nanoparticles were dried in an oven at 65 °C for storage. Oleic
acid-coated iron oxide nanoparticles (0.10 g) were dispersed in 10 mL of 10 wt%
tetramethylammonium hydroxide solution (TMAOH) in an ultrasonication bath for 1 h. The
dispersed Fe3Os NPs were centrifuged at 1400 rpm for 1 h. The pellet was redispersed in
0.1 wt% TMAOH solution. CMPVA (100 mg) was dissolved in 50 mL hot distilled water and
added dropwisely to the dispersion of FesOs NPs. The dispersion was stirred vigorously
overnight. The dispersion of CMPVA-coated iron oxide nanoparticles (CMPVA@Fe304-NPs)
is washed three times with 50 mL distilled water by centrifugation (15009, 1 h). The pellet is

redispersed in 1 mL distilled water.

To Section 2.2: Preparation of CMPVA@Fes304-Loaded Protein Nanocarriers

3. Azidation of Proteins with 1-Imidazole-Sulfonyl Azide Hydrochloride

Protein (1 g) was dissolved in 20 mL K>COz solution of pH 11. The azide transfer agent
(276 mg) was dissolved in 2 mL water and added dropwisely to the protein solution. The
reaction solution was stirred at pH 11 and room temperature for 30 min. Afterwards, the pH
value of the reaction solution was adjusted to pH 8.3 with 1 M NaOH or 1 M HCI. The reaction
solution was stirred at room temperature for 8 h. The product was purified by dialysis (MWCO
1K) and lyophilized. The amount of azide moieties was determined using the fluorescamine
assay (see chapter A experimental part).

4. Formation of Protein Nanocarriers Loaded with CMPVA@Fe304 Nanoparticles

First, the protein, unmodified or azide-functionalized, (50 mg) was dissolved in 0.2 mL H20
and 100 pL Cy5-Oligo (¢ =0.1 nmol/yL) and 200 uL CMPVA@Fe304-NPs. 35.7 mg of
surfactant poly((ethylene/butylene)-block-(ethylene oxide)) (P((E/B)-b-EQ)) were dissolved in
7.5 g of cyclohexane and the mixture was added to the aqueous solution. The two phases were
homogenized by ultrasound under ice-cooling (70% amplitude, 3 min, 20 s pulse, 10 s pause).
A third solution containing of 10.7 mg P((E/B)-b-EQ), crosslinker toluene diisocyanate (10 mg,
for the unmodified protein) or hexanediol dipropiolate (13 mg, for the azide-functionalized
protein) (for synthesis see Sl chapter A) in 5 g of cyclohexane and was then added dropwise to
the stirred miniemulsion at 40 °C. The reaction was carried out at 25 °C (TDI) or 40 °C (HDDP)

for 24 h. Afterwards, the protein nanocarriers were purified by repetitive centrifugation (1500g,
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20 °C, 30 min) and redispersion in cyclohexane to remove excess of surfactant and crosslinker.
For the transfer of the nanocarriers into aqueous media, 500 pL of concentrated nanocarrier
dispersion in cyclohexane was added dropwise to 5 mL 0.1 wt% SDS solution under shaking
in an ultrasonication bath for 3 min. Then, the emulsion was stirred open over night to evaporate
the organic solvent. The protein nanocarriers in water were purified by repetitive centrifugation
(5009, 20°C, 30 min) and washing in Amicon Ultra-2 centrifugal filters (MWCO 50 kDa).

5. Characterization of Protein Nanocarriers

Dynamic light scattering (DLS) was used to determine the average size and size distribution of
the nanocarriers. A diluted dispersion (10 pL sample diluted in 1 mL cyclohexane or 50 pL
sample diluted in 200 pL H>O) was measured on a Malvern Zetasizer Nano S (Malvern
Panalytical) equipped with a detector at 90° scattering mode at 20 °C. The zeta potential of the
nanocarriers were measured in 102 M potassium chloride solution with a ZetaNanosizer
(Malvern Panalytical) at 20 °C. Scanning electron microscopy (SEM) studies were done on a
field emission microscope (LEO (Zeiss) 1530 Gemini, Oberkochen, Germany) working at an
accelerating voltage of 170 V. The silica wafers were cleaned in the plasma oven prior to use.
Then, 2 pL of a diluted nanocarrier dispersion in cyclohexane or distilled water (concentration
similar to samples for DLS) were dropped onto the wafers and dried under ambient conditions
for 15 min. No additional contrast agent was applied. Scanning transmission electron
microscopy (STEM) was performed in combination with an energy-dispersive X-ray
spectroscopy (EDX) to verify the elemental composition (Hitatchi SU-8000). This provides
precise elemental maps by means of locally recording the spectrum of emitted X-rays. It should
be noted that the resulting elemental maps only yield a relative concentration distribution.
Transmission electron microscopy (TEM) was performed using a Jeol 1400 transmission
electron microscope with a voltage of 120 kV. Samples were prepared by placing a drop of the
nanocarriers dispersion onto a 300 mesh carbon-coated copper grid and drying under ambient
conditions.The solid content of the nanocarrier dispersion was measured gravimetrically. The
fluorescence intensities for all mentioned experiments were measured using a microplate
reader (Infinite M1000, Tecan, Switzerland).
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Figure 107. EDX measurements of magnetite encapsulated into HSA-TDI NC in cyclohexane.

