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Abstract

Once nanoparticles are exposed to a biological milieu, blood components rapidly interact with
the nanoparticles” surface, hereby giving the nanoparticle a biological fingerprint
("biomolecular corona’). This process determinately affects the pharmacological profile and
therapeutic efficiency of any nanoparticle. Despite the great effort in the development of
nanoparticles with a protein-repellent surface (for example surface functionalization with PEG),
it is still under debate whether it is possible to completely prevent protein adsorption. Therefore,
a thorough characterization of the adsorbed protein layer is needed to improve the biological
properties of nanoparticles applied as drug delivery vehicles.

This work aimed to shed light onto the multiple interactions occurring at the nano-bio-interface.
In a correlative analysis using transmission electron microscopy (TEM) and liquid
chromatography coupled to mass spectrometry (LC-MS) it was possible to monitor the
evolution of the protein corona. It was shown that the protein corona had a non-uniform
structure and was not - as supposed - dense layer. For meaningful protein corona analysis, it
is of great importance to perform in vitro studies under physiologically relevant conditions
coming as close as possible to the in vivo situation. Here, as an example, a widely performed
cell culture technique known as heat inactivation was investigated. Commonly, the protein
source supplemented within the cell culture medium is heated up to 56 °C prior to use in order
to avoid interference with in vitro assays. However, it was demonstrated that this procedure
strongly affects the nanoparticle-protein interactions and further alters their cellular uptake

behavior.

Clincial trials are the final step before nanoparticles are approved for therapeutic treatment.
Beforehand, mouse studies are performed in order to evaluate the nanoparticles” behavior in
vivo. Based on this, it was investigated how the interspecies protein composition (mouse vs.
human) influences the interaction with nanoparticles. Here, it was found that there is a severe
discrepancy in the protein corona depending on the protein source. This needs to be
considered in order to transfer knowledge gained from in vivo mouse experiments to clinical

studies in human.

In nanomedicine the surface of the nanoparticles is commonly functionalized with hydrophilic
polymers (e.g. poly(ethylene glycol) PEG) in order to prolong the circulation of nanoparticles
in blood. This is known as the stealth effect, which is an established method since the early
developments of nanoparticles applied as drug delivery vehicles. However, even up to now
there is a limited knowledge about the principal mechanism behind this effect. To unravel this,

the influence of polymer hydrophilicity on the protein adsorption pattern was investigated. This



was further correlated with the cellular interactions towards macrophages. It was shown that a
defined surface hydrophilicity triggers a selective protein adsorption and that actually distinct
proteins mediate the stealth effect. This knowledge now opens up the great potential to exploit
protein corona formation. As an example, it was demonstrated that an engineered protein

corona can prevent unspecific cellular uptake towards macrophages.

The overall goal of nanomedicine is the targeted transport of nanoparticles to the body region
of interest (e.g. cancer cells). Therefore, the surface of the nanoparticles needs to be
functionalized with targeting ligands to guide the nanoparticles” way. Several studies indicated
that the targeting properties of nanoparticles can be highly affected due to protein corona
formation. Literature reports described that adsorbed proteins can completely cover up the
targeting moiety, hereby preventing cellular recognition of the ligand on the nanoparticles’
surface and the cellular receptor. Therefore, in this work two different methods were
developed, which allow an efficient surface functionalization and thereby enable targeted cell

interactions even in the presence of the protein corona.

It was found that nanoparticles can be functionalized with antibodies through adsorption
depending on the pH of the buffer system. Antibody functionalized nanoparticles were able to
reach the targeted cell even after exposure to blood plasma and were able to withstand
extended periods of incubation in a complex protein surroundings, hereby proving successful

targeting properties.

Further, an alternative strategy is highlighted, which takes advantage of surfactants for the
non-covalent functionalization of nanoparticles. Surfactants are surface-active substances and
rapidly adsorb onto nanoparticles. To investigate whether this method allows targeted cell
interactions, different surfactants were modified with a mannose ligand. It was shown that
mannose modified surfactants can be used as a universal approach for the non-covalent
functionalization of a broad range of nanoparticle to achieve targeted cell interactions even

after incubation with blood plasma.
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Introduction

In modern medicine, nanotechnology is an emerging field, which aims to improve the
therapeutic efficacy of drugs!. The development of multifunctional nanoparticle formulations is
envisioned to revolutionize and improve current strategies for disease treatment?. The unique
aspect of nanoparticles applied as drug delivery vehicles is the selective transport of
therapeutics to the targeted site of interest®. With this, it is aimed to improve the bioavailability
and reduce drug induced toxicity*.

A first nanoparticle formulation based on liposomes (known as “Doxil") is already approved by
the Food and Drug Administration (FDA) as a therapeutic for treating ovarian and other types
of cancer®%. However, the overall number of clinically applied nanoparticle systems is low and
nanomedicine is still in the early developing stages’. Nanoparticles designed for biomedical
applications have to encounter several challenges. A precise control of the physico-chemical
properties (e.g. size, surface functionalization or charge) of the nanoparticles is required to
ensure colloidal stability®, efficient drug release® and a low toxicity*°.

On top of that, once applied under physiological conditions (e.g intravenously injected into
blood) nanoparticles have to face the complex surrounding of various biomolecules!!.
Adsorption of blood proteins or lipids on the nanoparticle surface occurs rapidly within seconds
("biomolecular or “protein corona” formation) and this eventually gives the nanoparticle a new
biological fingerprint. This fact was first widely overlooked. However, it has been now
recognized that the cellular interactions and the physiological response of a hanopatrticle are
actually determined by its protein corona!?>!®. Therefore, to improve the nanoparticles’
properties and achieve a successful clinical translation, it is urgently needed to gain deeper

knowledge about the principal mechanism governing protein corona formation.

This work aimed to understand the interactions occurring at the nano-bio-interface to achieve
controlled cellular interactions of nanopatrticles (Figure 1). Overall, this thesis is dived into three
major parts. Briefly, Chapter A describes different parameters, which influence protein corona
formations. Here, it was intended to characterize the biological identity of various nanoparticle
formulation in order to understand the major driving forces mediating protein adsorption.
Chapter B deals with the principal mechanism behind the “stealth effect” and its influence on
protein corona formation. Last, in Chapter C different targeting strategies are presented, which

enable controlled nanoparticle-cell interaction in the presence of the protein corona.
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Figure 1. Investigating the Nano-Bio-Interface. The biological characterization of the protein corona
is summarized in chapter A. The stealth properties of nanoparticles are studied in chapter B and the

targeting efficiency in the presence of the protein corona is investigated in chapter C.

A thorough characterization of the protein corona composition is a key requirement to
determine the biological signature of a nanoparticle. New analytical methods need to be
developed in order to study the adsorbed protein layer around the nanopatrticle. Additionally,
for meaningful protein corona studies, advanced assays need to be established, which allow
to investigate the protein corona under physiological relevant conditions and to mimic the in
vivo situation. This issue is addressed in four different parts included in Chapter A
(‘Charaterization of the biomolecular corona: Expanding analytical methods and

exploring conditions”).

In the first study, transmission electron microscopy (TEM) was used to investigate the structure
of the biomolecular corona. Further, with liquid chromatography coupled to mass spectrometry
(LC-MS) it was possible to identify the corona composition. Lastly, in a correlative analysis via
TEM and confocal laser scanning microscopy (cLSM), the cellular uptake process in the
presence of the protein corona was explored. This study describes on one side new analytical
methods (TEM) to analyze the structure of the protein corona and on the other side combines

a set of established analytical tools, which allow to monitore the evolution of the protein corona.

The second study investigated the influence of heat inactivation of serum or plasma on cellular

uptake of nanoparticles towards macrophages and its impact on corona formation. This study



is of importance as it underlines the difference between commonly applied in vitro experiments

and the in vivo situation.

The third study compared the corona formation, cellular uptake and aggregation behavior of
nanoparticles incubated with plasma obtained from different animal sources. This knowledge

is important for the successfull translation of nanoparticles to clinical trials (human).

In the fourth study, corona formation under classical in vitro conditions was compared to the in
vivo situation. This part shed light into the complex surrounding, which nanoparticles have to

encounter after in vivo administration.

Attaching poly(ethylene glycol) on the nanoparticles” surface is the standard method to obtain
“stealth properties”. With this it is aimed to reduced the protein interaction and hereby avoid
unintended cellular uptake. Up to now, there is a limited understanding on the interactions of
stealth nanoparticles and plasma proteins. Additionally, as PEG is a non-biodegradable
polymer, alternative strategies are needed to obtain stealth properties. In Chapter B ("Stealth
coating for nanoparticles: Avoiding unintended cellular uptake”) three different parts are

included, which investigate the stealth effect.

In study five, the influence of nanoparticle surface hydrophilicity is correlated with protein
corona formation and cellular uptake towards phagocytic cells. With this, the molecular

mechanism behind the stealth effect was analyzed.

Study six investigated whether it is possible to achieve stealth properties if the surface of
hydroxyethyl starch (HES) nanocapsules is functionalized with different sugar moieties. With

this strategy it is aimed to obtain fully degradable stealth nanocarrier.

In part seven a bioinspired alternative stealth coating strategy is presented. Here, protein

corona formation was exploited for targeted cell interactions.

The overall goal of nanopatrticles used as drug delivery vehicles is the targeted interaction with
specific cells. Therefore, the nanoparticles” surface is functionalized with different targeting
ligands. In Chapter C (‘Targeting strategies: Controlled cellular interactions in the
presence of the protein corona’), two different methods, are presented, which enable

targeted cell interaction taking into account protein corona formation.

In study eight, nanopatrticles were functionalized with antibodies via adsorption using different
pH values. The distinct influence of corona formation on the targeting properties of antibody-

modified nanoparticles was investigated.

Study nine describes the synthesis of mannose-functionalized surfactants, which can be
utilized as coating for various nanoparticles to target nanoparticles specifically towards

dendritic cells.






Chapter A

Charaterization of the biomolecular corona: Expanding

analytical methods and exploring conditions

In chapter A there are four different publications (1-4) summarized. In general, these studies
aimed to provide a fundamental knowledge about biomolecular corona formation. In the
following an introduction about the current state-of the art methodologies for protein corona

analysis will be given. Afterwards each study is presented separately.

L1 1, \/isualization

of the protein corona: towards a biomolecular understanding of nanoparticle-cell-interactions.
Nanoscale, 2017, 9 (25), 8858-8870. (*shared first)

(2], P rotesin

denaturation by heat inactivation detrimentally affects biomolecular corona formation and

cellular interactions.

(31 | The
transferability from animal models to humans: challenges regarding aggregation and protein

corona formation of nanopatrticles. Biomacromolecules, 2018, 19 (2), 374-385. (*shared first)

(<) I i 2veling in vivo Corona

formation.



Introduction

There is a steadily increasing interest in the development of novel nanomaterials for biomedical
applications'**. The rapid progress in the synthesis of smart, multi-functional nanoparticle
formulations promises their successful performance in vivo'®. However, even up to now the
number of nanoparticle systems, which have reached clinical trials or are approved by the FDA

is still low"-18.

Already, in the 60s Vroman and colleagues?® recognized that protein adsorption onto the
surface of nanoparticles is a key factor, which significantly influences the biological behavior
of nanopatrticles. First studies using gel electrophoresis aimed to identify the adsorbed proteins
and understand the kinetics of the adsorption process ("Vroman effect’)?. In recent years, the
development of high-throughput analytical methods (e.g. liquid chromatography coupled to
mass spectrometry) has enabled researchers to characterize the exact protein composition?*,
It is now widely accepted that nanoparticles are rapidly covered by proteins (“protein corona’)
once they are introduced to a physiological environment (e.g. blood plasma)??-24, Over the last
10 years, there is an increasing number of reports, which summarize large protein data sets,
enabling researchers now to understand the principal mechanisms, which mediates the
interaction of nanoparticles and proteins®. Further, it was shown that other biomolecules (e.g.
lipids, sugars, metabolites) additionally cover the nanoparticles” surface and influence the

biological interaction ("biomolecular corona’)?6-28,

In the following, the first part will review how the physico-chemical properties of the
nanoparticle influence protein adsorption. Further, an overview of analytical methods, which
are currently used to study protein corona formation, will be summarized. Next to this, different
approaches, which are applied for protein corona studies, will be highlighted. To conclude, the

final impact of protein corona formation on the cellular interactions will be discussed.

A.1 Physico-chemical properties (material, charge, size)

Protein adsorption is generally driven by Van der Waals forces, electrostatic and electrosteric
and hydrophobic interactions or hydrogen bonds (Figure A.1)>*%°. Depending on the
application, nanoparticles are synthesized from inorganic or organic materials®!.
Apolipoproteins were identified on a broad range of polystyrene nanoparticles®’, whereas
complement proteins specifically bound to sugar coated nanoparticles®*-34. Next, to this Deng
et al. investigated the interaction of plasma proteins and different metal oxide nanoparticles
(TiO2, ZnO, SI0,)*. All nanoparticles had the same surface charge, but the protein corona

pattern differed greatly.



From the early times when nanopatrticles were used as drug carrier vehicles, it is the main goal
to achieve a long blood circulation in order to enable a targeted cell interaction®®. Most
commonly, the surface of the nanoparticles is modified with hydrophilic polymers such as
poly(ethylene glycol). With this it is intended to reduce protein interactions and hereby avoid
the rapid clearance of the nanoparticles by phagocytic cells®-%, Next to this, for a hydrophobic
surface, the interactions of nanoparticles and proteins are favoured due to hydrophobic protein

domains®.

Surface charge is another factor, which determines protein adsorption*!. A correlation between
the isolectric point (pl) and the surface charge of the nanoparticles was found by Aggarwal et
al.*L. Proteins, which have a pl < 5.5 (e.g. albumin) preferably adsorbed to negatively charge
polystyrene nanoparticles, whereas proteins with a pl > 5.5 (e.g. immunoglobuline, IgG)
adsorbed to positively charged particles. Overall, it was suggested that Coulomb interactions
are a main driving force for protein adsorption. The nanopatrticle surface charge does not only
determine the corona composition?°, but it can also influence the protein structure®!. It was
shown that bovine serum albumin (BSA) was denatured upon binding to positively charge
nanoparticles, however remained its structure upon adsorption to negatively charged
nanoparticle*?. Depending on the structure of BSA, the nanoparticle was recognized via

different cell receptors (scavenger vs. albumin receptor).

The nanoparticle size is known to determine the in vivo biodistribution®®. Overall, smaller
nanoparticles (< 100 nm) showed a more efficient cellular uptake towards cancer cells and
were even able to cross the blood-brain barrier compared to larger nanoparticles*-°. On the
protein level, Cedervall et al. determined that the protein composition was similar for
nanoparticles with varying size (70 — 700 nm); hence, the overall protein amount differed. With

an increasing surface area per particle, the protein amount increased®?.

Based on this, the particle composition itself mediates the competitive protein interactions and

shapes corona formation?®.
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Figure A. 1. Nanoparticle composition determines biomolecular corona formation. Protein
adsorption depends on the material characteristics and surface properties of the nanoparticle.
Hydrophobic and electrostatic interactions mediate the competitive adsorption process. Figure is
adaptated and modified from “Understanding Biophysicochemical Interactions at the Nano-Bio
Interface”. Copyright @ 2009 Springer Nature. Reprinted with permission from Nature Materials. Ref.
Nature Materials 2009, 8, 543-557.

A.2 Analytical methods

The protein corona is generally divided into two layers referred to as “soft” and "hard” protein
corona*’. The discriminating factor is the binding affinity of the proteins towards the
nanoparticle*®. Here, the hard corona consists of proteins, which are tightly bound and have
low exchange rates, whereas the soft corona comprises proteins, which are loosely bound and

readily desorb from the nanoparticles” surface?.

Most models suggest that hard corona proteins directly interact with the nanopatrticle surface
and on top of this, the soft corona forms an additional layer via protein-protein interactions with
hard corona proteins!!. As the soft corona is highly dynamic, analytical techniques are required
which allow to study the direct interaction of the nanoparticles within the protein source and

thereby do not disturb its loose structure?®.

Classical soft corona techniques give information about the size, structure and

thermodynamics of the protein corona (Table A.1)%°. With dynamic light scattering (DLS) it is



possible to determine the hydrodynamic radius of nanoparticles before and after protein
coating via their diffusion coefficient using Stokes-Einstein relation®!. Schmidt and coworkers
have established a valuable method to investigate the aggregation behavior of nanoparticle
introduced directly to concentrated human serum or plasma®2. They were additionally able to
correlate the aggregation behavior of nanoparticle determined under in vitro with the
biodistribution of the nanoparticles in vivo®. Therefore, this method can be used as a pre-
clinical screening to evaluate the in vivo behavior of nanoparticles. Fluorescence correlation
spectroscopy (FCS) is a complementary approach to determine the size of the nanopatrticles

with protein corona®.

Via transmission and scanning electron microscopy (TEM and SEM) it is possible to visualize
the nanoparticle surrounded by the protein corona®. TEM studies mainly utilize a negative
staining technique (with uranyl acetate) for enhanced contrast®®. In addition, Kelly et al. have
established an immunolabeling technique to characterize the spatial distribution of corona
proteins®’. Here, they took advantage of gold labelled antibodies to identify functional epitopes

exposed by corona proteins.

Table A. 1. Direct analytical techniques are used to characterize the soft protein corona. These methods
allow to study protein adsorption on the nanoparticles” surface without the need of purification.

Direct techniques (in situ)
DLS Dynamic light scattering size, aggregation

FCS Fluorescence correlation spectroscopy size, aggregation

TEM Transmission electron microscopy size, visualization
SEM Scanning electron microscopy size, visualization
CD Circular dichroism spectroscopy secondary structure
nanoDSF Nano differential scanning fluorimetry tertiary structure

FT-IR Fourier-transform infrared spectroscopy  structure, affinity

ITC  Isothermal titration calorimetry thermodynamics

With circular dichroism spectroscopy (CD) and Fourier-transform infrared spectroscopy (FT-
IR) the secondary structure of corona proteins is studied*? 8. These methods revealed that
upon binding of proteins to the nanoparticles” surface, the protein structure can be strongly

disturbed leading to an unfolding and denaturation of corona proteins.



Protein stability and unfolding can additionally be analyzed by nano differential scanning
fluorimetry (NanoTemper Technologies, Prometheus NT.48 instrument, Munich Germany). It
is a label free methods, which monitores the intrinsic tryptophan and tyrosin fluorescence
intensity (330 nm and 350 nm) of a protein upon heating. In general, the thermal unfolding
transition midpoint Tm (°C) is measured, which is defined as the point at which 50% of the
protein is unfolded (extended information see Publication 13).

Another common in situ method is isothermal titration calorimetry (ITC)%°. Proteins are titrated
into a nanopatrticle solution. Upon protein adsorption, the heat is measured and further the
binding affinity, enthalpy and stoichiometry is determined®.

In order to determine the hard corona proteins, nanoparticles are purified from excess unbound
proteins (Table A.2). Therefore, these indirect methods wash off soft corona proteins and only
analyze tightly bound proteins®.. Nanoparticles surrounded by the hard protein corona are
typically isolated via centrifugation, magnetic separation or size exclusion chromatography
based on the nanoparticle material®?®3. Several washing steps are required to ensure the
sufficient removal of all unbound proteins. In a final step, the adsorbed hard corona proteins
are released from the nanoparticle surfaces and further applied for protein analysis. SDS-
PAGE and 2D-gel electrophoresis were used in pioneer works to investigate the overall corona
pattern®® %, This yielded a very limited amount of diverse proteins and was a tedious
procedure. With the recent progress in the development of novel mass spectrometry
techniques, it is now possible to identify the exact protein corona composition while also
guantifying the relative amount of proteins in one setup. Overall, the hard corona pattern
formed after in vitro plasma incubation is often dominated by 3-6 major corona proteins®.
Further, LC-MS analysis allows to detect the low abundant corona proteins®. Common protein
assays are utilized to determine the absolute amount of proteins bound to nanoparticles.
Additionally, ¢-potential measurements are used to characterize the nanoparticle surface

charge after protein coating®’.

Overall, the biological relevance of the soft corona vs. hard corona is still under debate®8°,
There, have been reports, which suggest that the soft corona is of minor importance as it is
sheared off under dynamic flow condition in vivo. To conclude, combing a set of different

analytical methods is required in order to investigate the whole picture corona formation.