6. Determination of Encapsulation Efficiency

The encapsulation efficiency of Cy5-0ligo (dex = 649 nm, Zem = 670 nm) was determined by
measuring the fluorescence intensity of using a microplate reader (Infinite M1000 Tecan,
Switzerland). The unpurified nanocarrier dispersion after transfer into 0.1 wt% SDS were
concentrated in an Amicon centrifuge filter 100 K for 30 min at 500g. The amount of non-
encapsulated dye was measured in the supernatant and the encapsulation efficiency determined

in proportion to the fluorescence intensity of the un-purified dispersion.
To Section 2.3: Plasma Protein Corona and Cellular Uptake of Protein Nanocarriers

7. In Vitro Protein Corona

Human plasma was obtained from the Department of Transfusion Medicine Mainz from healthy
donors. A plasma pool from ten volunteers was used and stored at - 20 °C. Human serum and
plasma, prepared from blood by anti-coagulation with EDTA, heparin or citrate. PNCs were
incubated with serum or plasma (1 mL) for 1 h at 37 °C. Afterwards, PNCs were separated from
the blood medium by centrifugation (20000 rpm, 1 h, 4 °C) to obtain hard corona-coated PNCs.
The protein-coated PNCs were washed from unbound proteins with PBS (1 mL) three times by
centrifugation. The adsorbed protein were removed from the PNCs surface by treating them
with 2% SDS with 62.5 mM Tris*HCI at 95 °C for 5 min. The PNCs were removed by
centrifugation and the resulting protein-containing supernatant was analyzed by SDS-PAGE,

Pierce-Assay and liquid chromatography-mass spectrometry (LC-MS).
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8. SDS-PAGE

Protein-containing supernatant from protein corona experiments were incubated in NuPAGE™
LDS sample buffer and NuPAGE™ sample reducing agent at 70 °C for 10 min. The solution
was applied on a NUPAGE™ 10% Bis-Tris protein gel (Thermo Fisher Scientific). The protein
gel was run in NuPAGETM MES SDS running buffer at 100 V for 1 h with dithiothreitol. As
a molecule marker SeeBlue Plus2 PreStained Standard was used and SilverQuestTM Silver
Staining kit (Thermo Fisher Scientific) was used to visualize the protein according to the

manufacturer’s instruction.
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Figure 108. SDS page of the protein corona adsorbed to protein nanocarriers crosslinked with TDI or HDDP after
incubation into serum (left) and plasma (right).

9. Protein Quantification

The protein concentration was determined by Pierce 600 nm protein assay (Thermo Fisher

Scientific), according to the manufacturer’s instruction.
10. In Solution Digestion

Proteins were digested according to literature.?®® Briefly, proteins were purified from SDS by
applying Pierce detergent removal columns (Thermo Fisher Scientific). Then, the proteins were
precipitated from the solution using the ProteoExtract® Protein Precipitation Kit (CalBioChem)
according to the manufacturer’s instruction. The precipitated protein was collected by
centrifugation (14000 rpm, 10 min) and re-suspended in RapiGest SF (Waters Cooperation),
dissolved in ammonium bicarbonate buffer (50 mM). Then, the proteins were reduced in DTT
solution (5 mM) at 56 °C for 45 min and alkylated with iodoacetamide (15 mM) at room

temperature for 60 min in the dark. The proteins were digested with trypsin in a ratio of 50:1 at
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37 °C for 18 h. The digestion was quenched with HCI (2 pL) and the solubilized peptides were
separated from the potential aggregates by centrifugation (14000 rpm, 15 min, 4 °C).

11. Liquid Chromatography-Electron Spray lonization Mass Spectrometry (LC-MS)

The peptide samples were diluted with 0.1% formic acid and spiked with the reference peptide
standard Hi3 E.coli (Waters Cooperation). The samples were separated in a C18 analytical
reversed phase column and a C18 nanoACQUITY trap column using 0.1 vol.-% formic acid in
water and acetonitrile, respectively. A nanoACQUITY UPLC coupled to a Synapt G2-Si mass
spectrometer (Waters Cooperation) was used for the measurements. NanoLockSpray source in
a positive ion mode was used for ionization and the Synapt G2-Si was operated in resolution
mode performing data-independent acquisition (MSE) measurements. Data analysis was
performed with MassLynx 4.1 and Progensis QI (2.0).2%2 The proteins were quantified for
90 min with a mass to charge range of 50-2000 Da. For protein identification a human database
was downloaded from Uniprot and modified with the sequence information of Hi3 Ecoli
standard for absolute protein quantification. The absolute amount was quantified on the

TOP3/Hi3 in fmol and the relative amount calculated in % based on all identified proteins.?"
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Figure 109. LC-MS analysis of the protein corona adsorbed to protein nanocarriers crosslinked with TDI or HDDP
incubated in blood plasma. The relative amount of each protein in % is calculated based on the total amount of all
identified proteins determined in fmol. Data from Dr. Johanna Simon.

2]

(o)}

=

N

0

12. In Vitro Cell Uptake

The murine macrophage cell line RAW?264.7 were maintained in Dulbecco’s modified eagle
medium (DMEM) supplemented with 10 % FCS, 100 U/mL penicillin, 100 mg/mL
streptomycin and 2 mM glutamine (all from Invitrogen, Germany). For the cell uptake

experiments, cells were seeded at a density of 150 000 cells/well in 24 well plates. 3 mm
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plasma-sterilized sapphire discs (M. Wohlwend GmbH, Sennwald, Switzerland) covered with
a 20 nm carbon layer before usage were added in the well plate. HelLa cells (obtained from
ATCC® CCL-2™) were cultured in Dulbecco Modified Eagle Medium (DMEM, Gibco, USA)
supplemented with 10% fetal bovine serum (FBS), 100 U mL™ penicillin, 100 mg mL
streptomycin and 2 mM glutamine (all Thermo Fisher, Germany). At 80-90% confluency, cells
were split. For cell uptake analysis, cells were detached with 2.5% trypsin (Gibco, Germany)
and seeded out in 24-well plates (100 000 cells/well) in cell culture medium with 10% FBS.
After overnight incubation, the cells were incubated in fresh serum-free medium for 2 h, before

the nanocarriers dispersions were added at a concentration of 300 pg/mL to the cells.

For flow cytometry experiments, adherent cells were washed with PBS and detached from the
culture vessel with 2.5 % trypsin (Gibco, Germany) and measurements were performed on a
CyFlow ML cytometer (Partec, Germany) with a 488 nm laser for excitation of BODIPY and
a 527 nm band pass filter for emission detection. Data analysis was performed using FCS
Express V4 software (DeNovo Software, USA) selecting the cells with a FSC/SSC plot, thereby
excluding cell debris. The gated events were analyzed by the fluorescent signal (FL1) expressed

as median fluorescence intensity (MFI).
To Section 2.3: Intracellular Protein Corona and Cellular Uptake of Protein Nanocarriers
13. Intracellular Protein Corona

Murine DC2.4 dendritic cells (Merck) were cultured in IMDM supplemented with 1% penicillin
and streptomycin (100 mg/mL), 5% FBS, and 1% 2-Mercaptoethanol at 37 °C and 5% CO:
humidity. The cells were checked under the microscope and when reaching a confluence > 80%
cells were split. The cells were detached from the dish with 2 mM EDTA in cold PBS, followed
suspension and washing in FBS-containing medium. Cell viability was checked with trypan
blue and the live count as measured by an automated cell counter (TC10, BioRad). For the
preparation of the intracellular protein corona, 3*10° cells per well were seeded in FBS-
containing cell culture medium in a 6-well plate and incubated overnight at 37 °C and 5% CO..
Then, cells were washed with PBS and PNCs (250 pg/mL, in cell culture medium) were added
to three wells for each sample (9*10° cells total) and incubated for 2 h or 24 h. Afterwards, the
cells were washed with PBS and detached with PBS containing 2 mM EDTA. The cell
suspension of three wells were pooled and subsequently collected by centrifugation (300g,
5 min). The cells were re-suspended in 1 mL ice-cold PBS containing Halt™ protease and