Table A. 2. Indirect analytical techniques are used to characterize the hard protein corona. Excess

unbound proteins are removed before analysis and nanoparticles coated with tightly bound proteins are

anaylzed.
Indirect techniques (ex situ)
SDS-PAGE 1D/2D Gel Electrophoresis Separation
¢-Potential Electrophoresis Charge

LC-MS Liquid chromatography—mass spectrometry Identification
Assay Pierce, BCA Protein Assay Amount

QCM  Quartz crystal microbalance Mass change

A.3 Exposure condition (source, concentration, personalized, flow, in vivo)

Due to the rapid progress in the development of novel analytical tools to investigate corona
formation, additional factors have been recognized, which critically determine protein corona
formation. In the classical ex vivo or in vitro approach, nanoparticles are exposed to serum or
plasma’®". Therefore, blood is obtained, naturally coagulated and centrifuged to remove all
cellular components (red and white blood cells) to generate serum. In contrast, for plasma
preparation an anticoagulant (commonly citrate, EDTA or heparin) is added to prevent blood
clotting. Due to the difference in the preparation of the protein source, the protein composition
is also altered’?. Serum does not contain proteins involved in the coagulation (e.g. fibrinogen),

which are still present in plasma.

Generally, fetal bovine serum (FBS) is most commonly supplement in cell culture medium as
protein source for cell maintenance’. Variations between the protein composition of human,
mice or bovine serum have also been reported in various reports’®. Therefore, it is anticipated
that the protein source, which is used to study corona formation is a deterimental factor that

needs considerations’®.

In a comprehensive report from Schdéttler et al., the protein adsorption pattern of polystyrene
nanoparticles exposed to FBS or human serum and plasma was compared’®. Especially, the
discrepancy between serum and plasma was prominent as nanoparticles exposed to plasma
were surrounded by a high amount of fibrinogen. Additonally, they recognized the significant
role of the chosen anticoagulant. Due to the incubation of nanoparticles in heparin plasma as

in contrast to citrate plasma cellular uptake into macrophages was strongly enhanced, wheras



cellular internalization towards cancer cells was prevented. Therefore, it is of great importance

to consider the chosen anticoagulant to compare the protein corona profil of different sudies””.

Biological environment NP exposed

Ex vivo In vivo
£ & 3 < o
® 52 o [

Static conditions Dynamic exchange

Figure A. 2. There is a distinct difference between the corona composition of nanoparticles under ex
vivo conditions compared to the in vivo situation. Typical ex vivo approaches used plasma or serum to
investigate protein adsorption. These experiments are usually under static conditions. In strong contrast,
due to the blood flow the in vivo situation the protein corona is highly dynamic. Figure adaptated from
"Nanomedicine: Evolution of the nanoparticle corona” and modified. Copyright @ 2017 Springer Nature.
Reprinted with permission from Nature Nanotechnology. Ref. Nature Nanotechnology 2017, 6, 12(4),
288-290.

Next to the source itself, also the protein concentration shapes corona composition. Cell culture
medium mainly contains 10% of FBS (~6 mg protein/mL). This is in contrast to the higher
protein density in blood plasma (~60 mg protein/mL). Monopoli et al. saw a clear correlation
for SiO, nanopatrticles between an increasing plasma concentration and the thinkness of the

protein corona (determined by DLS, SDS PAGE and protein assay)°®®.

In 2015 there was the first report, which examined protein corona formation after nanoparticles
were applied in vivo’®. Liposomes were injected into mice, blood was recovered and liposomes

surrounded by the in vivo protein corona were isolated via size exclusion chromatography. The



resulting pattern was strikingly different to the corona composition obtained after in vitro
administration. Overall, there was a greater variety of proteins identifed after in vivo

administration compared to the in vitro situation (Figure A.2)".

In a recent puplication (2017), Chen et al. emphasized the dynamics of the blood flow under
in vivo conditions®3. They investigated whether a preformed in vitro protein corona is replaced
after in vivo administration. Here, they demonstrated that the in vitro protein coating is rapidily
exchanged after in vivo exposure. This highlights the dynamic exchange of the in vivo protein

corona.

These studies are first attempts in order to understand corona formation in a more complex
surrounding. Moreover, they underline the importance to use and develop new methods to

figure out the role of protein corona formation in vivo.

A.4 Cellular impact

Depending on the corona composition, the cellular outcome can differ greatly®-8, This is most
intriguingly shown in several studies, which compared the cellular internalization of
nanoparticles in the absence or presence of the protein corona. For example, Treuel etet al.
demonstrated that quantum dots show a high internalization rate in the absence of proteins
(Figure A.3)%2. However, after incubation with human serum albumin (HSA), cellular uptake
was strongly suppressed. This goes along with other studies reporting a direct relationship

between cellular uptake and protein concentration.

Lara et al. extended the knowledge about the interactions between the biomolecular corona
and specific cellular receptors®:. By using an immuno-mapping technique functional motifis of
corona proteins were identified. They showed that the corona of SiO» nanoparticles consisted
of lipoproteins and immunoglobulins. Both corona proteins exposed functional epitopes upon
adsorption to the nanoparticles” surface, which further allowed the recognition of the

nanopatrticles via low-density lipoprotein and Fc gamma receptors.

In a correlative study, cellular uptake of four different polystyrene nanoparticles was compared
with the corona composition identified via label-free quantitative mass spectrometry. With this
Ritz et al. were able to identify key proteins, which mediate the cellular uptake process®. As
an example, apolipoprotein H (ApoH) was found to increase cellular interactions, whereas
apolipoprotein A4 (ApoA4) or apolipoprotein C3 (ApoC3) significantly hampered the

internalization process.
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Figure A. 3. Protein corona formation determines cellular interactions. Cancer cells (Hela) were
incubated with nanoparticles (quantum dots) in the absence of proteins (a) or in the presence of human
serum albumin (b-d). Human serum albumin was modified with additional carboxy groups (HSAsuc) or
ethylenediamine (HSAam). Confocal images were taken and the cell membrane was stained in red,
nucleus in blue and nanoparticles in green. Additional images were quantified (e). Figure adaptated from
‘Impact of Protein Modification on the Protein Corona on Nanoparticles and NanoparticleCell
Interactions”. Copyright @ 2014 American Chemical Society. Reprinted with permission from ACS
Nano. Ref. ACS Nano 2014, 8, 8(1), 503-513

As highlighted above, the corona composition eventually determines the interaction of the
nanoparticles and cells. Based on this, researchers have questioned whether the adsorbed
protein layer is actually internalized with the nanoparticle and if this is the case, how this
influences the intracellular processing. Therefore, Bertoli et al. fluorescently labeled the protein
corona and monitored the internalization process via laser scanning microscopy®. They were
able to prove that the corona is retained during cellular uptake and that actually the protein

corona guides the intracellular trafficking of the nanopatrticles.

Overall, these studies highlight the direct interplay between the corona composition and the
cellular response®*. Due to an increasing knowledge about the biomolecular corona formation

and its physiological impact, it is no longer an unsurpassable barrier, which prohibits targeted



cell interactions. As protein corona formation is an inevitable process, it has been now realized
that it can be used as an engineering tool to improve the nanoparticles” properties for

therapeutic applications.



1. Visualization of the protein corona: towards a
biomolecular understanding of nanoparticle-cell-

interactions

Aim:

New analytical methods need to be developed in order to understand protein corona formation.
This is the first study, which analyzed the morphology of the protein corona via transmission
electron microscopy (TEM). On top of that, via proteomics (LC-MS) it was possible to monitor
the evolution of the protein corona. Finally, the cellular impact of protein corona formation was
investigated in correlative approach using flow cytometry, confocal laser scanning microscopy
and TEM. Overall, the combination of various analytical tools provides a fundamental

knowledge about the structure of the protein corona, its composition and cellular effect.

Contribution:

| carried out the complete protein corona analysis (SDS-PAGE, LC-MS, Pierce Assay) and

conducted the cellular uptake experiments (flow cytometry and cLSM). | EGEGTzNG
performed the TEM images analysis. The project was supervised by [ KGN}

Copyright:

The following part (1) is based on the publication Nanoscale, 2017, 9 (25), 8858-8870.
Presented results are reprinted with permission from Royal Society of Chemistry, Nanoscale.
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Abstract

The use of nanocarriers in biology and medicine is complicated by the current need to
understand how nanoparticles interact in complex biological surroundings. When nanocarriers
come into contact with serum, proteins immediately adsorb onto their surface, enfolding the
nanocarriers and forming a protein corona which then defines their biological identity. Although
the composition of the protein corona has been widely determined by proteomics, its
morphology still remains unclear. In this study we show for the first time how a protein corona
is adsorbed onto polystyrene nanoparticles using transmission electron microscopy. We are
able to demonstrate that the protein corona is not, as commonly supposed, a dense, layered
shell coating the nanoparticle, but on the contrary an undefined, loose network of proteins. In
addition, we are now able to visualize and discriminate between the soft and hard corona using
centrifugation-based separation techniques together with proteomic characterization. The
process of compositional change in the protein corona was analyzed after each of the multiple
centrifugation steps in order to understand the evolution of the protein corona. The protein
composition of the ~15 nm hard corona strongly depends on the surface chemistry of the
respective nanomaterial, thus further affecting cellular uptake and intracellular trafficking.
Large diameter protein corona resulting from pre-incubation with soft corona or Apo-Al inhibits
cellular uptake, confirming the stealth-effect mechanism. Taking this together, the knowledge
on protein corona formation, composition and morphology is essential to design therapeutic

effective nanoparticle systems.

Introduction

On account of their small size, nanocarriers have distinct properties that make them excellent
candidates for biomedical and biotechnological applications. Although their use is growing
rapidly, crucial questions still arise about the interaction of nanocarriers with biological
systems. When nanocarriers come into contact with biological fluids they adsorb proteins due
to their high surface free energy.!? The proteins that are adsorbed on the surface of
nanocarriers form the so-called ‘protein corona’. The protein corona thus formed alters the
size, aggregation state and properties of the nanoparticles and provides them with a biological
identity, which differs from their synthetic identity.3>* The corona forms rapidly®> and the
composition changes only quantitatively.® It divides into the ‘hard’ and ‘soft’ corona, depending
on the binding strength and exchange rate of the proteins. The hard corona is formed by the
proteins with high binding affinities that are tightly bound and the soft corona by those proteins

that are loosely bound and have high exchange rates. What the cell is finally able to recognize



is the particle-protein complex.” This means that the individual proteins present in each case

are responsible for regulating the cellular uptake®® and the intracellular fate.®

The proteomic composition!, size and aggregation'? effects of the protein corona are well-
known, but its morphology has still to be examined. The protein corona is usually shown either
as a uniform layer or as multiple layers covering the nanoparticle. For the first time we have
been able to visualize the morphology of the protein corona and provide a 3D model of its
structure by using transmission electron microscopy. In contrast to existing theories and
sketches, we found that the protein corona forms a loose network which is attached to the

nanoparticle.

In this paper we focus on three different polystyrene nanoparticles (plain, carboxyl-
functionalized and amino-functionalized). These particles are easily synthesized in a wide
range of sizes/surface functionalization and are ideal candidates for studying bio-nano
interactions.'®* The protein corona morphology and composition of those nanoparticles were
compared using TEM, DLS and LC-MS. Further we carefully monitored the process from initial
corona formation directly after incubation in human serum and after each washing/
centrifugation steps. Using a 3D model reconstruction, we were able to quantify the amount of
adsorbed protein covering the nanoparticles. Finally, endocytosis and intracellular trafficking
of the nanoparticle coated with or without protein corona was investigated after incubation with
macrophages. These studies offer a better understanding of the biological identity of the
nanoparticles and will therefore contribute to a safer and more effective application in

nanomedicine.

Material and methods

Transmission Electron Microscopy (TEM). In order to observe the protein corona that was
formed around the PS-NPs, the samples were first diluted with 1 mL water and then 2 ul were
placed onto a lacey grid and let to dry. In the case of single protein binding studies, PS-NP
(0.05 m?) were incubated with individual proteins (100 pg) for 1 h, 37 °C and 2 uL of each

sample was placed onto a lacey grid. The droplet method was applied with 4% uranyl acetate.*®

Electron micrographs were taken on an Ultrascan 1000 (Gatan) charge-coupled device (CCD)
camera. The TEM was operated at 200 kV. The Digital Micrograph software (Gatan) was used

to collect the images.



In order to view the protein corona in 3D, tilt series over a tilt range of -65° to +65° were
recorded at a magnification of 22000 x. The SerialEM software (Mastronarde, 2005) was used

to collect the tilt series.

Cryo-TEM. 10 ul of the sample was placed onto a 400 mesh copper grid covered with lacey
film. The excess dispersion was removed by blotting with filter paper. The grid is plunged into
liquid ethane (automated plunging system, Vitrobot FEI) and transferred in liquid nitrogen to
the TEM. Prior to the preparation, the grids were treated with oxygen plasma to make the film

hydrophilic.

TEM (3D Reconstruction). The alignments and the weighted back-projection-based
reconstructions of raw tilt series were computed with eTomo (a program from the IMOD

software package?®).

The diameter of the particles and the protein corona that was formed around them was
calculated with ImageJ.

Dynamic Light Scattering. Dynamic light scattering experiments were performed with an
ALV-CGS 8F SLS/DLS 5022F goniometer equipped with eight simultaneously working ALV
7004 correlators, eight QEAPD Avalanche photodiode detectors and a a HeNe laser (632.8
nm, 25 mW output power) as light source at 37 °C. Nanopatrticle dispersions (1 pL, 10 mg/mL)
were measured in 1 mL of filtered Dulbecco’s magnesium- and calcium-free phosphate
buffered saline (PBS) buffer solution (GIBCO, Invitrogen). Human serum was filtered through
a Millex GS 220 nm filters (Millipore) into cylindrical quartz cuvettes (20mm diameter, Hellma,
Millheim) and nanoparticles were directly (1 uL) to the cuvette and incubated with human

serum for 1 h at 37 °C before the measurement.

Data evaluation dynamic light scattering. Data was evaluated according to the method of
Rausch et al.?® Briefly, the sum of the autocorrelation functions (ACF) of the individual

components (human serum or nanoparticle) was used as fixed parameters.

The ACF of human serum is approximated fitted by a sum of three exponential terms as given

in equation S1:

t t t
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a; is the amplitude, t; = 7D, the decay times, q = ——sin (5) the absolute scattering angle
i 0

and i, D; Brownian diffusion coefficient. The ACF of the nanoparticles is fitted by a sum of two

exponential terms (S2).
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If nanoparticles are exposed to human serum the combination of the ACFs of serum and
nanoparticles is analyzed. If no aggregation occurs, the resulting ACF of the mixture can be

fitted by the sum of two individual ACFs g, ,,(t), the so named forced fit (S3).

J1m () = fpgr,p(t) + fnpginp(t) (3)

If aggregation formation of nanoparticles in serum occurs, the ACF cannot be describe by sum

of two components, so an additional term ACF g, 444(t) for aggregates is needed (S4).

) (4)

Therefore, the correlation function g, ,,,(t) consists of three terms including the aggregation

I1,ag9 ) = A1,0gg EXP (_

terms with the intensity contribution f 4.

gl,m(t) = ngl,P(t) + fNPgl,NP(t) + fagggl,agg(t) (5)

¢ potential and particle charge detection. The zeta (¢) potential of the different polystyrene
nanoparticle (20 pL) was measured with a Zeta Sizer Nano Series (Malvern Instrument, U.K)
in 1 mM potassium chloride solution (2 mL). A combination of a particle charge detector PCD
02 (Mutek GmbH Germany) and a Titrino Automatic Titrator 702 SM (Metrohm AG Switzerland)
was used to determine the amount of surface charged groups on nanoparticles. Titration
experiments were performed with nanoparticles dispersion (10 mL) with a solid content of 1
mg/mL (0.1 wt%) at 20 °C. Amino groups were titrated against the negatively charged
polyelectrolyte standard sodium poly(ethylene sulfonate) (Pes-Na) and for carboxyl groups
positively charged poly(diallyl dimethyl ammonium chloride) (PDADAMC) was used. The

amount of groups was calculated as previously described.*

SDS-PAGE. The protein sample (6 pg in 26 pL total volume) was mixed with 4 pL of NuPage
Reducing Agent and 10 pL of NuPage LDS Sample Buffer NuPage, loaded on a 10% Bis-Tris-
Protein Gels using NUPAGE MES SDS Running Buffer (all Novex, Thermo Fisher Scientific)
and run for 1.5 h using SeeBlue Plus2 Pre-Stained (Invitrogen) as molecular marker. Gels
were stained with SimplyBlue SafeStain (Novex, Thermo Fisher Scientific) at least for 4h and

destained in distilled water overnight.



Protein quantification. The protein concentration of human serum or the desorbed hard
corona proteins was quantified with the Pierce 660 nm protein Assay (Thermo Scientific;
Germany) according to manufacturer's instructions and bovine serum albumin (Serva,
Germany) was used a standard. Absorption was measured at 660 nm by a Tecan infinite
M1000 plate reader.

Human blood serum. Human blood was obtained from the Department of Transfusion
Medicine Mainz from healthy donors in accordance with the Declaration of Helsinki. Blood was
clotted overnight according to the standard protocol to generate human serum. A serum pool
from seven volunteers was used and storaged at -80 °C. To remove any protein aggregates

after thawing, human serum was centrifuged for 30 min at 20 000 g before usage.

Protein corona preparation. A constant ratio between particle surface area and serum
concentration was chosen to ensure reproducibility. A surface area of 0.05 m? nanopatrticles
(in a total volume of 300 pL) were incubated with 1 mL of human serum for 1 h, 37 °C. Previous

studies have shown that the protein corona is formed stabile after 1 h.*?

The hard protein corona surrounding nanoparticles was isolated via centrifugation and loosely
or unbound proteins were removed. Nanoparticles were centrifuged for 1 h, 20 000 g (4 °C).
The supernatant was collected for protein quantification. The remaining nanopatrticle pellet was
either re-suspended in water (final nanoparticle concentration of 10 mg/mL) and analyzed by
TEM and DLS or washed with 1 mL of water. This procedure was repeated three times to
ensure that all unbound proteins are removed. To elute bound proteins form the nanopatrticles,
the pellet was re-suspended in 2% SDS (62.5 mM Tris*HCI), heated up to 95 °C for 5 min and
centrifuged for 1 h, 20 000 g (4 °C). The remaining supernatant was collected further analyzed
by Pierce Assay, SDS-PAGE and LC-MS.

In solution digestion. Protein samples were applied to Pierce detergent removal columns
(Thermo Fisher) to remove SDS prior to digestion. Proteins digestion was performed according
to former instruction.’®4® Briefly, proteins were precipitated overnight using ProteoExtract
protein precipitation kit (CalBioChem) according to the manufactures instructions”. Proteins
were isolated via centrifugation (14 000 g, 10 min), washed several times and re-suspend in
RapiGest SF (Waters Cooperation) dissolved in ammonium bicarbonate (50 mM) buffer.
Samples were incubated at 80 °C for 15 min. Protein disulfide bonds were reduced with
dithithreitol (Sigma) at a final concentration of 5 mM. The reaction was performed at 45 min at
56 °C. Proteins were alkylated with idoacetoamide (final concentration 15 mM, Sigma) and
incubated in the dark for 1 h. Digestion was carried out with a protein:trypsin ratio of 50:1 over

16h at 37 °C and the reaction was quenched by adding 2 uL hydrochloric acid (Sigma). To



remove degradation products of RapiGest SF, peptide samples were centrifuged for 14 000 g,
15 min (4 °C).

Liquid chromatography coupled to mass spectrometry (LC-MS analysis)._ Samples were
diluted with 0.1% formic acid and spiked with 50 fmol/uL Hi3 Ecoli (Waters Cooperation)
standard for absolute protein quantification**. Tryptic peptides were applied to a C18 analytical
reversed phase column (1.7 ym, 75 pm x 150 mm) and a C18 nanoACQUITY trap column (5
pm, 180 um x 20 mm) in a nanocACQUITY UPLC system. Two mobile phases (A) consisting
of 0.1% (v/v) formic acid in water and 0.1% (v/v) formic acid with acetonitrile and gradient of
2% to 37% of mobile phase B over 70 min were used for separation. The nanoACQUITY UPLC
system was coupled with a Synapt G2- Si mass spectrometer. Electrospray ionization (ESI)
was conducted in positive ion mode using a NanoLockSpray source. The sample flow rate was
setto 0.3 uL min™ and the reference component Glu-Fibrinopeptide was infused 150 fmol pL™
at a flow rate of 0.5 pL min™. The Synapt G2-Si was operated in resolution mode and data-
independent acquisition (MSE) experiments were carried out. A mass to charge range of 50—
2000 Da, scan time of 1 s, ramped trap collision energy from 20 to 40 V was set and data was
acquired over 90 min. MassLynx 4.1 was used for data acquisition and processing.