phosphatase inhibitor and 50 uM EDTA (both Thermo Fisher). The cells were lysed in volumes
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of 500 pL by ultracentrifugation with a Q800R3 sonicator (QSonica, U.S.A.). The lysis by
ultrasonication was performed for 7 min with an amplitude of 70% pulsing every 30 s at
constant 4 °C. After the lysis, PNCs were magnetically isolated for 10 minutes from the cellular
debris and washed with ice-cold PBS containing Halt™ protease and phosphatase inhibitor and
50 uM EDTA. The PNCs were additionally washed two more times to remove unbound protein
by using centrifugation (10000g, 10 min, 4 °C). The adsorbed proteins were removed from the
PNCs surface by treating them with 2% SDS with 62.5 mM Tris*HCI at 95 °C for 5 min and
using centrifugation (10000g, 10 min, 4 °C). The protein-containing supernatant was analyzed

by SDS-PAGE, Pierce-Assay and liquid chromatography-mass spectrometry (LC-MS).
14. Flow Cytometry

Cells were selected on a FSC/SSC scatter plot, thereby excluding cell debris population, and
evaluated by the fluorescent signal expressed as the median fluorescence intensity (MFI), or as
the percentage of gated events or cells. The nanocarriers were detected by the red fluorescence
in the RL1 channel with an excitation laser of 638 nm and a 679/14 nm band pass emission
filter. Cell viability was performed using Live/Dead fixable Zombie Agua (Biolegend) and the
VL2 channel with an excitation laser of 405 nm and a 512/25 nm band pass emission filter. For
the secondary antibody test, the fluorescent of the FITC label was detected using the BL1

channel with an excitation laser of 488 nm and a 530/530 nm band pass emission filter.
15. Confocal Laser Scanning Microscopy (CLSM)

Intracellular uptake and internalization of PNCs was studied with confocal laser scanning
microscopy (cLSM) experiments. PNCs (75 pg/mL) were incubated with cells at 37 °C and 5%
CO. for 48 h. CLSM were performed on a LSM SP5 STED Leica Laser Scanning Confocal
Microscope (Leica, Germany), composed of an inverse fluorescence microscope DMI 6000 CS
equipped with a multi-laser combination using a HCA PL APO CS2 63 x 1.2 water objective.
Cy5-0Oligo-loaded PNCs were excited with an argon laser (20 mW; 1 = 633 nm), detected at
650-670 nm (pseudocolored yellow) and the cell membranes were stained with CellMask
Green™ (Thermo Fisher, 1:1000 dilution) using a laser excitation at 514 nm, detected at
525 nm - 550 nm (pseudocolored pink). The cell nucleus were stained with NucBlue ™

(ThermoFisher) and excited with a laser at 360 nm and detected at 460 nm.
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To Section 3: Modification of Protein Nanocarriers

16. Functionalization of Protein Nanocarriers with Polyethylene Glycol

For a stock solution, polyethylene glycol was dissolved in dimethylsulfoxide (20 mg/mL). A
dispersion of protein nanocarriers was diluted in PBS to 2 mg/mL and PEG-solution was added
in different ratios. The dispersion was stirred overnight at 25 °C and purified by washing
through a centrifuge filter (MWCO 10 kDa, 1500g, 30 min). The concentration of the dispersion
was quantified by fluorescence. The unfunctionalized PNCs in a defined concentration act as a

standard and the fluorescence of Cy5 measured at 649/679 nm.
17. Functionalization and Characterization of Protein Nanocarriers with Antibodies

For the antibody-modification of protein nanocarriers, the PNCs were functionalized with
DBCO groups. A dispersion of PNCs (2 mg/mL) in PBS was reacted with different ratios of
DBCO-PEG4-NHS (Stock solution 10 mg/mL in DMSO) over night at room temperature. The
mixture was washed through a centrifuge filter (MWCO 10 kDa, 1500g, 30 min) and the
amount of PNCs quantified by fluorescence calibration. The amount of DBCO was quantified
with Anthracene Assay according to literature.?’” Briefly, Anthracene azide was dissolved in
DMSO (Stock solution 2 mg/mL). The PNCs-DBCO dispersion was diluted in water (1 mg/mL)
and the anthracene azide solution added in a ratio of 5:1 DBCO. The reaction was stirred for
2 h at room temperature and the amount of reacted azide measured by the increase of
fluorescence. Afterwards, the PNCs-DBCO was prepared for antibody-functionalization by
diluting in PBS to 1 mg/mL. Antibodies were prepared according to Brueckner et. al.?*® For the
antibody conjugation (Purified anti-mouse CD11c antibody or purified Armenian hamster 1gG
Isotype Ctrl antibody, both from Biolegends.com), PNCs-DBCO was incubated with azide-
modified antibodies at room temperature overnight. Then, the modified PNCs were washed
with PBS by magnetic decantation and resuspended in PBS. To test if antibodies were bound
to the PNCs, the dispersion was incubated with a secondary FITC-labeled anti-hamster antibody