Protein identification. Continuum data was post lock mass corrected and further analyzed by
Progenesis QI (2.0) using a reviewed human data base (Uniprot) for peptide and protein
identification. Several processing parameters as noise reduction thresholds for low energy,
high energy and peptide intensity were set to 120, 25, and 750 counts. The human data base
was modified with the sequence information of Hi3 Ecoli standard for absolute quantification.
The following criteria were chosen for protein and peptide identification: one missed cleavage,
maximum protein mass 600 kDa, fixed carbamidomethyl modification for cysteine, variable
oxidation for methionine and protein false discovery rate of 4%. To identify a protein at least
two assigned peptides and five assigned fragments are required. Peptide identification is
based on three assigned fragments and identified peptides with a score parameter below 4
were discharged. Based on the TOP3/Hi3 approach the amount of each protein in fmol was

provided*.

Cell culture. The murine macrophage cell line RAW264.7 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).

Cell uptake experiments: Flow cytometry and confocal laser scanning microscopy. For
the cell uptake experiments, cells were seeded at a density of 150 000 cells/well in 24 well

plates. 3 mm plasma-sterilized sapphire discs (M. Wohlwend GmbH, Sennwald, Switzerland)



covered with a 20 nm carbon layer before usage were added in the well plate. After 12 h, the
cells were incubated in fresh serum-free medium for 2 h, before the nanoparticle dispersions

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

Hard protein corona coated nanoparticles were prepared as described above (Protein corona
preparation). Therefore, the nanoparticles were first incubated with human serum, centrifuged
and washed to remove unbound proteins. Protein coated nanoparticles were re-suspended in

serum free medium (final concentration: 300 pg/mL) and incubated with the cells for 1 h.

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).

In order to proof intracellular localization of nanopatrticles, confocal laser scanning microscopy
(cLSM) experiments were performed on a LSM SP5 STED Leica Laser Scanning Confocal
Microscope (Leica, Germany), consisting of an inverse fluorescence microscope DMI 6000 CS
equipped with a multi-laser combination using a HCX PL APO CS 63 x 1.4 oil objective. Bodipy-
labbeled nanoparticles were excited with an argon laser (20 mW; A=514 nm), detected at 530
- 550 nm (pseudocolored green) and the cell membran was stained with CellMaskOrange (2.5
pg/mL, Invitrogen) using a laser DPSS 561 nm (= 1.3 mW), detected at 570 - 600 nm

(pseudocolored red).

High pressure freezing and freeze substitution. For a good preservation of the structure,
the specimen was frozen under high pressure (2100 bars), using the high pressure freezing
machine (Engineering Office M. Wohlwend GmbH, Switzerland). The specimen (sapphire
discs with cells) was enclosed and protected in a small volume between two specimen carriers
and locked inside the specimen pressure chamber. Liquid nitrogen was used as cooling
medium. To enure high quality preservation, this technique was combined with freeze
substitution and resin embedding. This included dehydration of the cryo-fixed samples at -90
°C by substituting the ice for an organic solvent (0.2 % osmium tetroxide, 0.1% uranyl acetate
and 5 % water in aceton) inside the freeze substitution machine (EM, AFS 2, Leica
Microsystems). After bringing the samples to room temperature, they were rinsed in pure
aceton and infiltrated in EPON 812. On the next day, polymerization took place at 60 °C.

Ultrathin sections were collected afterwards using a Leica ultramicrotime.



Nanoparticle Synthesis. Styrene (99%, Merck, Germany) and acrylid acid AA (99%, Aldrich,
Germany) were freshly distilled under reduced pressure and stored at -18 °C. The following
commercial products were used: 2-aminoethyl methacrylate hydrochloride (AEMH, 90%,
Sigma-Aldrich, Germany), n-hexadecene (HD, Sigma-Aldrich), initiator 2,2’-azobis (2-
methylbutyronitrile) (V59, Wako Chemicals, Germany) and Lutensol AT50 (BASF). The
fluorescent dye Bodipy-1 was synthesized according to*®, which has the maximum of
absorption at 523 nm and of emission at 536 nm. A stock solution of Lutensol was prepared
(1.99 g Lutensol AT50 filled to 79.65 g with steril water). The nanoparticles were synthesized

by free-radical miniemulsion polymerization according to.*

Plain PSNPs (referred as PS): 6.0529 g of styrene, 250.72 mg of hexadecane, 103.55 mg of
the initiator V-59 and 5.99 mg Bodipy-1 were added to 24 g of water containing 0.6 g of
Lutensol AT50.

Carboxy-functionalized PSNPs (referred as PS-COOH): 5.88286 g of styrene, 0.15258 g of
AA, 251.28 mg of hexadecane, 99.71 mg of the initiator V-59 and 6.10 mg Bodipy-1 were
added to 24 g of water containing 0.6 g of Lutensol AT50.

Amino-functionalized PSNPs (referred as PS-NH;): 5.8887 g of styrene, 252.30 mg of
hexadecane, 100.62 mg of the initiator V59 and 6.06 mg Bodipy-1 were mixed with 24 g water
containing 0.12 g of AEMH and 0.6 g Lutensol AT-50.

After 1 h of stirring for pre-emulsification, the miniemulsion was prepared by ultrasonicating
the mixture for 2 min by 450 W at 90% intensity (Branson sonifier W450 Digital, 2" tip) at 0
°C. For polymerization, the temperature was increased to 72 °C and reaction proceeded

overnight.

Results and Discussion

The research presented here was carried out on a defined set of polystyrene nanoparticles
(PS-NP), synthesized by free-radical mini-emulsion polymerization* and stabilized by the
surfactant Lutensol AT-50 which has a polyethylene glycol (PEG) tail of 50 ethylene oxide
units. All nanoparticles were purified under similar conditions. A detailed protocol is presented
in the supplementary information 1. In contrast to other studies where particles with different
properties were used such as material, size or charge!%” we focused on a set of PS-NPs
with similar size and only varying surface modifications (PS, PS-COOH, PS-NH,). For flow

cytometry and confocal laser scanning microscopy analysis, nanoparticles were fluorescently



labeled using BODIPY (525/535 nm). Similar amounts of dye were covalently in-cooperated
within the nanoparticles. Surface functionalities were introduced by co-polymerization of
monomers containing carboxy- and amino-groups. The physico-chemical properties of
nanoparticles such as charge, shape and size were characterized by C{-potential
measurements, transmission electron microscopy (TEM) and mulit-angle dynamic light
scattering (DLS) in an aqueous solution and physiological buffer conditions (PBS).

Complementary analytical methods were applied to visualize the structure (TEM) of the protein
corona and determine changes in size. The methods included multi-angle DLS as well as
characterizing its composition by label-free, ultra-pressure liquid chromatography mass
spectrometry (UPLC-MS).

The morphology of the protein corona was studied by TEM using a negative staining
technique'®. Proteins were embedded in a thin, free standing layer of dried trehalose containing
heavy metal salts (e.g. uranyl acetate) providing high contrast samples, suitable for
conventional electron tomography.*?° To assure that the corona morphology is not affected
by the embedding into the trehalose film, additional cryo-TEM examinations have been
performed. This showed no noticeable structural difference between cryo-TEM and trehalose
embedding preparation. The protein corona of nanoparticles could be visualized for the first
time using this technique and subsequently quantitatively analyzed using a 3-D reconstruction

model.
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Figure 1. 1. TEM micrographs of the protein corona surrounding un-functionalized polystyrene
nanoparticles. A: Hard and soft corona after incubation of un-functionalized PS-NPs in human serum
and B: After centrifugation and removal of the supernatant, but before washing steps. C: Tomogram
slice of an area such as (B), scale bar: 100 nm. D: Hard corona after 15t wash, E: after 2" wash, and

F: after 3 wash. G: Electron tomogram slice of the area presented in (F), superimposed by a 3D

reconstruction. Scale bar: 100 nm. [ GcNGEGNEGEGEEE

Directly after incubation of nanoparticles in human serum (Figure 1.1), un-functionalized
polystyrene nanoparticles (PS) were surrounded by a protein cloud, which appeared to be
larger than the diameter of the nanoparticle. Given the average diameter of 140 nm for un-
functionalized polystyrene nanoparticles the average additional corona was estimated to be
~70 — 100 nm thick (Figure 1.1) and referred to as the soft protein corona. Interestingly, the
soft protein corona is not shown by TEM to be as uniformly distributed and well-rounded, but
rather as an undefined network surrounding the nanoparticle. Generally > 2! it is described as
highly dynamic layer of proteins which have high exchange rates and low binding affinities
towards the nanoparticle. By adding trehalose and uranyl acetate (UA) for TEM sample
preparation, the highly dynamic structure is fixed. At this stage a “snapshot” of the
nanoparticles surrounded by the soft corona was taken, revealing interestingly its non-uniform
structure. In addition, cryo-TEM examinations corroborated the morphology of the protein
corona observed by the trehalose-UA preparation. As a result structural artifacts caused by
negative staining can be excluded. While there is extensive literature dealing with the subject
of hard protein corona, only limited analytic methods used to study the soft protein corona are



available. Consequently, determining the biological relevance of the soft corona has been
slowed down.?? Hence, for in vivo application of nanocarriers it is essential to concentrate on
studying the interactions of nanoparticles within a given protein source (serum, plasma) and
to analyze their aggregation behavior in such complex surroundings as this can highly affect
the biodistribution.*?

By using multi-angle dynamic light scattering (DLS) it is possible to measure the average,
hydrodynamic size of nanopatrticles directly incubated in the protein source?:. Multi-angle DLS
was performed at 37 °C in human serum and we observed an average size increase of the
hydrodynamic radius of about ~ 70 nm for functionalized PS-NPs. This size increase can be
attributed to the protein corona formation and correlates well with the visualization of the
protein corona in TEM images (Figure 1.1). The data evaluation procedure and the auto-
correlation functions respectively shown for scattering angle of 30° can be found in the
supplementary information 1.

As previously mentioned, in most studies dealing with the protein corona only proteins of the
hard corona have been analyzed. These are tightly bound and have a high affinity towards
nanoparticles.?* The hard protein corona of nanopatrticles is usually isolated using multiple
centrifugation and washing steps to remove loosely or unbound proteins from nanopatrticles
surrounded by the hard corona.?® Several other studies have compared the protein pattern
obtained after centrifugation with different preparation techniques (e.g. magnetic separation,
gel-filtration) and these studies have demonstrated that the general protein adsorption pattern

is comparable.?®: 2’

Our goal was to analyze the evolution of the protein corona formed directly after incubation in
human serum and after each purification/washing step by isolating protein coated
nanoparticles via centrifugation. We monitored the morphological development of the protein
corona for un-functionalized (Figure 1.1) and functionalized nanoparticles (Figure 1.3) by

electron microscopy and analyzed the adsorption pattern quantitatively using LC-MS.
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Figure 1. 2. Evolution of the hard protein pattern during sample preparation. A. The number of highly
abundance serum proteins decreases and the abundance of the hard corona proteins increase after
each washing step. B. The heat map illustrates the relative quantity of the most abundant proteins found
in the hard corona. (Relative quantity of proteins identified amounting to > 1%, n = 4). C. 3D
reconstruction of tomogram slices presented the nanoparticles surrounded by the protein corona. For
TEM an average protein size of 10 nm in z-axis is assumed || GTcNEIIIIIIIEE o
Proteins were desorbed from un-functionalized PS nanoparticles with 2% SDS and the quantity of

protein in mg per m2 NP (£ SD, n = 4) was measured by Pierce Assay.

After the first centrifugation, un-functionalized PS nanoparticles were surrounded by a

substantial protein cloud (Figure 1.1) as observed directly after incubation. The 3D



reconstructions demonstrate the heterogeneity of the protein corona at this step. However, it
is difficult to distinguish between tightly or loosely bound proteins associated to one
nanoparticle and to unbound proteins. TEM images and DLS measurements reveal a high
guantity of proteins adsorbing onto nanoparticles directly after incubation (Figure 1.2). This
results in a marked increase in the size of the nanoparticles due to the formation of the soft
corona. The soft corona was then washed off after several centrifugation steps and the
nanoparticle-particle complex with tightly bound proteins (thus forming a hard corona) could
then be isolated. This result is in agreement with the quantity of proteins quantified after each
washing step which continuously decreases with wasching steps (Figure 1.2). The number of
loosely and unbound proteins was significantly reduced after the first wash (1% centrifugation
= 20.02 + 1.00 mg vs. 1%t wash = 2.30 + 0.10 mg per m? un-functionalized PS-NP). After the
second and third washing steps, the quantity of adsorbed proteins did not decrease
significantly. After the third and last wash the protein amount in the supernatant was below the
detection limit indicating that the loosely/unbound proteins were effectively washed away.
Using the 3D reconstruction presented (Figure 1.1) the number of proteins was counted every
10 nm in the z-axis (assuming that the average protein size is 10 nm). After the first
centrifugation, un-functionalized nanoparticles were surrounded by ~ 1200 proteins. This

number drastically decreased down to ~ 400 proteins after the final washing step.

There were no obvious structural differences observed in the nanoparticles-protein complexes
when washed just once or three times (Figure 1.1). In addition, the {-potential of
nanopatrticles (-3.7 mV, measured in KCI) dramatically decreased to -21 mV after incubation
in human serum, indicating protein adsorption and corona formation. Again, there were no
major changes measured after the first, second and third washing steps. After the third and
last wash, the corona thickness measured approximately 15 nm (Figure 1.1) by TEM. The
proteins were tightly bound to the PS nanoparticles and covered most of each periphery. In
order to determine statistical robustness, the radius of more than 20 particles from the TEM
micrographs was measured (Figure 1.1). The hard corona radius measured by DLS was

comparable (19 £ 2 nm).
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Figure 1. 3. Analyzing the protein corona pattern around functionalized nanoparticles (PS-COOH, PS-
NH2) by various analytic methods. A. NPs (total surface area of the sample: 0.05 m?) were incubated in
human serum (1 mL) for 1 h, 37 °C. The protein corona was visualized by TEM after the first
centrifugation and third washing step. Hard corona proteins were identified, demonstrating that the
protein pattern is highly dependent on surface functionalization || GGG
Proteins very analyzed by LC-MS (average of n = 4) and visualized by SDS-PAGE B. At a first glance
the protein pattern of all nanoparticles incubated in human serum was very similar after the first
centrifugation, but distinct protein bands can be seen even at this step (starred lanes “Centrifugation 17).
These proteins are further identified as hard corona proteins (“Wash 3”) C. The amount of bound proteins
(in mg £ SD, n = 4) is quantified after desorption of proteins from nanoparticles using 2% SDS by Pierce

assay.



In order to monitor the evolution of the hard protein corona, we analyzed the protein
composition of un-functionalized PS-NPs after each purification step. The protein composition
of the protein corona is significantly altered when compared to the composition of proteins in
serum.®1¢ The relative amount of abundant serum proteins ( > 1%) was found to be drastically
decreased in the case of human serum albumin, serotransferrin, haptoglobulin, hemopexin
and complement C3 after the first centrifugation stage. All these proteins were detected in
small quantities in the hard corona (Figure 1.2). In contrast, there was an enrichment of low
abundance proteins (clusterin, apolipoprotein A1 and antithrombin-111) which are referred to as
the hard corona proteins (Figure 1.2). Significantly, we were able to show that the relative
abundance of the identified proteins remained stable after the first washing (Figure 1.2). Only
slight changes in the protein pattern could be observed after the second and third washing
steps. By doing this the equilibrium between proteins in solution and nanoparticle bound
proteins changed rapidly and nanoparticles with tightly-bound hard corona proteins could be
isolated. These results highlight the crucial purification step (after centrifugation 1 - wash 1)

as here the equilibrium between unbound and nanoparticle bound proteins is critically shifted.

However, we know that the protein adsorption pattern is highly influenced by surface
functionalization of nanoparticles.?*?%-2° We found that the absolute number of bound proteins
per defined surface of nanoparticles is significantly higher (Figure 1.3) for negatively charged
nanoparticles (PS-COOH) in comparison to un-functionalized (PS), or positively charged
nanoparticles (PS-NH). In addition, vitronectin was highly enriched in the protein corona of
PS-COOH (Figure 1.3) and PS-NH; particles specifically adsorbed clusterin. Clusterin was
also found to be the major hard corona protein of poly(phosphoester)- and PEGylated modified
PS-NPs.?° The set of PS-NPs in this experiment was stabilized with Lutensol AT-50 which is a
PEG-analog surfactant. In addition, there are specific proteins (immunoglobulin Kk,
immunoglobulin y or apolipoprotein Al) which were identified on all polystyrene nanoparticles
under investigation. Previous studies!®3%1> 31 sypport our findings as they recorded an

enrichment of apolipoproteins in the hard corona of polystyrene nanopatrticles.
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Figure 1. 4. A. Flow cytometry analysis: RAW264.7 cells were incubated with un-functionalized or
functionalized polystyrene nanoparticles (300 pg/mL) for 1 h. The average of the median fluorescence
intensity (MFI) of three independent experiments is shown (n=3). Prior to cellular uptake studies,
nanoparticles were incubated with human serum for 1 h at 37 °C, centrifuged and washed to remove
unbound proteins. Isolated hard corona coated nanoparticles (+) or uncoated nanoparticles (-) were
added to serum free cell culture medium. Additionally, uncoated nanoparticles were added to cells
cultured in 100% serum (++ soft corona) B. Confocal laser scanning microscopy images (1, 4) and TEM
micrographs (2, 3, 5, 6) of high-pressure frozen macrophages treated with 300 pg/mL of un-
functionalized nanoparticles without (-) or with hard protein corona (+). Scale bar: B1, B4 = 10 um; B3
=200 nm; B2, B5 and B6 = 0.5 um. GraphPad Prism 5 Software was used for statistical analysis using

a one-way ANOVA followed by Tukey’s post-hoc multiple comparisons test. A p-value of < 0.001 was

considered as highly significant~ | N

After the first centrifugation, at a first glance, there were no major differences (SDS-PAGE,
Figure 1.3) between the identified proteins with regard to the surface functionalization of the
nanopatrticle (PS, PS-COOH, PS-NH2). Additionally, the protein pattern is comparable to the
proteins identified in human serum. The major protein band (~ 62 kDa) is referred to as human

serum albumin as it is the most abundant serum protein. At this stage it was not possible to



clearly separate nanoparticles with tightly surrounded proteins from the remaining proteins in

solution because their protein concentration was much higher.

Interestingly, some distinct bands were detected in the SDS-PAGE (marked by a red star,
Figure 1.3) even without performing any washing steps. These bands were identified as low
abundance proteins in a detailed proteomic analysis by LC-MS (e.g. vitronectin, clusterin,
apolipoprotein Al). The concentration of low abundance proteins is much higher on the NP
than in the pristine human serum. These proteins were further enriched in subsequent washing
steps and identified as the proteins of the hard corona (Figure 1.3). There were no significant
structural differences (Figure 1.3) visualized in the soft and hard protein corona of
functionalized nanoparticles. Additionally, the hard corona radius measured by TEM and DLS

was comparable to un-functionalized nanoparticles (10 — 20 nm).

To visualize the binding of individual hard corona proteins, un-functionalized nanoparticles
were incubated in the respective isolated proteins (clusterin, apolipoprotein Al or IgG) for 1 h
at 37 °C and the protein adsorption was analyzed by TEM (Figure 1.5). Micrographs show that
in most cases the protein was present around the entire periphery of the nanoparticles. In
addition, the corona diameter was quite large (~ 100 nm), as seen in the case of apolipoprotein
Al (Figure 1.5). However, the secondary structure of the proteins can be altered due to the

adsorption on a surface3?3 further determining the cellular uptake.34%

Therefore, we further studied the interactions of protein corona coated nanopatrticles (Figure
1.4 and 1.5) and a macrophages cell line, RAW264.7. Flow cytometry analysis, confocal laser
scanning microscopy (CLSM) and TEM revealed the intracellular uptake of BODIPY -labeled
PS-NPs and no adherence to the plasma membrane (Figure 1.4) Further, we investigated the
difference between nanopatrticles surrounded by the hard corona vs. soft corona. Hard corona
coated nanoparticles incubated in serum were isolated via repetitive centrifugation and
washing (3 times, as prepared for protein corona analysis) and added to serum free cell culture
medium (+ hard corona). Additionally, nanoparticles were directly added to serum free culture

medium (- corona) or cells cultured in 100% serum (++ soft corona).
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Figure 1. 5. A. TEM micrographs and 3D reconstruction images of un-functionalized PS-NP (0.05 m?)
incubated with ApoAll (100 pg) for 1 h, 37 °C. The additional corona diameter (~100 nhm) and number
of ApoAl proteins (>1400 proteins) surrounding un-functionalized PS-NP is comparable to the soft
corona images (Figure 1.1 and 1.2). Scale bar: 100 nm. B. Flow cytometry analysis: RAW264.7 cells
were incubated with 300 pg/mL of un-functionalized (-), protein corona coated (+/++) or ApoAl coated
un-functionalized PS-NP for 1 h. C. Confocal laser scanning microscopy images of ApoAl or hard corona
coated un-functionalized nanoparticles. The cell membrane is stained using CellmaskOrange (pseudo-
coloured red) and BODIPY labeled nanopatrticles are pseudo-coloured green. Scale bar: 10 pum D. TEM
micrographs of high-pressure frozen macrophages treated with 300 pg/mL of un-functionalized

nanoparticles pre-coated with ApoAl indicating a strongly reduced uptake of nanoparticles. Scale bar: 1

oy

Cellular uptake of soft corona coated nanopatrticles (++) was strongly reduced in comparison
to hard corona coated (+) or uncoated nanoparticles (-). Here, it was shown that the surface
functionalization highly influenced uptake behavior (Figure 1.4). Un-functionalized and amino-
functionalized nanoparticles were taken up to a significantly lower extent compared to carboxy-
functionalized nanoparticles. Interestingly, this trend was observed with or without protein
corona (Figure 1.4). Additionally, it was found that cellular uptake of PS-COOH nanoparticles
was significantly enhanced for nanoparticles surrounded by hard corona proteins compared to
uncoated PS-COOH (p<0.001 ***). This is remarkable as we demonstrate that



immunoglobulins are the major protein corona component (about 50%) for all investigated
nanoparticles. As the morphology of the protein corona was visualized as an undefined loose
network of proteins, this indicates that next to the presence of the protein corona the underlying

surface functionalization affects cellular uptake.

Transmission electron microscopy (Figure 1.4) was used to compare the internalization
mechanism and intracellular trafficking of un-functionalized nanoparticles without (-) or with
hard protein corona (+). Numerous un-functionalized polystyrene nanoparticles were packed
in long membrane structures (Figure 1.4) that resemble the uncoated carriers or early
endosomes present in the CLIC/GEEC endocytosis pathway®*%’. In the presence of protein
corona, these structures were not observed. Instead, un-functionalized PS-NPs (either
individually or in a group of 2-3) were packed in small vesicles, and were not found inside
endosomes (Figure 1.4). These results indicate that in the presence of protein corona, the cells
choose an alternative endocytosis pathway. Additional TEM micrographs are summarized in
the supplementary information 1.

Several studies have shown that the secondary structure of the proteins can be altered by
adsorption on a surface®223 and thus further determine cellular uptake.?**® As seen in the case
of apolipoprotein Al (ApoAl), we found that the corona diameter after incubation with un-
functionalized PS-NP was quite large (~ 100 nm, Figure 1.5). Therefore, we studied whether
this affects the cellular uptake behavior. Un-functionalized nanoparticles were incubated with
ApoAl and cellular uptake was analyzed by flow cytometry, cLSM, and TEM (Figure 1.5). It
was found that due to pre-coating with ApoAl cellular uptake was strongly inhibited compared
to uncoated (-) or hard corona coated nanopatrticles (+), hence it was comparable to soft corona
coated nanopatrticle (++). Interstingly,the structural properties of the ApoAl and soft protein
corona indicated strikingly similiar properties (Figure 1.5 vs. 1.2 average corona diameter and

number of corona proteins).

Conclusion

We were able to demonstrate the evolution of the protein corona during the centrifugation and
washing procedures using the combined correlative approach of TEM and proteomics. By
using these techniques, we could differentiate between the soft corona and the hard corona.
Our findings on the morphology of the protein corona offer new insights into its real structure,
which we determined to be a network-like, loosely interconnected agglomeration of proteins

surrounding a nanoparticle.



In order to explore the effect of surface chemistry, we presented a qualitative and quantitative
analysis of the protein corona of three differently surface functionalized PS-NPs and their
influence on the composition of the protein corona. Furthermore, we proved that the uptake of
un-functionalized PS-NPs pre-incubated with either soft corona or Apo-Al was prevented.
Understanding how NPs interact with proteins as well as the effect of the different corona
morphologies and compositions on cellular mechanisms (like uptake and trafficking) are
important factors in the design of NPs. This is particularly so for those NPs with regulated
biological identities and physiological effects and also for experiments based on “personalized

protein corona” intended for clinical applications as suggested by Hajipour et al. *.

Supplementary information

Table 1. 1. Physicochemical properties as hydrodynamic radius and C-potential of polystyrene
nanoparticles determined by multi angle dynamic light scattering in agueous solution and PBS. The
fluorescence intensity of the BODIPY labeled nanoparticles (525/535 nm) was determined by Tecan

Microplate Reader and normalized to the value for un-functionalized polystyrene nanoparticles.

Rn (H20) Rn (PBS) {-Potential Fluorescence
Intensity Factor

PS 73 7.3 nm 75+ 7.5n0m -3.70 mV 1

PS- COOH 70+ 7.0 nm 72+£7.0 nm -7.21mV 1.16

PS- NH; 74 4.3 nm 79+£7.9nm +7.58 mV 1.05
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Figure 1. 6. Cryo-TEM micrographs of un-functionalized PS nanoparticles incubated with gold-labelled
bovine serum albumin visualize the structure of the protein corona. Nanoparticles (0.05 m?) were
incubated with 100 ug of protein for 1 h at 37 °C before measurements were performed. || GczN

Figure 1. 7. TEM micrographs of un-functionalized PS nanoparticles incubated with human serum and
centrifuged once (A). Nanoparticles are surrounded by a huge protein cloud. || GcNIEIININEG
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Figure 1. 8. TEM micrographs of un-functionalized PS nanopatrticles incubated with human serum

centrifuged and washed three times (D). The hard protein corona surrounding nanoparticles is

visualized. [

PS + Clusterin

Figure 1. 9. TEM micrographs of un-functionalized PS incubated with identified hard corona proteins.

Nanoparticles (0.05 m?) were incubated with 100 pg of protein for 1 h at 37 °C before measurements

were performed. |
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Figure 1. 10. Autocorrelation function of un-functionalized PS nanoparticles incubated with human

serum exemplary shown for a scattering angle of 30°. | EGcNcIzIEIzIINE
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Figure 1. 11. Autocorrelation function of PS-NH:2 nanopatrticles incubated with human serum exemplary

shown for a scattering angle of 30°. || EGcNENGNGNGNGNGNGE
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Figure 1. 12. Autocorrelation function of PS- COOH nanoparticles incubated with human serum

exemplary shown for a scattering angle of 30°. | GcINEIINGEGE

Table 1. 2. Soft corona hydrodynamic radii of polystyrene nanoparticles incubated within human serum

measured by multi angle dynamic light scattering. The size of the nanoparticles was measured directly

within human serum. Nanopatrticles are surrounded by a huge protein causing a size increase. Values

are exemplary given for a scattering angle at 30° as the system has the greatest sensitivity towards

detection of aggregation formation. 2 || GcNGGEEEEGE

Hydrodynamic radius (NP with soft corona) Intensity
(Scattering angle 30°) (19%)
PS 140 £ 14 nm 22
PS- COOH 178 £18 nm 21
PS- NH2 188 + 19 nm 18
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Figure 1. 13. Incubation of un-functionalized PS with human serum and further centrifugation to isolate
NPs with hard protein corona (PS; A) in comparison to PS in water. There is a size increase of 19 + 2
nm monitored by multi angle dynamic light scattering attributed to the hard protein corona around

nanoparticles. The angular dependency of the inverse hydrodynamic radii of un-functionalized PS is

demonstrated. |

Table 1. 3. Hard corona hydrodynamic radii of polystyrene nanoparticles incubated within human serum

and centrifuged was measured by multi angle dynamic light scattering. || GcNEGEKGE

Hydrodynamic radius (NP with hard corona) R (H20)

PS 92 £9.2 nm

PS- COOH 80 £8.0 nm

PS- NH2 88 + 8.8 nm
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Figure 1. 14. Zeta-potential after incubation, centrifugation and washing of un-functionalized PS

nanoparticles incubated with human serum. Due to protein adsorption the zeta-potential is strongly

decreased. [N

Table 1. 4. Amount of adsorbed protein in pg per 0.05 m2 NP determined after each purification step (A
= First centrifugation, B = 1. Wash, C = 2. Wash, D = Third wash)

Preparation PS

Amount of adsorbed protein per 0.05 m2 NP

A 781.9 + 38.6 g
B 87.22 + 2.42 g
C 50.51 £ 2.28 pg
D 49.18 £ 3.00 ug

Preparation PS- COOH

Amount of adsorbed protein per 0.05 m2 NP

A

1208.22 + 101.38 Pg

D

137.35+ 1.38 g

Preparation PS- NH;

Amount of adsorbed protein per 0.05 m2 NP

A

1055.97 + 18.78 ug

D

66.70 + 4.93 pg
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Table 1. 5. Protein concentration in the remaining supernatant after centrifugation and washing. After

the third wash the protein concentration is below the detectable range of the Pierce assay.

Supernatant Concentration (mg/mL)
A 47.97 + 1.71 mg/mL

B 1.43 £ 0.03 mg/mL

C 0.07 £ 0.02 mg/mL

D * (below 0.05 mg/mL)

Table 1. 6. Amount of recovered nanopatrticle after the first centrifugation and last washing steps for all

nanoparticles measured via fluorescence intensity of nanoparticles at the initial concentration.

Preparation PS PS- COOH PS- NH2
A 71.7+£48% 83.6+3.2% 86.8+5.9%
D 68.3+3.4% 72.7+3.4% 66.8+1.2%
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Figure 1. 15. LC-MS Protein classification of proteins associated with nanoparticles after the first

centrifugation (A). There is no significant difference in the protein pattern for all nanoparticles.
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Figure 1. 16. LC-MS Protein classification of proteins associated with nanoparticles after the third wash
(D). The distinct hard protein corona profile depends on surface functionalization of nanoparticles and

highly differs from the protein composition in human serum.
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Figure 1. 17. LC-MS Protein classification of proteins associated with un-functionalized PS
nanoparticles after each purification step. (A = First centrifugation, B = 1. Wash, C = 2. Wash, D = Third

wash)
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Figure 1. 18. A. Confocal laser scanning microscopy images: RAW264.7 cells were incubated with un-
functionalized or functionalized polystyrene nanoparticles (300 pg/mL) for 1 h. Scale bar: 10 um B. Flow
cytometry experiments: RAW?264.7 cells were incubated with un-functionalized or functionalized
polystyrene nanoparticles coated with (+/-) or without hard protein corona (300 pg/mL) for 1 h. The
average of the median fluorescence intensity of three independent experiments is shown (n=3).
GraphPad Prism 5 Software was used for statistical analysis using a one-way ANOVA followed by
Tukey's post-hoc multiple comparisons test. A p-value of <0.001 was considered as highly

significant***,
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Figure 1. 19. Flow cytometry analysis: RAW264.7 cells were incubated with un-functionalized or
functionalized polystyrene nanoparticles (300 pg/mL) for 10 min, 30 min or 1 h. Prior to cellular uptake
studies, nanoparticles were incubated with human serum for 1 h at 37 °C, centrifuged and washed to
remove unbound proteins. Isolated hard corona coated nanoparticles (+) or uncoated nanoparticles (-)
were added to serum free cell culture medium. The average of the median fluorescence intensity (MFI)

of three independent experiments is shown (n=3).
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Figure 1. 20. TEM micrographs of high-pressure frozen macrophages treated with 300 pyg/mL of un-
functionalized nanopatrticles without (-) hard protein corona for 1 h. Scale bar: A = 0.5 um; B = 200 nm.

Numerous un-functionalized polystyrene nanoparticles were packed in long membrane structures

(CLIC/GEEC endocytosis pathway). I

s
0. 5.usmi &

Figure 1. 21. TEM micrographs of high-pressure frozen macrophages treated with 300 pg/mL of un-
functionalized nanoparticles with (+) hard protein corona for 1 h. (+). Scale bar: 0.5 um Hard corona
coated un-functionalized PS-NPs were packed in small vesicles (either individually or in a group of 2-3).
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2. Protein denaturation by heat inactivation
detrimentally affects biomolecular corona

formation and cellular interactions

Aim:

Heat inactivation is a common cell culture procedure for in vitro experiments. Therefore, this
study focuses especially on the effect of heat inactivation and its influence on protein corona
formation. In general, it was demonstrated that the protein structure is highly affected due to
heat inactivation. On top of that, this caused an altered protein corona profile and eventually
affected cellular interactions. Therefore, this study demonstrates that the protein structure is
one of the key parameters, which mediates protein corona formation.

Contribution:

I conducted the complete protein corona analysis (SDS-PAGE, LC-MS, Pierce Assay) and
cellular uptake experiments (flow cytometry). | ]l performed the nanoDSF and ITC
measurments. || I EEEEEEE carried out the CD experiments. The project was supervised

by



Abstract

Adsorption of blood proteins to the surface of nanoparticles has been shown to be a critically
factor, which influences cellular interactions and eventually determines the successful
application of nanoparticles as drug carriers in vivo. There is an increasing number of reports,
which summarize large data sets of all identified corona proteins. However, up to now there is
still a limited knowledge about the influence of the protein structure on the adsorption process.
In this study, we focused on the effect of heat inactivation of serum and plasma, which is a
common cell culture procedure to inactivate the complement system. Heat inactivation was
performed at 56 °C for 30 min. We saw that the cellular uptake towards macrophages was
significantly affected if nanoparticles were exposed to untreated and in contrast to heat treated
serum. These results were further correlated with an altered corona composition depending
on the treatment of the protein source. Overall, this proves that protein denaturation is one of

the key parameters, which mediates protein corona formation.

Introduction

The field of nanotechnology has made great progress in the development of novel nanoparticle
formulations®. Innovative nanomaterials with varying surface modification?, high encapsulation
efficiencies® and controlled release properties* are promising candidates for targeted drug
delivery®. However, even up to now, there is still a very limited number of reports, which could
actually prove their successful performance in vivo®. This could be caused by the fact that there
is still a huge gap between the synthetic design of nanocarries, their testing in vitro and their

in vivo behavior’s.

Over the last decade, it has been recognized that the nanoparticle properties” are significantly
altered after contact with biological fluids (e.g. blood plasma)®2L. It has been shown that various
biomolecules rapidly interact with the nanoparticle and immediately cover its surface (‘termed
as biomolecular corona’)!?. Due to this, the physico-chemical properties of the nanoparticle
such as size, charge or aggregation behavior are altered®® and this further determines cellular
uptake!®, toxicity'®> and body distribution®. Several studies showed that due to corona
formation the intended targeting properties can be even completely lost, which underlines the
significant influence of corona formation’-18, As a result, studies investigating the biomolecular

corona have gained increased importance to understand and control this process?®.



Commonly, in cell culture, fetal bovine or human serum are used for cell maintenance and in
vitro experiments?. Mirshafiee et al.?! and Schéttler et al.?? already reported that the protein
source can significantly influence cellular uptake of nanoparticles and their protein adsorption
pattern. A common procedure — mostly overlooked and also not always reported in the Material
and Methods sections - in cell culture is heat inactivation of the respective protein source prior
to use?*?4, During this procedure, serum is typically heated up to 56 °C for 30 min. With this
procedure, it is intended to inactive heat labile proteins, most notably complement proteins.
These can interfere with other components in immunological assays and sometimes even
promote the lysis of cells if cell binding antibodies are present?®. Complement proteins were
identified as parts of the biomolecule corona of different nanoparticle formulations and are

known to mediate interactions with immune cells25-27,

However, there is actually a limited knowledge to what extent heat inactivation affects other
blood proteins. In addition, the majority of reports do not specify whether untreated or heat

inactivated serum was used in the experimental setup.

Therefore, this study specifically focused on the effect of heat inactivation on the cellular uptake
and corona formation of different nanoparticles. Here, we shed light onto the role of protein
structure, which was found to critically influence the protein adsorption process. This basic
knowledge is needed to understand corona formation and to transfer the knowledge gained

from the in vitro studies for further in vivo experiments.

Material and methods

Polystyrene nanoparticles. Polystyrene nanopatrticles stabilized with the surfactant Lutensol-
AT50 (BASF) were synthesized in accordance to previous reports using free-radical
miniemulsion polymerization***4. BOPIPY was incooperated into the nanoparticles for cell

uptake studies?®.

Hydroxyethyl starch (HES) nanocapsules. HES nanocapsules were obtained by the inverse
mini emulsion process*®. The fluorescent dyesulforhodamine 101 (SR101) was incooperated

into the nanocapsules.

Cell culture. RAW264.7 were maintained in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10 % FBS, 100 U/mL penicillin, 100 mg/mL streptomycin and 2 mM

glutamine (Thermo Fisher).



Cell uptake experiments by flow cytometry. Cells (150 000 per well) were seeded out in 24-
well plates overnight. The medium was changed to serum-free cell culture conditions for 2 h.
Further nanopatrticles (75 ug/mL) were added to cells for 2 h, 37 °C. Cells were washed with
PBS, detached with 0.25 % Trypsin-EDTA (Gibco) and resuspended with PBS. Flow cytometry
measurements were performed on a CyFlow ML cytometer (Partec) Data was analyzed by
FCS Express V4 software (DeNovo Software).

Pre-coating experiments. Nanoparticles (0.05 m?) were incubated with 100 ug Clusterin or
ApoAl (untreated or heat treated as indicated) for 1 h, 37 °C, centrifuged and further used in
cell uptake experiments.

Human plasma and serum. Serum and plasma was obtained from the Department of
Transfusion Medicine Mainz from healthy donors in accordance with the Declaration of
Helsinki.

Heat inactivation. Serum or plasma was heated up to 56 °C for 30 min and centrifuged
afterwards for 30 min, 4 °C (20 000 g).

Protein corona preparation. Nanoparticles were incubated with the respective protein source
and hard corona analysis was carried out as previously described**.To detach the adsorbed
corona proteins, the pellet was re-suspended in 2% SDS (62.5 mM Tris*HCI). The sample was
heated up to 95 °C for 5 min, centrifuged (20 000 g, 4 °C, 1 h) and the supernatant was further

used for protein analysis.

LC-MS analysis. Protein digestion was carried out as described in former reports*’“8, Isolated
peptide were diluted with 0.1% formic acid and spiked with 50 fmol/uL Hi3 Ecoli (Waters) for
absolute protein quantification®. Samples were analyzed using a a nanoACQUITY UPLC
system couple to a Synapt G2- Si mass spectrometer. Data was processed with MassLynx
4.1. Protein identification was carried out with Progenesis QI (2.0) using a reviewed human
data base (Uniprot).For peptide and protein identification the parameter were set as described

elsewhere** 50

Nano differential scanning fluorimetry (nanoDSF). Proteins (Clusterin and ApoAl) were
loaded into nanoDSF High Sensitivity capillaries (NanoTemper Technologies) and applied into
a Prometheus NT.48 instrument. A linear thermal ramp program starting 20 °C to 95 °C
(1 °C/min) was set and the tryptophan fluorescence was measured at 330 and 350 nm.
Thermal unfolding curves of the single wavelength at 330 nm and the first derivative of the

fluorescence ratio (F350/F330) are plotted against the temperature.