and analyzed by flow cytometry. Naked and PNCs-DBCO acted as a negative control.
18. In Vitro Cell Uptake

Murine DC2.4 dendritic cells (Merck) were cultured in IMDM supplemented with 1%

Penicillin, 5% FBS, streptomycin (100 mg/mL), and 1% 2-Mercaptoethanol at 37 °C and 5%

CO2 humidity. Murine MutuDC1940 cells (Applied Biological Materials, abm) were cultivated

in IMDM supplemented with 1% Penicillin, 10% FBS, streptomycin (100 mg/mL), and 1% 2-

Mercaptoethanol at 37 °C and 5% CO. humidity. Both cell lines were checked under the
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microscope and when reaching a confluence > 80% cells were split. The DC2.4 cells were
detached from the dish with 2 mM EDTA (AppliChem) in cold PBS at 4 °C, while the
MutuDC1940 cells were detached with 5 mM EDTA, 20 mM HEPES (Sigma) in warm PBS at
37 °C. Cell viability was checked with trypan blue and the live count was measured by an
automated cell counter (TC10, BioRad). For the cell uptake experiments, cells (1.5%10° cells
per mL) were seeded in FBS-containing cell culture medium in a 24-well plate and incubated
overnight at 37 °C and 5% CO.. At the next day, the medium of the cells was exchanged for
30 — 90 min to medium without FBS (same procedure for medium containing FBS). In the
meantime, PNC samples were prepared in medium with and without FBS with a sample
concentration of 75 pg/mL. PNCs were then incubated with the cells for 2 h. Afterwards, the
cells were washed with PBS and detached with PBS containing 2 mM EDTA or 5 mM EDTA,
20 mM HEPES at 4 °C or 37 °C. The cells were collected by centrifugation (300g, 5 min), re-
suspended in PBS, and analyzed by flow cytometry using the Attune™ NxT (Thermo Fisher
Scientific).

19. Blocking Experiments

Before the OVA nanocapsule uptake, the cells of interest were first incubated with a mouse Fc
block (Purified Anti-Mouse CD16/CD32, BD Pharmingen, clone 2.4G2). This blocking
was performed to exclude an unspecific Fc-medidated uptake of antibody-modified OVA
nanocapsules. For the experiment, the Fc block was added with a concentration of 2.5 pg/mL
in 0.25 mL IMDM medium to the 24-well plate with 150000 cells per well at 37 °C for 15 min.
Following the incubation, the Fc block was removed and the OVA sample incubation was

performed as stated above (18. In vitro cell uptake).
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ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
AIBN 2,2’-azobisisobutyronitrile

APC antigen-presenting cell

approx. approximately

BCA bicinchoninic acid

BMDC bone marrow-derived dendritic cell

BSA Bovine serum albumin

BTA Biomacromolecular therapeutic agent

CD Cluster of differentiation

CD spectroscopy circular dichroism spectroscpy

CDM N,N'- bis(methacryloyl)-L-cystine

CH cyclohexane

cLSM confocal laser scanning microscopy
CMPVA Carboxymethylated polyvinyl alcohol
CT Computed tomography

CTAB Cetyltrimethylammoniumbromid
CuAAC Copper-catalyzed alzide-alkyne cycloaddition
DBCO dibenzocyclooctine

DC dendritic cell

DCR derived count rate

DC-SIGN dendritic cell-specific intercellular adhesion molecule-3-grabbin non-integrin
DEGM 2-(2-Methoxyethoxy)ethyl methacrylate
dn hydrodynamic diameters

diABZI diamidobenzimidazole compound

DLS dynamic light scattering

DMAP p-dimethylaminobenzaldehyde

DMEM Dulbecco’s modified eagle medium
DMF dimethylformamid

DMSO dimethylsulfoxide

DNA Desoxynucleic acid

Dox Doxorubicine

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

EDX Energy dispersive X-ray spectroscopy
EE encapsulation efficiency
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EtOAC
Eq.