Isothermal titration calorimetry (ITC). Measurements were performed with a NanolTC Low
Volume from TA Instruments (Eschborn) and experiments were conducted as previously
described®* %1, Untreated or heat treated Custerin or ApoAl was titrated towards nanoparticles.

Data was analyzed using the software NanoAnalyze.
Results and discussion

Phagocytic cells such as macrophages (Figure 2.1) play an important role in the immune
system as they engulf foreign material (e.g. nanoparticles)?®. For this study, we chose non-
covalently PEGylated polystyrene nanoparticles (named as PS-PEGnc) as model system to
investigate the cellular interactions with a macrophage cell line (RAW264.7) and the protein
adsorption behavior with regard to the heat treatment of the protein source (material/methods

see supplementary information 2).

Nanoparticles were incubated with untreated or heat inactivated serum/plasma (56 °C, 30 min)
prior to cellular uptake studies. As a reference, cellular interactions of nanoparticles with
macrophages in protein-free medium were investigated (‘untreated’). In line with previous
findings, in the presence of untreated serum or plasma cellular uptake was strongly decreased
compared to untreated nanoparticles indicating stealth properties induced by corona
proteins®. However, if nanoparticles were pre-coated with heat inactivated serum or plasma;

we observed a significant increase in cellular uptake.

Several studies confirmed that PEGylation of nanoparticles did not completely prevent
adsorption of blood proteins®® and we demonstrated in previous studies that actually distinct
proteins preferably adsorb onto stealth nanoparticles®. These so called “stealth” proteins (e.qg.

apolipoprotein J known as clusterin)3! are necessary to reduce non-specific cellular uptake®?.

Therefore, we investigated the protein corona pattern of the here presented PS-PEGnc after
incubation with untreated or heat inactivated human serum or plasma (Figure 2.1). As
visualized by SDS PAGE there was a pronounced change in the corona pattern, if
nanoparticles were incubated with heat inactivated serum compared to untreated serum
(Figure 2.1). A detailed proteomic investigation was carried out and highlighted the distinct
variations in the hard corona pattern. Clusterin was the major protein identified after incubation
with untreated serum or plasma (> 50%). Next to this, apolipoprotein Al contributed to 15%
(Figure 2.1). This is in line with previous reports, which reported the specific interaction of
PEGylated nanocarries and clusterin® and a strong enrichment of lipoproteins in the protein

corona®.
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Figure 2. 1. Heat inactivation of human serum or plasma detrimentally affects cellular uptake and protein
corona formation. A) The macrophage cell line RAW 264.7 was treated with nanoparticles (75 pg/mL)
for 2 h, 37 °C. Non-covalently functionalized PEGylated polystyrene nanoparticles (PS-PEGnc) were
incubated with untreated or heat treated (56 °C, 30 min) human serum/plasma before cellular uptake
experiments. The median fluorescence intensity (MFI) is shown from three independent replicates. The
protein corona composition was visualized by SDS PAGE (B) and quantitatively analyzed by label free
liquid chromatorgraphy mass spectrometry (LC-MS) (C). The most abundant proteins (TOP 25) are
summarized in the heat map in order to highlight the major protein variations. The clusterin band (marked
with a red star, B) appears under reducing conditions at a molecular weight of 38 kDa. p < 0.05*, p<
0.01** , p<0.001***

In strong contrast to this, we detected only minor amounts of clusterin in the corona after
incubation with heat inactive serum or plasma (< 1%). Interestingly, the amounts of ApoAl
remained high (Figure 2.1). In addition, we did not observe a significant difference in the
absolute amount of proteins adsorbed to nanoparticles after incubation with untreated or heat
inactive serum. This underlines that the distinct protein corona composition actually mediates
the cellular interactions. Therefore, the increased cellular uptake after incubation with heat
inactivated serum or plasma is a result of the altered protein corona composition, meaning that

due to lower amounts of clusterin, cellular uptake is significantly increased.
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Figure 2. 2. Clusterin is a heat-sensitive protein and readily unfolds. Differential scanning fluorimetry
(nanoDSF) was used to monitor protein folding upon heating. A) Schematic illustration of the unfolding
process and exposure of tryptophan residues. The melting temperature Tw is defined as the point where
the protein is 50% unfolded. B) Unfolding and refolding curves of clusterin. The fluorescence intensity
at 330 nm and the corresponding first derivative are shown. The melting temperature Twm is determined

from the minimum of the first derivate. C) Monitoring the unfolding and refolding of ApoAl. D) Protein

structure properties of clusterin and ApoAl as determined by nanoDSF. | EGcGcNcNGEGG



Along with the corona composition, the structure of proteins surrounding the nanopatrticle is
known to influence cellular uptake®. Interaction of proteins with nanoparticles can cause
conformational changes in the protein structure, leading to an protein unfolding and
subsequently causing surface exposure of unknown epitopes®. Additionally, temperature

changes induce unfolding and denaturation of certain proteins®.

With label-free differential scanning fluorimetry (nanoDSF), it is possible to study the unfolding
process of proteins upon heating (Figure 2.2)%. The fluorescence intensity of tryptophan or
tyrosine residues in a protein strongly depends on the structure of the proteins and therefore
changes through temperature induced denaturation®. In those experiments the characteristic
melting point Tw of a protein is defined at a specific temperature, which is needed to unfold
50% of the protein. To explore the difference in protein corona composition when exposed to
heat, the unfolding and refolding behavior of ApoAl and clusterin was investigated with
nanoDSF (Figure 2.2). Here, it was found that clusterin had a significantly lower Ty ~ 47 °C
as compared to ApoAl Tw ~59 °C (Figure 2.2). In addition, rarely observed for proteins,
ApoAl was able to refold upon cooling in contrast to clusterin. At the heat inactivation
temperature of 56 °C we found that about 40% of clusterin was already unfolded whereas the
structure of ApoAl was not affected yet (Figure 2.2). Circular dichroism measurements

confirmed that the secondary structure of clusterin was significantly altered upon heating.

To further investigate the structural involvement in protein-nanoparticle interactions, PS-
PEGnc were incubated with the native single proteins — clusterin and ApoAl. Additionally,
proteins were heated up to 56 °C or 90 °C prior to incubation in order to investigate if
temperature induced denaturation affects the binding efficiency towards the nanoparticles and
cellular interactions (Figure 2.3). The absolute amount of clusterin and ApoAl adsorbed to PS-
PEGnc was quantified via a Pierce Assay. Here, we found that heat treatment of the single
proteins did not affect the total amount of adsorbed proteins (Figure 2.3). In addition to this,
we carried out isothermal calorimetry measurements. Untreated or heat treated (90 °C) and
therefore completely denatured clusterin was titrated onto PS-PEGnc. Interstingly, there were
no significant differences in the binding affinity and all other binding parameters of heat treated

clusterin compared to untreated clusterin towards PS-PEGnc (Figure 2.3).
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Figure 2. 3. Structural alteration of the singles protein did not affect the biological properties whereas in
a complex protein mixture the protein structure mediates the adsorption. A) Clusterin and ApoAl were
heat treated (56 °C or 90 °C for 30 min) and incubated with PS-PEGnc for 1 h. Unbound protein was
removed via centrifugation/washing and the amount of protein adsorbed on the nanoparticle surface
was determined via Pierce Assay. B) + C) Untreated or heat treated (90 °C) clusterin was titrated onto
PS-PEGn: nanoparticles via isothermal titration calorimetry. The resulting integrated heats together with
fits corresponding to an independent binding model are shown. In the table, parameters obtained by the
fit procedure are given. || | | | I D) Cc!lular uptake of PS-PEGnc nanoparticles that
were untreated and pre-treated with plasma, clusterin or ApoAl towards RAW 264.7 cells (75 pg/mL)
was analyzed by flow cytometry. The median fluorescent intensity (MFI) of three independent
measurements is shown. E) + F) Human serum was heated at 56 °C for 30 min. Native clusterin was
further added to heat inactivated serum and the protein composition was analyzed via SDS PAGE (E)
and LC-MS (F).

In order to investigate if the stealth properties of clusterin and ApoAl (meaning the ability to
prevent interaction with phagocytic cells) are affected by structural alterations, cellular uptake
of PS-PEGnc preincubated with native or heat treated ApoAl and clusterin towards
macrophages was analyzed subsequently. It was found that pre-incubation with both proteins
effectively reduced cellular uptake compared to uncoated nanoparticles (uptake inhibition ~



60%). On top of that, there was no difference whether proteins were heat treated or native
(Figure 2.3). The nanoparticle behavior after incubation with the single proteins stands in
strong contrast to incubation with the complex protein mixture (Figure 2.1). There, we showed
that the interactions with untreated or heat treated serum and PEGylated nanocarriers strongly
differed. We found that clusterin within the heat treated serum mixture was dramatically

decreased in comparison to untreated serum.
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Figure 2. 4. Heat inactivation affects the adsorption behavior of complement proteins towards HES
nanocapsules. A) The protein corona composition of HES nanocapsules was analyzed via SDS PAGE
and LC-MS (B). There is an enrichment of complement proteins detected after incubation with human
serum. Due to heat inactivation the adsorption of complement proteins is strongly diminished C) Cellular
uptake of HES nanocapsules (75 pg/mL, 2 h) towards RAW264.7 cells after incubation with human
serum or plasma. The amount of fluorescent positive cells (%) is shown for three independent replicates.
p < 0.05% p < 0.01**, p < 0.001***

To understand the structural involvement, which mediates the corona composition, serum was
heat inactivated and native (untreated) clusterin was re-added to the protein mixture (Figure

2.3). The protein pattern was visualized by SDS PAGE and quantitatively analyzed by LC-MS



(Figure 2.3). We found that native clusterin, which was re-added to heat inactivated serum
adsorbed to PS-PEGnc (clusterin band marked with a red star). This proves that in a complex
protein mixture the protein structure critically determines the adsorption behavior, which

eventually affects the cellular outcome.

To further reveal the influence of protein structure on corona formation, additional experiments
were performed with a broad variety of different nanoparticle systems (supplementary
information 2). Here, we chose covalently PEGylated PS-NPs (PS-PEGc), carboxy- or amino-
functionalized PS-NPs (PS-COOH and PS-NH) as well as biodegradable hydroxyethyl starch
nanocapsules (HES; Figure 2.4). All nanoparticles were incubated with untreated or heat
treated serum and plasma. As shown for PS-PEGnc there was a significant difference, if
particles were incubated with untreated serum/plasma in comparison to the heat treated
protein source (Figure 2.4).

Proteomic analysis highlighted the major differences in the corona composition for HES
nanocapsules incubated with the respective protein source (Figure 2.4). As shown above the
adsorption of clusterin was prevented when HES nanocapsules were incubated with heat
inactive serum or plasma. While complement was not a prominent protein of the protein
coronas in the experiments mentioned above, we found here that the corona of serum
incubated nanocapsules was enriched with complement C3 (~ 6.8%). Interestingly, after heat

treatment of serum, the amount of complement C3 was strongly decreased (~ 0.8%).

As widely reported complement proteins are heat-labile and undergo structural changes at
56 °C?>4°_ This underlines that due to the structural alterations of the complement proteins the
interactions with the nanoparticles are prevented (Figure 2.4). In addition, we found major
differences in the corona pattern for serum compared to plasma (Figure 2.4). As already
reported in literature, the protein source can influence corona formation?-?2. For the here
investigated HES nanocapsules the overall amount of complement proteins for human serum

compared to human plasma differed strongly.

Complement proteins require calcium to maintain their native structure and function*!. Citrate,
which was used as anticoagulant for plasma generation in this study, specifically binds
calcium?2, This suggests that the structure of the complement proteins within human plasma
is different compared to human serum, which eventually affects protein-nanoparticles

interactions.

Additionally, cellular uptake studies of HES nanocapsules coated with serum or plasma

(untreated vs. heat treated) linked the distinct role of the corona composition and cellular



interactions. Serum incubation strongly enhanced cellular uptake, which is mainly attributed to
the involvement of complement proteins. Due to heat inactivation of serum or plasma
incubation the overall amount of complement proteins was strongly decreased, which resulted
in decreased cellular interactions. Heat inactivation of plasma slightly increased cellular uptake
compared to untreated plasma (p < 0.05*). This is probably attributed to the lower amount of
clusterin in the corona after heat inactivation, which is comparable to the results presented for
PS-PEGnc.

Conclusion

Here, we showed that heat inactivation of serum or plasma critically affects cellular uptake and
protein corona formation. We saw that the protein structure is the key factor, which mediates
the adsorption process. Clusterin and complement proteins were identified as heat-labile
proteins, which readily undergo temperature induced structural changes. Therefore, in a
complex protein environment, the bound amount of the denatured proteins towards the
nanoparticles was significantly decreased. Overall, the present study reveals the major role of

the protein structure that needs to be considered in order to evaluate protein corona formation.

Supplementary information

Table 2. 1. Physico-chemical properties of all investigated nanoparticle systems. || [ GTczNEzNG

I
Diameter (nm) Zeta Potential (mV)
PS-PEGnc 120 + 12 nm -6.7mV
HES 220 £ 22 nm -19 mV
PS-PEGc 128 + 12 nm +18.4 mV
PS-COOH 116 + 11 nm -7.2mV
PS-NH: 126 + 12 nm +7.6 mV




Table 2. 2. Protein quantification of the absolute amount of protein bound to PS-PEGnc after incubation

in the respective protein source via Pierce Assay. Values are given in mg per m? nanoparticles surface

area.
PS-PEGnc Untreated Heat inactivated
Serum 1.18 + 0.04 mg/m? 0.96 + 0.03 mg/m?
Plasma 1.04 + 0.10 mg/m? 1.51 + 0.08 mg/m?

Table 2. 3. Protein quantification of the absolute amount of protein bound to HES nanocapsules after

incubation in the respective protein source via Pierce Assay. Values are given in mg per m?2

nanoparticles surface area.

HES Untreated Heat inactivated
Serum 0.53 + 0.10 mg/m? 0.49 + 0.01 mg/m?
Plasma 0.52 + 0.12 mg/m? 0.65 + 0.04 mg/m?
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Figure 2. 9. Protein corona analysis of PS-PEGc visualized by SDS PAGE. Significant differences
depending on the protein source are marked with a red star.
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3. The transferability from animal models to
humans: challenges regarding aggregation and
protein corona formation of nanoparticles

Aim:

Clinical trials are the final step before nanoparticles can reach medical applications. Therefore,
it is of great importance to investigate the influence of the interspecies protein composition
(mouse vs. human). In this study, it was shown that there is a severe discrepancy between
protein corona formation and aggregation behavior depending on the protein source. This
knowledge is needed in order to evaluate whether results obtained from in vivo animal models

are suitable to estimate the behavior of nanoparticles in clinical trials.
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Abstract

Nanomaterials are interesting candidates for applications in medicine as drug delivery or
diagnostic agents. For a safe application, they have to be evaluated in vitro and in vivo models
to finally be translated to human clinical trials. However, often, those transfer processes fail
and it is not completely understood whether in vitro models leading to these animal models
can reliably be compared to the situation in humans. Especially, the interaction of
nanomaterials with components from different blood plasma sources is difficult to compare and
the outcomes of those interactions with respect to body distribution and cell uptake are unclear.
Therefore, we investigated the interactions of differently functionalized polymeric and inorganic
nanoparticles with human, mouse, rabbit and sheep plasma. The focus was put on the
determination of aggregation events of the nanoparticles occurring in concentrated plasma and
the correlation with the respectively formed protein coronas. Both the stability in plasma as
well as the types of adsorbed proteins were found to strongly depend on the plasma source.
Thus, we suggest evaluating the potential use of nanocarriers always in the plasma source of
the chosen animal model for in vitro studies as well as in human plasma to pin down differences

and eventually enable the transfer into clinical trials in humans.

Introduction

The development of nanomaterials for biomedical applications has become of great interest in
the last decades.! Especially when it comes to cancer treatment,? the encapsulation of drugs
into nano-sized carriers is very attractive, since the so far used chemotherapeutics cause
several cytotoxic side effects. The encapsulation of drugs offers the opportunity of targeting to
the desired cells/tissue and by this increasing the mentioned specificity. The loading of drugs
into nanomaterials protects the drug itself from degradation. A variety of nano-particular
systems have been investigated for cancer therapy. They include polymeric nanoparticles,?
liposomes,** metallic core nanoparticles,®’ dendrimers,® polymeric micelles®*' and viral

nanoparticles.?

The evaluation processes a nanomaterial has to undergo prior to becoming an accepted
pharmacy-medication is very time consuming and includes several critical steps. Animal
models are often used in order to evaluate the potential nanomaterial prior to clinical trials with
humans. These animal tests are even required before exposure to humans.'® Nevertheless,

the transfer from in vivo to humans bears several challenges and limitations.'*°> Mak et al.



refer to that problem as “Lost in translation”.*®* Mouse models are the most commonly used
one for testing drug candidates prior to clinical trials.!” However, it has become clear that
biological responses to certain treatments are not necessarily transferable from murine models

to larger animals and finally to humans.

Concerning the application of nanocarriers as drug delivery systems the most critical
assessment step prior to the evaluation of the pharmacological effect is the behavior in
biological fluids. Most nanocarriers systems are being developed for intravenous injection, so
that their first contact with biological material is the blood plasma. In that environment
nanocarriers will rapidly get coated by physically adsorbed proteins and other biomolecules
forming the ‘protein’ or ‘biomolecular corona’.’®22 This new interface being seen by the body
can result in different undesired responses like aggregation of nanocarriers, their rapid
clearance from the blood stream by unspecific cell uptake or inflammation reactions of the
body.?*4 Therefore, there is an urgent need to understand protein corona formation?® in order
to develop nanomaterials for clinical application.?® The physico-chemical properties?’ of the
nanomaterial (e.g. size, shape, charge, surface functionalization and hydrophilicity) strongly
affect protein corona formation.?®%° Next to this, the protein source itself, which is used for in
vitro studies (being either serum or plasma containing different anticoagulants) determines the
protein composition.®! Importantly, those corona differences were found to highly influence
cellular uptake processes.3#32 Apart from that Hajipour et al. could show that the corona pattern

is altered for patients with different diseases due to a “personalized plasma composition”. 343°

In previous studies®® we found a direct connection between the aggregation behavior of
nanoparticles in biological fluid and their in vivo biodistribution. Key proteins were identified

which contribute to aggregation formation and hereby affecting cellular interactions.

Based on this we investigated the aggregation processes occurring for different nanomaterials
in plasma from different animal sources and correlated those effects with the composition of
the protein coronas formed. First, we investigated the differences in blood plasma composition
between human, mouse, rabbit and sheep plasma. To mimic in vivo condition, we next tested
the stability against aggregation of different nanoparticles using dynamic light scattering (DLS)
in concentrated plasma. Lastly, the protein corona composition of the respective nanomaterials

was determined by SDS-PAGE as well as liquid chromatography-mass spectrometry (LC-MS).



Materials and Methods

Materials. Dulbecco’s phosphate buffered saline (DPBS) without calcium and magnesium was
purchased from Gibcollife technologies, Germany. Magnetite nanoparticles coated with
dextran (BNF-Dextran-redF) and hydroxyethyl starch (BNF-Starch-redF) were obtained by
MicroMod, Germany with a solid content of 10 mg/mL and a magnetic core of 75-80% (w/w)
as given by the manufacturer. BNF particles were prepared via a core shell method as
described as described in literature*>*. Rabbit, sheep and mouse plasma were purchased
from GeneTex, distributed by Biozol, Germany. In all cases, citrate was added as anti-
coagulant. The protein concentration for all plasma pools was 60-70 mg/mL. Human citrate
plasma, pooled from six donors, was obtained from the Blood Transfusion Center at the
University Clinic of Mainz/Germany according to standard ethical guidelines and stored in
aliquots at -80 °C before use. Mouse, rabbit and sheep plasma was pooled from 75-100

animals according to the manufacturer.