ex
FACS
FBS
FCS
FDA
FITC
5-HA
HA
HDDP
HDDP-SS
HES
HLB
HPLC
HRP
HRP-N3
HSA
HSA-N3
SHTdR
ICP
ICP-OES
IEDDA
[o]€;

IL
IMDM
INF
INP

kDa
LAL
LC-MS
LMW
LPS
Lut
Lys
NCs

Ethylacetat

Equivalents

experimental

fluorescence activated cell sorting
fetal bovine serum

fluorescence correlation spectroscopy
Food and Drug Administration
fluorescein isothiocyanate
5-hexynoic acid

Hyaluronic acid

hexanediol dipropiolate

hexanediol dipropiolate-disulfide
Hydroxyethyl starch
hydrophilic-lipophilic balance
High-pressure liquid chromatography
horse radish peroxidase
Azide-functionalized HRP

human serum albumin
Azide-functionalized HSA
radioactive [Methyl-3H] thymidine

Intracellular protein corona

V1. List of Abbreviations

inductively coupled plasma atomic optical emission spectroscopy

inverse-electron-demand diels-alder reaction

Interglobulin-G

interleukin

Iscove's Modified Dulbecco's Medium
interferon

Inorganic nanoparticles

infrared

kilodalton

limulus amebocyte lysate

liquid chromatography-mass spectrometry
Low molecular weight
lipopolysaccharide

Lutensol

endolysosomes

nanocarriers
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NOD nucleotide-binding oligomerization domain-containing protein
MALDI-ToF matrix-assisted laser desorption ionization time-of-flight
MDP muramyl dipeptide

MeCN Acetonitril

MFI Mean fluorescence intensity

mgHES hydroxyethylstarch coated magnetite nanoparticles
MHC major histocompatibility complex

MPNCs Magnetic protein nanocarriers

Mw Molecular weight

MWCO Molecular weight cut-off

n Stoichiometric ratio

NanoDSF nano differential scanning fluorimetry

NHS N-hydroxysuccinimid

NLR NOD-like receptor

NMR Nuclear magnetic resonance

NP nanoparticle

OVA ovalbumin

OVA-N; Azide-functionalized ovalbumin

OVA-NCs Ovalbumin nanocarriers

oT Ovalbumin peptide-specific transgenic

Oo/W Oil-in-water emulsion

PACA Polyalkyl cyanoacrylate

PAMP pathogen-associated molecular patterns

PBS Phosphate-buffered saline

PDI polydispersity index

P(E/B-b-EOQ) poly((ethylene/butylene)-block-(ethylene oxide))
PEG polyethylene glycol

PEGD poly (ethylenegylcol) diacrylate

PEG-NHS polyethyleneglycol-N-hydroxysuccinimid ester
PGPR polyglycerol-polyricinoleate

PLA polylactic acid

PLGA polylactic-co-glycolic acid

PNCs protein nanocarriers

Poly(l:C) polyinosinic-polycytidylic acid

POx poly(2-oxazoline)

PPEs polyphophoester

PRR pattern recognition receptor

203



PS
PTFE
p-TsOH
PTX
PVA
QD
RNA
R848
RAFT
SDE
SDS
SDS-PAGE
SEM
SpAAC
SPION
STING
t

TCR
Tm
TAD
TCA
TDI
TEM
TET
TMAOH
TNF
TFA
TLR
Trp

us

uv
W/O
W/O/W
ZNCs

V1. List of Abbreviations

polystyrene

polytetrafluoethylene
para-toluenesulfonic acid

Paclitaxel

Polyvinyl alcohol

Quantum dots

Ribonucleic acid

Resiquimod

reversible addition fragmentation transfer
simple double emulsification

sodium dodecyl sulfate

sodium dodecyl sulfate polyacrylamide gel electrophoresis
Scanning electron microscopy
strain-promoted azide-alkyne cycloaddition
superparamagnetic iron oxide nanoparticles
Stimulator of interferon genes

time

T cell receptors

Melting temperature
1,2,4-triazoline-3,5-dione

trichloro acetic acid

1,4-toluene diisocyanate

transmission electron microscopy
tetrazole-ene cycloaddition
Tetramethylammonium hydroxide

Tumo necrosis factor

trifluoro acetic acid

toll-like receptors

Tryptophan

ultrasonication

ultraviolet

Water-in-oil inverse emulsion
Water-in-oil-in-water double emulsion

Zwitterionic nanocapsules
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