Synthesis of polystyrene nanoparticles (PS-NPs). A direct miniemulsion co-polymerization
method according to previously published work was used to synthesize functionalized as well
as non-functionalized polystyrene nanoparticles (NP).4"-*8 Briefly, a total monomer amount of
6 g was used for each particle. In case of the non-functionalized NP this means 6 g styrene
(Merck, Germany). For the functionalized particles, 5.88 g styrene and 0.12 g functionalized
co-monomer were used. For the preparation of negatively charged polystyrene nanopatrticles,
acrylic acid (Sigma Aldrich, USA), 252 mg hexadecane (Sigma Aldrich) and 100 mg V59 (Wako
chemicals, Japan) as initiator were added to a solution of 0.6 g Lutensol AT50 (BASF,
Germany) in 24 mL water under vigorous stirring to prepare PS-COOH NPs. For the synthesis
of positively charged polystyrene nanoparticles, 2-aminoethyl methacrylate hydrochloride
(AEMH, Sigma Aldrich) was added to the water phase and combined with the disperse phase
as described above to prepare PS-NH,. After combining water and disperse phase, each
preparation was stirred for one hour and the emulsions afterwards sonicated for two minutes
at 90% intensity (Branson Sonifier, 1/2” tip, 450 W). After polymerization at 72 °C for 12 h, the
NPs were purified by centrifugation and redispersion in water three times (17,572 g for 3-4 h).
For cellular uptake studies nanoparticles were additionally copolymerized with BODIPY

(523/535 nm) as previously described.*

Particle charge detection (PCD). The amount of amine or carboxyl groups on the particle
surface was calculated from titration performed on a particle charge detector PCD 02 (Mitek
GmbH, Germany) combined with a Titrino Automatic Titrator 702 SM (Metrohm AG,

Switzerland). Carboxyl groups were titrated against positively charged poly(diallyl dimethyl



ammonium chloride) (PDADAMC) while amino groups were titrated against negatively charged
polyelectrolyte standard sodium poly(ethylene sulfonate) (PES-Na). 10 mL of the dispersion

under investigation with a solid content of 1 g/L in deionized water were titrated.

Transmission electron microscopy (TEM). Electron micrographs were taken on an
Ultrascan 1000 (Gatan) charge-coupled device (CCD) camera operated at 200 kV. Images
were collected using the Digital Micrograph software (Gatan). Nanoparticle dispersions in

deionized water were used for sample preparation.

Zeta potential measurements. For determination of the zeta () potential of all nanoparticles
a Malvern zetasizer nano series instrument was used. 20 uL of the respective dispersion was
diluted in 2 mL 1mM KCI and filled into appropriate disposable folded capillary cells. For
measurements of nanoparticles with a protein corona, the samples were prepared as

described below, meaning that free plasma proteins were removed before the measurements.

Protein corona preparation. Each nanoparticle was incubated with blood plasma at a
constant ratio of particle surface area to protein amount (0.05 m? particle surface area per 500
ML plasma) for one hour at 37 °C. Unbound proteins in the supernatant were separated from
particles by centrifugation at 20 000 g for 30 min. The particle pellet was resuspended in PBS
and washed by three centrifugation steps at 20 000 g for 30 min and subsequent redispersion
in PBS.

Dynamic light scattering (DLS). All light scattering experiments were performed on a
commercially available instrument from ALV GmbH, Germany consisting of an electronically
controlled goniometer and an ALV-5000 multiple tau full-digital correlator. A HeNe laser with a
wavelength of 632.8 nm and an output power of 25 mW (JDS Uniphase, USA, Type 1145P)
was utilized as the light source. Concentrated plasma was filtered through Millex-GS 220 nm
filters into cylindrical quartz cuvettes (18 mm inner diameter, Hellma, Germany). 1 uL of particle
dispersion (1 wt% in PBS) were added without any filtering to avoid changes within the system

under investigation.

Pierce 660 nm Protein Quantification Assay. The protein concentration of the different
plasma sources or hard corona proteins was quantified using Pierce 660 nm protein Assay
(Thermo Fisher, Germany) according to manufacturer's instruction and the absorption (660

nm) was measured by a Tecan infinite M1000 plate reader.

SDS polyacrylamide gel electrophoresis (SDS-PAGE). For SDS-PAGE 1.5 pg of each
protein sample (in 6.5 pL MilliQ water) was mixed with 2.5 uL NuPAGE LDS sample buffer and



1 yuL NuPAGE sample reducing agent and applied onto a NUPAGE 10% Bis Tris Protein gel
(all Novex, Thermo Fisher Scientific, USA). The electrophoresis was carried out in NUPAGE
MES SDS running buffer at 100 V for 2 h with a SeeBlue Plus2 Pre-Stained Standard
(Invitrogen, USA) as a molecular marker. The gels were stained using the SilverQuest™ Silver
Staining kit from ThermoFisher Scientific, USA and it was used as recommended by the

manufacturer.

Liquid chromatography-mass spectrometry (LC-MS). Protein digestion was performed
according to former instruction.?® 4° Proteins were precipitated for at least 2 h using
ProteoExtract protein precipitation Kit, further recovered via centrifugation (14 000 g, 10 min),
washed several times and re-suspended in RapiGest SF (Waters Cooperation). Protein
reduction was carried out using dithiothreitol (final concentration 5mM, Sigma) for 45 min at 56
°C. lodacetoamide (final concentration 15 mM, Sigma) was added for alkylation of proteins. A
protein: trypsin ratio of 50:1 was chosen for digestion (16 h, 37 °C). The reaction was quenched
with 2 pL hydrochloric acid (Sigma, Germany) and peptides were isolated via centrifugation 14
000 g (15 min, 4 °C).

Peptide samples were spiked with 50 fmol/uL Hi3 Ecoli (Waters Cooperation) standard for
absolute protein quantification.®® LC-MS analysis was carried out using a nanoACQUITY
UPLC system coupled to a Synapt G2- Si mass spectrometer. The system is equipped with a
C18 analytical reversed phase column (1.7 pm, 75 pm x 150 mm), a C18 nanoACQUITY trap
column (5 um, 180 um x 20 mm) and a NanoLockSpray source. The mobile phase (A) consists
of 0.1% (v/v) formic acid in water and mobile phase (B) is acetonitrile with 0.1% (v/v) formic
acid. The reference component Glu-Fibrinopeptide was infused 150 fmol uL™" at a flow rate of
0.5 pL min~"and the sample flow rate was set to 0.3 uL min™"'. For data acquisition, the mass
spectrometer was operated in resolution mode and data-independent acquisition (MSF)

experiments were carried. MassLynx 4.1 was used for data acquisition and processing.

Continuum data was post lock mass corrected and further analyzed by Progenesis QI (2.0)
using a reviewed data bases (Uniprot) for peptide and protein identification. Several processing
parameters as noise reduction thresholds for low energy, high energy and peptide intensity
were set to 120, 25, and 750 counts. The data bases were modified with the sequence
information of Hi3 Ecoli standard for absolute quantification. The following criteria were chosen
for protein and peptide identification: one missed cleavage, maximum protein mass 600 kDa,
fixed carbamidomethyl modification for cysteine, variable oxidation for methionine and protein
false discovery rate of 4%. To identify a protein at least two assigned peptides and five

assigned fragments are required. Peptide identification is based on three assigned fragments



and identified peptides with a score parameter below 4 were discharged. Based on the

TOP3/Hi3 approach the amount of each protein in fmol was provided.%!

Cell culture. The murine macrophage cell line RAW264.7 was cultured in DMEM
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, 100 mg/mL
streptomycin and 2 mM glutamine.

The human monocytic cell line THP-1 was maintained in RPMI supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin, 100 mg/mL streptomycin and 2 mM glutamine. All
materials were purchased from Thermo Fisher. Cells are grown in a humidified incubator at 37
°C and 5% CO.. THP-1 cells were differentiated with phorbol 12-myristate 12-acetate (PMA,
Sigma) at a concentration of 100 ng/mL for 3 days.

Cellular interactions. RAW264.7 or differentiated THP-1 cells were seeded out in 24-well
plates (100.000 cells per well) and kept overnight at 37 °C. Prior to cellular uptake experiments,
cells were washed with PBS and kept in cell culture medium without proteins. Nanoparticles
were incubated with human or mouse plasma as described above (protein corona preperation),
centrifuged and applied to cell culture medium without additional proteins at a final
concentration of 75 pg/mL. After 2 h, cells were detached using 2.5% Trysin (Gibco, Germany),
washed and resupended in PBS. Flow cytometry analysis was conducted on an Attune NxT
Flow Cytometer. Data was analyzed using the Attune NXT software. Cells were selected on a
forward/sideware plot, excluding cell debris and the fluorescent signal (BODIPY) was

analyzed. Mean values and standard deviations were determined from triplicates.

Statistical analysis. Student’s t-test was performed and calculated p values were considered
to be significant for *p < 0.05, **p < 0.01, ***p < 0.001.

Results and Discussion

Plasma from three typical in vivo models, namely rabbit, mouse and sheep was chosen and
compared to human plasma (Figure 3.1). As a first step, dynamic light scattering (DLS) was
used to characterize the different protein sources. In general, the autocorrelation function
(ACF) of plasma can be described by a sum of three exponentials.®” Each of them represents
one size fraction of proteins in plasma. The first size fraction represents smaller proteins such
as serum albumin or immunoglobulin G (IgG). The intermediate fraction comprises slightly
bigger proteins like immunoglobulin M (IgM) or low density lipoproteins (LDL). The third size
fraction is the biggest one and represents mostly lipoproteins, for example big chylomicrons.

Depending on the plasma composition and the concentration of individual proteins, the



hydrodynamic radii of each size fraction can vary. Figure 3.1 shows the detected results for

human, mouse, sheep and rabbit plasma.
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Figure 3. 1. A) Fluctuation of the intensity contributions of different size fractions for the different plasma
sources and B) the corresponding autocorrelation functions at 8 = 30°. C) Obtained hydrodynamic radii

for the different size fractions from DLS together with the obtained polydispersity index (PDI) from a

cumulant fit at a scattering angle of 90°. | GcIzIzNzIzINGEG

Each plasma source contains the already described three different size fractions. The sizes of
each fraction (Figure 3.1) as well as their relative intensity amplitude in % vary over a wide
range. Those variations can also directly be seen in the shapes of the ACFs that differ from
each other. Mouse plasma for example contains a high amount of the species representing
the largest size fraction. This results in the highest average hydrodynamic radius (average of
all three fractions) Ry = 35 nm, while e.g. sheep plasma only exhibits an average R, = 12 nm
which is less than half of the size compared to the mouse plasma proteome. Thus, already
from the average sizes and intensity contributions of each size fraction it is clear that the
plasma from the different sources varies significantly in its composition. The different sizes of
the largest size fractions (Rn3) additionally lead to differences in the overall polydispersity of

the systems as described by the PDI.

To evaluate the composition in terms of proteins that can be identified in each plasma source,
SDS-PAGE as well as liquid chromatography-mass spectrometry (LC-MS) analysis was
carried out. For protein identification, only reviewed databases from Uniprot were chosen.

Here, it should be noted the total number of all reviewed proteins varied significantly for the



investigated organism (human: ~20,000 proteins, mouse ~16,000 proteins, rabbit ~1,000
proteins, sheep ~500 proteins). Thus, especially the overall protein identification rate for rabbit
and sheep proteins was affected. Since the number of identified peptides ions (~15,000) was
similar for all investigated plasma sources, this indicates a higher amount of non-identified
proteins in rabbit and sheep plasma. The identified proteins and their relative amounts in
relation to all identified proteins are shown in Figure 3.2. The most abundant protein in all
cases is serum albumin as expected. Most interestingly, the relative amount of
immunoglobulins highly varied for mouse plasma (~1%) compared to human (~13%) and rabbit
plasma (~7%). For mouse plasma, it has already been reported that the amount of
immunoglobulins in plasma is significantly lower than in human plasma. This is of great
importance as immunoglobulins are referred to as an important class of opsonins® which
mediate interaction with phagocytic cells causing a rapid clearance of nanoparticles from the
blood stream.

In general, the differences in blood plasma composition should mainly be related to inter-
species differences since fluctuations between individual animals should be negligible due to
the pooling of the plasma. The impact of these different plasma proteome compositions on
particle stability was addressed in the next steps.
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Three differently functionalized polystyrene nanoparticles stabilized with the poly(ethylene
glycol)-based surfactant Lutensol AT 50 as well as commercially available magnetite
nanoparticles with two different coatings were used as model systems to monitor particle-
protein interactions in the four different plasma sources. The chosen systems represent a
broad range of available surface functionalities (amine and carboxyl groups) and materials
often used for nanocarriers design such as dextran (DEX) and hydroxyethyl starch (HES).
Particle charge detection, zeta potential measurements and dynamic light scattering were used
in order to characterize the nanopatrticles. The results for their size, number of functional

groups and charge are summed up in Figure 3.3.



Functionalization PS PS-NH, PS-COOH
R, / nm (PDI) 93+9(0.06) | 86 +9 (0.06) | 58 £ 7 (0.04)
Groups per NP - 4560 + 360 | 45000 + 800
¢ potential / mV -4 +1 4+1 =27 £1
Functionalization | DEX-coated | HES-coated
R,/ nm (PDI) 82+8(0.15) [ 93+ 9 (0.21)
¢ potential / mV -5+ 1 2+1

Figure 3. 3. Transmission electron microscopy images and physicochemical parameters for analysed
systems of A) polystyrene nanoparticles (PS-NPs) and B) magnetite nanoparticles coated with dextran
(DEX) or hydroxyethyl starch (HES). Representative images of carboxy-functionalized polystyrene
nanoparticles (PS-COOH) and hydroxyethyl starch (HES)-coated magnetic nanoparticles. Scale bar:
100 nm. PDIs of nanoparticles in DLS were determined by a cumulant fit of the DLS data at 90°. [}

In order to mimic in vivo conditions, we directly introduced the particles into each plasma
source without dilution and investigated their stability against aggregation by using DLS. Data
were evaluated according to Rausch et al."

Generally, the size increase of each particle depends a lot on the plasma source it is introduced
into. For example, un-functionalized PS-NPs form aggregates in sheep plasma that are 166%
bigger than the original species, while the same particle increases only 14% in size when
introduced into mouse plasma (Figure 3.4). For magnetite NPs, we found that the surface
coating (HES vs. DEX) did not significantly affect the aggregation behavior. However, as also
shown for PS-NPs there are major differences between the four investigated plasma sources
(Figure 3.4).
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Figure 3. 4. Determination of aggregation tendency in concentrated plasma sources by dynamic light
scattering (DLS). A) Summary of aggregate sizes determined in each plasma source. Colors indicate
relative size increase as compared to pure NPs (small = blue, large = red) B) Intensity contribution of
aggregate fractions for a scattering angle of 30°. C) (Top) Exemplary autocorrelation functions (ACFs)
at a scattering angle of 30° of dextran coated magnetite nanoparticles (M-DEX) in each plasma source
together with the corresponding fits with (blue line) and without (red line) an additional aggregate term.

(Bottom) Residuals resulting from the difference between the data points and both fits. || GczczN



Taking this together, we observed the overall trend that the aggregation formation is less
pronounced in mouse plasma compared to human or sheep plasma in terms of aggregate size
as well as intensity contribution. As shown above (Figure 3.2), a lower amount of
immunoglobulins was identified in mouse plasma compared to human plasma. We have
previously investigated the influence of individual proteins and plasma fractions on the
aggregation behavior of PS-NPs.?® Especially 1IgG was found to highly influence the
aggregation behavior of the nanopatrticles. This indicates that probably due to the overall lower
amount of IgG in mouse plasma less aggregation occurs in that plasma source. Especially this
discrepancy between mouse and human plasma implies difficulties for the translation of results
from mouse in vivo experiments to humans as the mouse model is often chosen for

experiments that depend on particle/aggregate size like body distribution or cellular uptake.
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Figure 3. 5. Zeta potential of hanopatrticles before and after coating with plasma proteins. A) Magnetite

nanoparticles and B) polystyrene nanoparticles. The values are mean values from three individual

measurements with error bars that represent the standard deviation. || GcIEINGEG

In addition, the change of surface charge of each particle after incubation in every plasma
source was monitored (Figure 3.5). Due to the fact, that most plasma proteins are negatively
charged, the measured zeta potential becomes negative after protein corona formation. Small
differences between the animal models can be observed. After incubation in human plasma,
the values for zeta potential are most negative in the range between -32 and -38 mV, while the
values after incubation in sheep plasma are around -26 mV. This could be relevant for cellular
uptake and hence the body distribution. The differences observed for the magnetite NP surface
charge before and after plasma incubation are smaller than the ones for PS-NPs. An
explanation could be the reduced amount of adsorbed proteins calculated from the Pierce 660

nm assay (between 0.12 + 0.03 and 0.27 + 0.08 mg m2 NP). In comparison, this corresponds



to only ~10 - 40% of the amount found for PS-NPs depending on functionalization and plasma

source.

Subsequently, SDS-PAGE was performed in order to visualize the protein patterns of the
protein corona for all nanoparticles formed after incubation in the different plasma sources.
Therefore, nanoparticles were incubated in plasma for 1 h at 37 °C using a constant ratio
between a defined nanoparticle surface area and plasma volume (see material/methods
supplementary information 3). Unbound proteins were removed via repetitive centrifugation
and nanoparticles coated with strongly bound proteins were isolated. Proteins were desorbed
from the nanoparticles and analysed by SDS-PAGE (Figure 3.6) or LC-MS (Figure 3.7 and
3.8). Undiluted plasma was chosen to mimic in vivo conditions as the concentration of the

protein source?’: % additionally can influence corona formation (supplementary information 3).

For all investigated nanoparticles it is obvious that the protein corona significantly varies
depending on the protein source. Comparing the different nanoparticle types, the un-
functionalized and amino-functionalized PS-NPs share a similar protein pattern, greatly
differing from the protein corona identified for carboxy-functionalized PS-NPs (Figure 3.6). This
trend is consistent for all investigated plasma sources and highlights that a defined surface
functionalization affects protein adsorption. In contrast to this, the protein pattern for inorganic
magnetic nanoparticles M-DEX and M-HES (Figure 3.6) is similar after incubation in the
respective protein source. But again, major differences between the different animal models

can be observed.

To characterize the biological identity of the nanoparticles in more detail, the protein corona of
each nanopatrticle type in each plasma source was investigated by LC-MS. Exemplarily shown
for un-functionalized PS-NPs (Figure 3.7), we found that independent from the plasma type,
there are 4-6 major proteins which contribute to more than 50% of all identified corona proteins.
Additionally, we observed that for all investigated plasma sources there is a strong enrichment
of lipoproteins in the protein corona of un-functionalized PS-NPs. However, there are major
differences between the exact protein compositions depending on the plasma source (Figure
3.7).



kDa ] M kDa

- 4 188— =
183 -3 -_— 98 — z
98 — = = | ] 62 "
— " — — Bl =
- S 1
Cm— € = * e 38 —
3g -1 PR
28 — =
147 & 8 8 = 8 = 6 — o =
B I | W 2
L ©
I = 2 as 0 .0 »
\l
C kDa ;fq‘L N
188 — =
98 —
62 —
49— —EE HEEE
28— — e
14—
6_

DEX
HES
DEX
HES
DEX
HES
DEX
HES

Figure 3. 6. SDS-PAGE of the protein coronas formed on polystyrene nanoparticles (A),(B) and

magnetite nanoparticles (C) during incubation in plasma from the different sources. Pure plasma of each
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A strong enrichment of clusterin was detected for the human corona. In contrast to this, the
amount of clusterin in the mouse corona is significantly lower. Clusterin is known to specifically
bind to PEGylated surfaces, contributing to the stealth effect and preventing cellular
interactions with phagocytic cells.*® Additionally, an enrichment of clusterin was also detected
on the surface of carboxy- and amino-functionalized nanopatrticles. All of the here investigated
PS-NPs are stabilized with Lutensol which is a PEG analog surfactant. Summarizing the most
abundant corona proteins (amount >1%) after incubation in human or mouse plasma highlights
that there are major differences in the corona of carboxy-modified nanoparticles compared to
un- or amino-functionalized nanopatrticles. This is also in line with our previous investigations
using human serum?3 4! or various protein fractions.?* Overall, the human corona of un-
functionalized nanoparticles is enriched with different apolipoproteins (ApoAl, ApoAlV, ApoC-
Il or ApoE) whereas carboxy-functionalized nanoparticles preferably adsorbed vitronectin

(32%) or fibrinogen (15%) indicating that this interaction is probably mediated by charge.
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Figure 3. 7. A) Composition of the protein corona from different animal sources as determined by LC-
MS exemplarily shown for un-functionalized PS-NPs. The five most abundant corona proteins based on
all identified proteins are summarized. B) Venn diagram showing common proteins from the list of all
identified proteins per animal source for PS and PS-NH2. Not shown are the number of common proteins

from human and sheep (0) and mouse and rabbit (6).

Analysing the protein corona for M-DEX particles the differences between the individual
plasma sources become even very more pronounced (Figure 3.8). Here, even the most
abundant corona proteins are different for all plasma types (kininogen-1 vs. carboxylesterase
1C or serum albumin). The differences between the different plasma sources are much more
prominent than between particle functionalizations. In the same manner, the number of unique
proteins in each corona also significantly increased (Figure 3.8). Again, for rabbit and sheep
plasma probably not all proteins could be identified, but the overall trend of significantly

different protein coronas was observed for all particles under investigation. Of most importance



for generally used in vivo models is the comparison between human and mouse plasma protein

coronas.
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Figure 3. 8. A) Composition of the protein corona from different animal sources as determined by LC-
MS exemplarily shown for dextran coated magnetite nanoparticles (M-DEX). The five most abundant
corona proteins based on all identified proteins are summarized. B) Venn diagram showing common
proteins from the list of all identified proteins per animal source for M-DEX and M-HES. Not shown are

the number of common proteins from human and sheep (0) and mouse and rabbit (1).

The common proteins of both proteomes are actually much less than the unique proteins on
both sides, making it quite obvious why translation from mouse in vivo models to human
studies is often failing. Focusing on the most abundant corona proteins (amount >1%) for

human and mouse plasma highlights the similarity between the corona for HES- and DEX-



coated nanopatrticles. The polysaccharides hydroxyethyl starch and dextran are both used as
volume expander.*? Additionally, due to the structural similarities both materials showed
protein repellent properties.*® This is in line with the overall low protein amount detected on

HES- and DEX-coated nanoparticles compared to PS-NPs.
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Figure 3. 9. Cellular interactions of polystyrene nanoparticles with macrophages. Nanopatrticles were
incubated with human (A) or mouse plasma (B) for 1 h at 37 °C, centrifuged and applied to cell culture
medium without additional proteins (75 pug/mL) for 2 h. Values are given as mean + SD (n=3). p <0.05*%,
p<0.01**, p<0.001**

Macrophages are immune cells which mediate the rapid clearance of nanoparticles from the
blood stream. This process is driven by the adsorption of distinct proteins (‘opsonins‘) which
favour cellular uptake. Immunoglobulins and complement proteins are known to support this
interactions.** In contrast, there are several proteins identified which can have an opposite
function (‘dysopsonins’) and hereby prevent cellular uptake.*® As major differences in the
corona composition for human and mouse plasma were identified, we evaluated the cellular
uptake behavior of nanoparticles towards macrophages. Human THP-1 cells were
differentiated to macrophages using PMA and the mouse-macrophage cell line RAW264.7 was

chosen for a comparison.

Cellular uptake of uncoated and plasma coated polystyrene nanoparticles was compared.
Overall, for the investigated polystyrene nanoparticles, coating with human plasma decreased
cellular interactions (Figure 3.9). In strong contrast to this, the internalization of nanopatrticles
coated with mouse plasma in mouse macrophages is enhanced (Figure 3.9). As identified in
our proteomic experiments, the relative amount of clusterin was significantly lower in the

mouse corona compared to the human corona. This is in line with previous results which



describe the dysopsonic role of clusterin. Taking this together, it highlights the interplay

between defined corona proteins and cellular interactions.

Conclusion

The investigated blood plasma sources showed significant differences concerning their
composition, especially in terms of immunoglobulin content and presence of other proteins.
Those different blood proteomes resulted in pronounced discrepancies in the aggregation
behavior of the different nanoparticles, implying different body distributions because of the size
changes. Also, the composition of the protein coronas around the nanoparticles was found to
differ immensely between the plasma sources, revealing even more unique proteins in many
of the coronas than common ones could be found. Notably, the differences after incubation in
the various plasma sources were in many cases more significant than between different
surface functionalizations, which renders the chosen animal model even more important.
Especially the discrepancy between mouse and human plasma implies difficulties for the
transferability from animal in vivo models to clinical studies, as the mouse model is often used
to investigate body distribution or cellular uptake of nanomaterials. Therefore, we suggest that
1) nanoparticles used in vitro or rather in vivo should be evaluated in the plasma of the used
cell line type/animal model to ensure the transferability from in vitro to in vivo experiments.
Additionally, 2) the same experiments — at least blood plasma stability and in vitro tests —
should also be performed with human material/cell lines and be compared to the outcome in
the respective animal models/studies. This could potentially yield predictions on whether e.g.
the blood stability is the same and, therefore, if the results from animal models can be a valid
estimation for the behavior in human organisms. Ideally, this way the most suitable animal

model concerning the nanomaterial behavior in blood can be found.
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Figure 3. 10. SDS-PAGE of human, rabbit, sheep and mouse plasma visualized using Coomassie Blue

staining. [N

Table 3. 1. Protein concentration and pool size of all investigated plasma sources.

Pool size (N) Protein concentration
Human 6 66.9 + 9.8 mg/mL
Mouse 75-100 63.6 £ 6.3 mg/mL
Sheep 75-100 62.9 + 4.6 mg/mL
Rabbit 75-100 69.0 £ 9.5 mg/mL
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Figure 3. 11. TEM images of polystyrene nanoparticles with different surface functionalization (A) and
magnetic nanoparticles coated with hydroxyethyl starch or dextran (B). Sale bar: 100 nm | R
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Figure 3. 12. ACF of BNF-HES in human, mouse, sheep and rabbit plasma at © = 30° including data
points, force fit (red) and fit with aggregate formation (blue). (| EGcNINIzNGNGNGNEGEGEGEG
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Figure 3. 13. ACF of PS in human, mouse, sheep and rabbit plasma at © = 30° including data points,
force fit (red) and fit with aggregate formation (blue). | EGcNEGEGGNGNEEEEE
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Figure 3. 14. ACF of PS-COOH in human, mouse, sheep and rabbit plasma at © = 30° including data
points, force fit (red) and fit with aggregate formation (blue). | GcIEGzINGEEEE
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Figure 3. 15. ACF of PS-NH2 in human, mouse, sheep and rabbit plasma at © = 30° including data
points, force fit (red) and fit with aggregate formation (blue). | GcEIEzNINING5I

Table 3. 2. Protein amount adsorbed on HES and DEX magnetic nhanoparticles after corona formation.

Values are expressed as absolute protein amount in mg per m2 nanoparticle surface area. ||  Gczc

I
DEX HES
Human 0.13 + 0.08 mg 0.17 £ 0.03 mg
Mouse 0.16 + 0.02 mg 0.18 £ 0.04 mg
Sheep 0.27 + 0.08 mg 0.13 + 0.03 mg
Rabbit 0.18 + 0.02 mg 0.12 + 0.03 mg




Table 3. 3. Protein amount adsorbed on polystyrene nanopatrticles after corona formation. Values are
expressed as absolute protein amount in mg per m2 nanoparticle surface area. || EGcNcIcIcINcNING

I
PS PS-COOH PS-NH>
Human 0.65 + 0.30 mg 0.82 + 0.21 mg 0.80 £ 0.09 mg
Mouse 1.01 + 0.06 mg 0.95+0.12mg 1.00 + 0.22 mg
Sheep 0.65 £ 0.15 mg 1.30 + 0.28 mg 0.69 £ 0.06 mg
Rabbit 0.98 + 0.02 mg 1.10 + 0.07 mg 1.10 + 0.14 mg
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Figure 3. 16. Influence of protein concentration on corona formation. Unfunctionalized polystyrene (A)
and HES (B) coated magnetic nanoparticles were incubated for 1 h, 37 °C with human plasma (10%,

25%, 50% or 100%). Proteins (2 pg) per lane were visualized by silver staining.
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Figure 3. 17. Venn diagram showing common proteins from the list of all identified proteins per animal

source for PS-COOH-NPs. Not shown are the number of common proteins from mouse and sheep (1)

and human and rabbit (0).
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Inter-alpha-trypsin inhibito
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L-lactate dehydrogenase C chain
Phospholipid transfer protein
Serum albumin
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Zinc finger protein basonuclin-2

Figure 3. 18. Heat map of most abundant corona proteins for polystyrene nanoparticles. Corona
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Complement C1r-A
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0.99 0.96
1.22

Serum albumin 4.06 3.31 3.55
Talin-1  1.41 1.24
Transthyretin  1.17 0.84

1.02
Vitronectin  0.89

Zinc fingerprotein- 1.21

proteins which contribute to more than 1% (relative amount) are shown.
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Beta-2-glycoprotein1 6.28 4.19
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Clusterin  1.27 - Calsyntenin-3 1.43 1.14
Carboxylesterase 1C| 26.48  16.56

Cholinesterase 1.66 1.78
Coagulation factor Xll 1.55 1.45 Clusterin 1.23 0.90

Coagulation factor Xl  1.20 0.95

Histidine-rich glycoprotein 375 126 Coagulation factor XIF:951  1.36

Fibrinogen gamma chain 1.49 1.41

HIV Tat-specificfactor1 239 gy Histidinerichglycoprotein 2.04 383
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Ig gamma-2B chain Cregion 2.42 3.30

Ig kappa chain C region 3.86 2.82 Ig kappa chain C region' 1.27 -
. . Ig kappa chain V-l region| 0.92 1.20
Ig lambda-2 chain C regions  1.57 1.49
Ig mu chain C region 5.44 7.81

Ig mu chainCregion 2.64 1.81 Kininogen-1 167 234
Ig mu chain C region| 1.16 - Plateletfactor4 2.94 4.80
Pregnancy zone protein 2.45 227

Kininogen-1|738:45 7 [ Serine protease inhibitor A3N 197 | 1.34

Plasma kallikrein 4.23 4.03 Serotransferrin- 1.05
Serum albumin 7.73 7.38

Thrombospondin-1 1.77 1.43
Zinc fingerprotein2 2.69 0.98 Vitronectin 3.13 3.22

Serum albumin 7.07 12.74

Figure 3. 19. Heat map of most abundant corona proteins for magnetic nanoparticles. Corona proteins

which contribute to more than 1% (relative amount) are shown.
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4. Unraveling in vivo corona formation

Aim:

Up to now, there is only a very few number of reports, which analyzed the protein corona under
in vivo conditions. The dynamic nature of blood and the multiple interactions between blood
proteins, cells and platelets are additional factors, which affect the nanoparticles” behavior
upon intravenous injection. In this study, we were able to isolate nanopatrticles directly from
the blood stream after in vivo administration and it was possible to further analyze the in vivo
protein corona profile. Moreover, this pattern was compared to the common in vitro situation
using serum or plasma. Major differences between the in vitro compared to the in vivo situation
were noticed. Therefore, an alternative ex vivo approach was developed, which could mimic
in vivo corona formation. Overall, this study presents a novel strategy, which allows analyzing

protein corona formation under physiological condition coming close to the in vivo situation.

Contribution:

| carried out the complete protein corona analysis (SDS-PAGE, LC-MS, Pierce Assay) and
conducted the cellular uptake experiments (flow cytometry). | | ] Bl performed the mouse
in vivo experiments. | ] ]JEEE supported the in vivo experiments. The project was

supervised by [N



Abstract

Understanding the interaction of nanoparticles upon contact with a physiological environment
is of urgent need to improve the properties of nanoparticles for therapeutic applications. Most
commonly, the interaction of nanopatrticles with plasma proteins are performed under in vitro
conditions. However, it has been shown that this does not reflect the complex situation after in
vivo administration. Therefore, here we focused on the investigation of magnetic nanoparticles
with blood proteins under in vivo conditions. In time dependent experiments, we found that the
in vivo corona profile did not change significantly over time. Hence, major differences were
observed for nanoparticles incubated under in vitro conditions underlining the significance of
in vivo protein corona studies. Via an ex vivo approach, we were able to show, that we could
mimic in vivo corona formation. Based on this, we present a comprehensive analysis focusing
on the interaction between nanoparticles and blood proteins under in vivo conditions. This

knowledge is needed to characterize the true biological identity of nanoparticles.

Introduction

It is now widely accepted that upon contact of nanoparticles with biological fluid (e.g. blood)
proteins rapidly adsorb to the surface forming the “biomolecular corona’*2. On one side, this
process highly affects the physico-chemical properties of the nanoparticles and on the other
side; it eventually determines their biological behavior®®. Depending on the nanoparticle
system, a direct link between cellular interactions and specific proteins was proven. For
example, poly(butyl cyanoacrylate) nanoparticles, which were coated with apolipoprotein E
were able to cross the blood-brain barrier®”. Next to this, due to corona formation the colloid
stability and biocompatibility of inorganic Au@Fes;0, Janus particles was enhanced?®. In strong
contrast to this, several reports recognized that protein adsorption can significantly influence
the targeting properties of nanoparticles®*°. Here, it was shown that there was no cellular
targeting of transferrin-functionalized nanopatrticle after corona formation, meaning that the
targeting ligands is completely covered up by plasma proteins®?. Therefore, it is of urgent need
to understand and control the interaction of nanoparticles upon contact with blood proteins in

order to improve their therapeutic efficiency*2.

Most in vitro studies utilize serum or plasma to investigate protein adsorption on
nanoparticles®. Even depending on the specific protein source (human vs. mice or serum vs.
plasma)!* there have been significant differences noticed in terms of cellular uptake and protein
corona composition!>1, Qverall, the in vitro experiments give the opportunity to characterize

general interaction between nanoparticles and proteins. However, it is still under investigation



to what extent this can reflect the in vivo situation!’. Recently, Chen et al. reported the highly
dynamic nature of the in vivo protein corona'®. They showed that complement protein (C3)
bound to the nanoparticle surface; however, upon contact with the blood stream other proteins
rapidly exchanged C3 from the nanopatrticles” surfaces. The complex nature of blood and flow
velocity are therefore additionally factors, which should be taken into account in order to
evaluate the nanoparticles” behavior under in vivo conditions?®.

Based on this, we aimed to characterize the in vivo corona of magnetic nanoparticles after they
were exposed to the blood stream of mice. Our workflow allowed the direct recovery of the
nanoparticles from the blood stream without the need of plasma preparation prior to
nanoparticle recovery as described in other reports?*-?2, Nanoparticles were extracted from the
blood stream via magnetic separation after a period of circulation in the mice for up to 2 h. A
thorough proteomic analysis was carried out to identify the distinct protein corona pattern. The
identified corona composition was compared to an ex vivo approach using mice blood or to an
in vitro system using serum or plasma with different anticoagulants. Additionally, cellular
experiments were performed to correlate the corona composition with the cellular uptake of
nanoparticles directly recovered from the blood or incubated under ex vivo or in vitro

conditions.

Material and methods

Nanoparticles. Magnetite nanoparticles coated with hydroxyethyl starch (hamed as mgHES)
were obtained by MicroMod. Nanoparticle are labelled with a IR-Dye D750 for in vivo imaging.
According to the manufacture nanoparticles have a magnetic core of 75-80% (w/w) and and a

solid content 10 mg/mL. Nanoparticles were synthesized via the core shell method.?-24

Mice. C57BL/6J mice were kept under specific pathogen-free conditions and on a standard
diet in the central animal facilities of the Johannes Gutenberg-University of Mainz. For in vitro
studies, blood was obtained from C57BL/6 mice and applied to pre-coated Sarstedt tubes to

generate serum or plasma (EDTA, Heparin or Citrate) according to the manufacture”s protocol.

In vivo experiment. Mice were treated with commercial available Clodronate Liposomes to
deplete macrophages®. The next day, mgHES nanoparticles (1 mg) were injected into the tail
vein of mice. After defined time point (1 min, 10 min, 60 min, 120 min) blood was isolated via
cardiac puncture into a LoBind tube (Eppendorf) containing heparin. Mice were sacrificed and
the distribution of the nanoparticle into the different organs was analysed using an in vivo
imaging system (IVIS®). The nanoparticle concentration remaining in the blood was
determined by Tecan infinite M1000 plate reader. For ex vivo experiments blood was isolated

from the mice and further applied to the nanoparticle dispersion. An average mouse blood



volume of 2 mL was assumed and therefore nanoparticle blood concentration of 0.5 mg/mL

was chosen for ex vivo experiments.

Protein corona. Nanoparticles were recovered from the blood via magnetic separation. The
nanopatrticle pellet was washed with water (3 times) to remove loosely and unbound proteins.
For in vitro study, nanoparticles (1 mg) were incubated with (1 mL) serum or plasma and the
hard corona was magnetically isolated after 1 min or 2 h incubation at 37 °C. Proteins were
desorbed from the nanoparticle surface using 2% SDS (62.5 mM Tris*HCI). The sample was
heated up to 95 °C for 5 min. Via magnetic separation the nanopatrticle pellet was separated
and the supernatant was analysed.

Pierce Assay. To determine the protein concentration, the standard Pierce Assay was

performed according to the manufactures instruction.

SDS PAGE. Proteins (1 pug) were mixed with NUPAGE LDS sample buffer, NUPAGE sample
reducing agent and applied to NUPAGE 10% Bis Tris Protein gel (Thermo Fisher). The gel was
run in NuPAGE MES SDS running buffer at 100 V for 1 h. SeeBlue Plus2 Pre-Stained Standard
served as a molecular marker. Protein bands were visualized using the SilverQuest™ Silver

Staining kit from ThermoFisher Scientific as recommended.

LC-MS. Proteomic analysis of the protein corona was carried out using Synapt G2-Si mass
spectrometer coupled with a nanoACQUITY UPLC system under standard condition according

to previously published protocols3¢-28,

Cell culture. RAW264.7 were kept in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10 % FBS, 100 U/mL penicillin, 100 mg/mL streptomycin and 2 mM

glutamine (Thermo Fisher).

Cell uptake by flow cytometry. 100 000 cells were seeded out into 24-well and incubated
overnight at 37 °C. Protein corona coated nanopatrticles (75 pg/mL) were added to cells for 2
h, 37 °C. For flow cytometry measurements, cells were washed with PBS, detached with 0.25%
Trypsin-EDTA and centrifuged (500 g, 5 min). Samples were resuspended with PBS and

analyzed by flow cytometry via Attune NxT Flow Cytometer.

Results and discussion

Magnetic nanoparticles (Figure 4.1) which are covered with hydroxyethyl starch (mgHES)?324
were injected into C57BL/6 mice. After distinct time points (1 min — 2 h), blood was isolated via
cardiac puncture. Nanoparticles were recovered from the blood via magnetic separation in

order to identify the key proteins which adsorbed to the nanoparticles after in vivo



administration (material/methods see supplementary information 4). After animals were
sacrificed, the in vivo biodistribution of the nanoparticles was visualized with an in vivo imaging
system IVIS®. Representative images shown for a time point of 10 min, demonstrated that the
nanoparticles did not accumulate in any specific organ. Nanoparticles were rather distributed

over the whole organism.

Further, the remaining amount of nanoparticles in the blood was quantified after the different
time point to investigate the circulation time. After 10 min ~ 80% of the nanoparticles were
detected in blood. Even after 2 h, ~ 35% of the initial amount of nanoparticles remained in the
blood (Figure 4.1). This relatively long circulation time is probably attributed to the hydroxyethyl
starch (HES) coating. Various studies proved that nanoparticles modified with HES
(HESylation)?® showed a reduced cell interaction and prolong blood circulation times
comparable to PEGylated nanoparticles?*2’. For the here presented study, it allowed us to
recover a sufficient amount of nanoparticles from the blood stream for further protein corona

analysis.

The hard corona of nanopatrticles isolated after in vivo administration was compared to the
corona of hanoparticles, which were incubated under in vitro condition using serum or plasma.
For plasma generation different anticoagulants were chosen (heparin, EDTA or citrate). In our
previous studies we already found that the anticoagulant (in this case heparin) can influence
protein adsorption and cellular uptake of nanoparticles!®. Serum and plasma was obtained
from the same mice strain used for the in vivo studies to minimize difference in the blood

protein composition.
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Figure 4. 1. Monitoring the biodistribution and blood circulation of magnetic HES nanopatrticles in vivo.
A) Magnetic HES nanoparticles (mgHES) were injected into mice and the blood was isolated after
distinct time points (1 min — 2 h). Nanoparticles were recovered from the blood via magnetic separation
and further the protein adsorption pattern surrounding the in vivo nanoparticles was anaylzed. B) The

biodistribution of the nanoparticles into different organs was visualized by IVIS®. | EGcNEGNG
Il C) The nanoparticle concentration in blood after distinct time points was measured via a Tecan

Plate Reader and normalized based on the initial injected amount of nanoparticles.

As highlighted via SDS PAGE there are major difference in the hard corona pattern for
nanoparticles after in vivo administration compared to the in vitro situation (Figure 4.2). The in
vitro corona is mainly dominated by two or three major proteins whereas after in vivo
administration nanoparticles are surrounded by a broad variety of proteins. Additionally, LC-
MS analysis was carried out to determine the key corona proteins. The absolute number of
identified proteins displayed the distinct difference between the in vivo situation compared to
the in vitro situation. Overall, we found a significant higher number of proteins for the in vivo
corona (467) compared to the in vitro corona (190). On top of that, the two corona types shared

just 69 common proteins (Figure 4.2).
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Figure 4. 2. The in vivo corona pattern is not comparable with the in vitro situation. A) Nanoparticles
were recovered from the blood stream and purified for protein corona analysis via magnetic separation.
B) In comparison to the in vivo situation, mgHES nanoparticles were incubated with serum or plasma
(heparin, EDTA or citrat) for in vitro protein corona analysis. As visualized by SDS PAGE (A-B) the
pattern for the in vivo and in vitro situation differed significantly. C) LC-MS analysis indicated that the
total number of proteins identified for the in vivo corona was significantly higher compared to the in vitro
situation. Both corona types shared a minor number of proteins. D) The most abundant proteins for the
in vitro coronas were compared, which indicates that the anticoagulant and preparation method (serum

or plasma) additionally influences corona formation.

As mentioned above, there have been studies, which reported significant difference for the in
vitro protein corona pattern if nanoparticles where incubated with serum compared to plasma?®.
However, a detailed proteomic investigation considering all different anticoagulants is still
missing. Here, we selected the most abundant corona proteins for the four different in vitro

incubated nanoparticles (Figure 4.2). Overall, this showed that the corona composition of



citrate and EDTA is highly similar (additional SDS PAGE in supplementary information 4). In
contrast, the protein pattern differed if nanoparticles were incubated with serum or heparin
plasma. The protein composition after serum and heparin plasma incubation is additionally
enriched with calcium-binding protein and complement C3. Both proteins bind and require
calcium for their functionality?®-°, Citrate and EDTA are both chelating calcium to prevent blood
clotting during the process of plasma preparation®!. This can explain the difference observed
for the corona composition depending on the chosen anticoagulant.
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Figure 4. 3. In vivo protein corona formation occurs rapidly and does not change significantly over time.
A) The protein corona composition in vivo was compared for three different time points (1 min, 10 min
or 1 h). The 10 most abundant proteins contributed to ~45 % and indicated no significant difference in
their relative abundance. B) To mimic in vivo corona formation, nanoparticles were incubated directly in
blood (ex vivo). The heat map of the 25 most abundant corona proteins highlights the similarity between

the ex vivo and in vivo corona.

To further characterize the in vivo corona composition, the protein pattern was monitored over
time (direct recovery up to 60 min). We saw that the overall protein composition did not
significantly change over time (Figure 4.3). As we observed the significant difference for the in
vitro situation compared to the in vivo situation, we aimed for a strategy, which reflects the in
vivo behavior. Here, we chose the ex vivo approach. Blood was isolated from mice and

nanoparticles were directly applied to it. The ex vivo corona was purified in analogy to the in



Vivo or in vitro corona. The heat map reflecting the 25 most abundant corona proteins highlights
that the ex vivo corona is highly comparable to the in vivo corona (Figure 4.3). This is in strong

contrast with the pattern for the in vitro corona. This indicated that the ex vivo approach reflects
the in vivo situation most closely.
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Figure 4. 4. Cellular uptake of protein corona coated nanoparticles depends on the anticoagulant and
differs for nanoparticles recovered from the blood stream (in vivo) A) Nanoparticles were incubated with
serum, plasma, blood or isolated after in vivo administration. Hard corona coated nanoparticles were
subsequently added to macrophages (RAW?264.7) for 2 h at a concentration of 75 pg/mL. Cellular uptake
was analysed via flow cytometry. The amount of fluorescent positive cells is shown. B) Representative
confocal images illustrate the intracellular distribution of the nanoparticles. RAW?264.7 cells were treated

with serum or citrate plasma coated nanopatrticles for 2 h at a concentration of 75 ug/mL. Scale bar:
10 um. p < 0.05* p < 0.01** p < 0.001**

As shown in a great number of reports, due to corona formation the cellular interactions are
strongly altered®*33, Therefore, we wanted to study cellular uptake of nanoparticles coated with

the in vitro corona compared to the ex vivo or in vivo corona. Cellular interaction towards a



mouse macrophage cell line (RAW264.7) was analyzed by flow cytometry and confocal

imaging (Figure 4.4).

Already for the four in vitro incubated nanoparticles, we found significant differences in the
cellular uptake behavior. In line with the corona composition, cellular internalization of citrate
and EDTA coated nanoparticles is comparable. Those nanoparticles displayed a significant
lower internalization rate compared to heparin or serum coated nanoparticles. As we identified
an enrichment of complement proteins in the corona after serum or heparin incubation, this
might explain the difference in the cellular uptake behavior. Complement proteins are widely
identified in the corona of various nanoparticles and were shown to enhance interactions with
immune cells'® 3, Lastly, we saw that cellular uptake of ex vivo and in vivo incubated
nanoparticles is comparable (Figure 4.4). This underlines the similarity between the ex vivo

approach and in vivo situation.

Conclusion

In this study, we magnetically isolated nanoparticles directly from the blood stream after
different time points. With this method, we were able to recover nanoparticles surrounded by
the in vivo protein corona without extensive purification steps, which could alter the protein
corona profile. We found that the in vivo protein corona differed significantly compared to in
vitro incubated nanopatrticles. Additionally, we noticed that the chosen anticoagulant should be
carefully considered, as we observed major differences in the corona composition after
incubation with serum or plasma supplemented with heparin, EDTA or citrate. For our here
presented ex vivo approach, we found that the corona composition was comparable to the in
vivo situation. Therefore, with this study we aimed to improve the understanding of the in vivo
corona formation, which is urgently needed in order to reveal the nanoparticles” behavior under

physiological conditions.
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Figure 4. 5. mgHES nanopatrticles were incubated with plasma or serum for 2 min (A) or 2 h (B). The

hard corona was purified via magnetic separation. Proteins were desorbed from the nanopatrticle surface

and visualized by SDS PAGE.
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Figure 4. 7. mgHES nanoparticles were injected into mice, the blood was isolated after distinct time

points (A =2 min, B =1 h or 2 h) and nanoparticles were recovered via magnetic separation. The hard

corona pattern was visualized by SDS-PAGE.
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Chapter B

Stealth coating for nanoparticles: Avoiding unintended

cellular uptake

In chapter B there are three different publications (5-7) summarized. Overall, these studies
aimed to investigate the stealth behavior of nanoparticles. In the following first an introduction
about current strategies, which are applied to obtain stealth properties are presented and

afterwards each publication is summarized.

(51 I '\ cirophilicity
regulates the stealth properties of poly(phosphoester)-coated nanocarries. Angewandte
Chemie, 2018, doi: 10.1002/anie.201800272. (*shared first)

(] | Protein corona

mediated stealth properties of biocompatible carbohydrate-based nanocarries. Biomaterials,

2018 (*shared first, under revision)

- |
I oloiting the biomolecular corona: Pre-coating of nanoparticles enables

controlled cellular interactions. Nanoscale, 2018 (under revision)



Introduction

One of the major drawbacks, which has been recognized since the early investigations of
nanoparticles as drug delivery vehicles, is their rapid clearance from the bloodstream by the
mononuclear phagocytic system (MPS)8>%¢. This implies that the nanoparticles are not able to
reach the targeted cell. In contrast, long circulating substances can specifically accumulate in
the tumor tissue, which is based on the enhanced permeability and retention (EPR) effect

(details see chapter C)¥.

The MPS consists of phagocytic cells (e.g. monocytes and macrophages), which are located
in the spleen, lymph node and liver (here named as “Kupffer cells’)®. Further, the MPS is part
of the innate immune system and is responsible for the recognition and internalization of
foreign material (e.g. bacteria or fungi). Therefore, nanoparticles provide the ideal target for

phagocytic cells, hereby limiting their therapeutic success®®.

The initial recognition of nanoparticles by phagocytic cells is driven by the adsorption of blood
proteins towards the nanoparticle surface. This process is widely referred to as opsonization®®.
Commonly, immunoglobulins and complement proteins are classified as opsonins as they
mediate cellular uptake of nanoparticles via Fc or complement receptors®. These receptors
are highly expressed on the surface of phagocytic cells. In contrast, dysopsonins are proteins,

which prevent cellular recognition. These proteins have been studied less.

In the following, various strategies will be described, which have been investigated to prolong
the blood circulation time and improve the pharmacokinetic profile of nanoparticles. The most
common and widely studied approach is the covalent attachment of poly (ethylene glycol)
(PEG) to the surface of nanoparticles. Therefore, an additional part will highlight the influence
of PEGylation on protein adsorption, cellular interactions and biodistribution of various
nanoparticles. Moreover, novel alternative polymer classes will be presented, which can

potentially used instead of PEG.

B.1 Strategies

In the 1970s Davis and colleagues conjugated PEG to bovine serum albumin and bovine liver
catalase®. They saw that the circulating lifetime of PEGylated proteins was significantly
enhanced compared to unmodified ones. In this pioneering work, they proved that PEGylation
is a feasible method to improve the pharmacokinetic profile of macromolecules. In the following
years; the concept of PEGylation was extended to various molecules (including nanopatrticles,
peptides, antibodies or organic molecules) and it is today’s gold standard to achieve a

prolonged blood circulation time®®2. Already in 1995, the FDA approved PEGylated



liposomes, which contain doxorubicine for cancer treatment. It was shown that PEGylated

liposomes had an eightfold increased blood circulation time compared to bare liposomes®3.

However, in recent years there have been serious concerns raised against the use of PEG for
biomedical applications. Various studies found that PEG can elicit antibody formation and that
PEG is not, as reported in the initial studies, non-immunogenic®. Other studies confirmed that
PEG can induce complement activation®. Next to this, PEG is a non-biodegradable material.
Taking this together, it is of great interest to seek for alternative strategies, which enable
prolonged blood circulation times of nanoparticles (Figure B.1).

In 2013, Rodriguez et al. developed an elegant strategy to improve the therapeutic efficiency
of nanoparticles®. They used computationally designed peptides derived from the protein
CDA47 and attached this to the surface of nanobeads. In vivo studies confirmed enhanced blood
circulation times in mice. CD47 is a signal-regulatory protein, which gives a ‘don’t eat me”
signal to the immune system. Therefore, nanoparticles, which are covered with CD47 peptides

are not recognized by phagocytic cells.

Inspired by nature, researchers came up with several other biomimetic strategies. Initial
studies used the membrane of red blood cells (RBC) to coat poly(lactic-co-glycolic acid)
(PLGA) nanoparticles. They were able to proof a prolonged blood circulation of RBC coated

nanoparticles up to 72 h%’.

Parodi et al. developed a similar concept®. The nanoparticles” surface was covered with a
leukocytic membrane and this prevented cellular uptake into phagocytic cells. Additionally,
they saw that “leukolike” nanoparticles were able to interact with endothelial cells. In vivo
studies confirmed the improved pharmacokinetic properties due to the leuko-coating and the

successful accumulation of nanoparticles in the tumor tissue.



1. PEGylation 2. ‘Self” peptides

3. RBC-membrane 4. ‘Leukolike’
coating coating

Figure B. 1. The surface of the nanoparticle is modified via different strategies to avoid the interaction
of nanoparticles with phagocytic cells and hereby prolonging their blood circulation. 1) PEGylation is the
classical approach to reduce protein interactions and prevent cellular uptake by macrophages. 2) CD47
peptides are attached to the surface of nanopatrticles to avoid interaction with the MPS. 3+4) Biomimetic
strategies use the cell membrane of red blood cells or leukocytes for particle coating. Figure adaptated
and modified from “Principles of nanoparticle design for overcoming biological barriers to drug delivery’.
Copyright @ 2015 Springer Nature. Reprinted with permission from Nature Biotechnology. Ref. Nature
Biotechnology 2015, 33(9), 941-951

B.2 PEGylation

As poly(ethylene glycol) has ideal polymer properties for biomedical applications, it is one of
the most widely used polymers in pharmaceutical industry®®. PEG is non-toxic, has a high water
solubility and can be synthesized in a broad molecular weight range (400 Da to 50 kDa) with
a low polydispersity index (PDI < 1.1) via anionic ring opening polymerization of ethylene

oxide!®, Overall, PEG has flexible polymer chains and can obtain different conformations.



For nanoparticle modification, commonly PEG with a molecular weight between 1 kDa and
10 kDa is used. For smaller molecules e.g. siRNA or drugs, a higher molecular weight is

chosen (20 kDa to 50 kDa) to prevent renal clearancel®,

Depending on the molecular weight and the density of PEG, it is either attached to the
nanoparticle surface in a “brush conformation” or a “mushroom-like structure %2, Most studies
use NMR, dynamic light scattering or C-potential measurements to determine the degree of
PEGylation quantitatively®*-1%4, Furthermore, via theoretical calculation the PEGylation density
is estimated assuming complete surface coverage of PEG for a given nanoparticle surface
area. Perry et al. summarized several literature reports, which investigated the PEGylation
density and correlated this with macrophage uptake and protein resistance!®. Overall, it was
concluded that a brush conformation is favorable to increase blood circulation times and

biodistribution.
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Figure B. 2. Correlation between the PEG density, its effect on protein adsorption and cellular
interactions towards macrophages. Gold nanoparticles were modified with PEG using different
densities. With increasing PEG density (0.32 PEG/nm? to 0.96/nm?) the PEG volume decreased.
Depending on the PEG density a distinct protein pattern was identified. Figure adaptated from
"Nanoparticle Size and Surface Chemistry Determine Serum Protein Adsorption and Macrophage
Uptake”. Copyright @ 2012 American Chemical Society. Reprinted with Journal of the American
Chemical Society. Ref. Journal of American Chemical Society 2012, 134(4), 2139-2147

Overall, it is accepted that due to PEGylation the protein interactions are strongly reduced.
However, different reports proved that protein adsorption is not completely prevented®: 106,
Walkey et al. studied the protein adsorption pattern of gold nanoparticles modified with different

PEG densities (Figure B.2)1°7. With increasing PEG density, the overall protein adsorption



decreased, as expected. In addition, the protein corona composition was strongly altered.
Unfunctionalized PEGylated nanoparticles were surrounded by a high number of proteins (e.g.
complement proteins, referred to as cluster A proteins), which mediate cellular recognition by
macrophages. Hence, for PEGylated nanoparticles, these proteins were identified in
significantly lower amounts. Moreover, it was proven that highly PEGylated nanoparticles are
surrounded by a different protein cluster (e.g. albumin, lipoproteins, referred to as cluster D
proteins). Therefore, it was concluded that PEGylation does not completely prevent protein
adsorption; hence it suppresses the adsorption of specific proteins.

PS-PEEP,,

800
700

600 4
] T_T_Y Plasma \
500 ~ or b

clusterin

N\

400 - \ ’
300 ﬁ’\ - pr
4

200 ~ .

Relative fluorescence intensity

é

100

XQ\qu\”"fjo&\é@ ,X‘C’v
Figure B. 3. Clusterin effectively prevents cellular uptake into macrophages of poly(phosphoester)
coated nanoparticles. Mass spectrometry analysis highlighted that the protein corona of stealth
nanoparticles (PEG or poly(phosphoester)) is strongly enriched with clusterin. This led to the conclusion
that distinct proteins mediate the stealth effect. Figure adaptated from “Protein adsorption is required for
stealth effect of poly(ethylene glycol)- and poly(phosphoester)-coated nanocarriers”. Copyright @ 2016
Springer Nature. Reprinted with Nature Nanotechnology. Ref. Nature Nanotechnology 2016, 11(4), 372-
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In 2016 Schottler et al. carried out a detailed proteomic investigation to specify the corona of
PEGylated nanoparticles (Figure B.3)%. The results were stunning as they highlighted that



protein adsorption is actually needed to prevent cellular uptake by macrophages. In the
absence of proteins, PEGylated nanoparticles were highly internalized comparable to
unmodified nanopatrticles. In strong contrast, after plasma incubation cellular internalization of
PEGylated nanoparticles was strongly diminished. LC-MS analysis demonstrated that
PEGylated and poly(phosphoester) (as degradable polymer alternative to PEG) modified
nanopartices are covered by a protein corona which is strongly enriched (~ 70%) with clusterin
(also named apolipoprotein J). Additionally, they confirmed that due to pre-coating of
nanoparticles with clusterin, cellular uptake towards macrophages was strongly reduced. This
led to the conclusion that so-called “stealth proteins” (e.g. clusterin) preferably adsorb to PEG
nanoparticles and actually mediate the stealth behavior'®.

Based on this observation, it highlights the great potential to exploit protein corona formation
in order to achieve reduced cellular uptake by phagocytic cells. Engineering nanopatrticles with
targeted protein corona properties can enable researchers now to improve now the

pharmacokinetic properties of nanoparticles.

B.3 PEG Alternatives

As the interest about PEGylated products is increasing, a great number of studies also came
up, which describe serious side effects induced by PEG!®. It has been reported that
intravenous injection of PEGlyated proteins induced hypersensitivity reactions, which provoked
an anaphylactic shock!®, Additionally, for an increasing number of patients anti-PEG
antibodies were detected in the blood!!!. Therefore, it is of great interest to develop new

strategies, which can be applied as alternative stealth coating for nanoparticles (Table B.1).

Poly(carboxybetaine)s are zwitterionic polymers that were successfully used to provide stealth
properties to silica or gold nanoparticles and liposomes. Zwitterionic polymers form strong
hydrogen bridges and therefore decrease protein interactions. Some first in vivo experiment
compared the pharmacokinetic profile of zwitterionic-coated liposomes with PEGylated

liposomes and could prove a similar behavior!?,

Poly(2-oxazoline)s are another potential alternative to PEG. Due to the structure of poly(2-
oxazoline)s (POX) it is possible to obtain a broad range of derivatives. Additionally, they are
very hydrophilic, biocompatible and non-toxic. There are already some first POx-modified
therapeutics (hamed as Rotigotin for the treatment of Parkinson disease) in Phase-I clinical

trials.

Poly(phosphoesters) were already investigated in the 1970s, however their potential as stealth

material was just recently described!®. Due to their hydrolytic or enzymatic degradation, they



are a promising material for biomedical applications. Further, they offer the possibility for
multiple functionalizations and tunable polymer properties. Therefore, PPEs provide ideal

characteristics to be used as stealth coating for nanopatrticles.

Table B. 1. Overview of recently developed PEG alternatives, which are used as stealth coating

material.
Class Type Example
Zwitterionic polymers Poly(carboxybetaine) PCB Silica
Poly(oxazoline) Poly(2-ethyl-2-oxazoline) PEtOx Liposome
Poly(phosphoester) Poly(ethyl ethylene phosphate) PEEP Polystyrene
Sugar derivates Hydroxyethyl starch HES Capsules
Protein Albumin Nanogels

Sugar derivates such as hydroxyethyl starch (HES), glucose or heparin are biocompatible,
degradable, water-soluble and allow a high variety of synthetic modifications. Nanocapsules
prepared from HES were shown to have a low unspecific cell uptake, reduced protein
interaction and prolonged blood circulation (referred to as HESylation)!!4. Other studies
modified metal nanoparticles, silica nanoparticles or liposomes with mannose or glucose

(referred to as glyconanoparticles) which provided a stealth layer around the nanoparticle!?>,

Proteins, which prevent interaction with phagocytic cells, are called dysopsonins. Takeuchi et
al. saw that molecularly imprinted nanogels (MIP-NG) were covered with albumin after in vivo
administration!®. Due to the albumin rich protein corona the biodistribution profile could be
tuned. Non-albumin imprinted nanogels mainly accumulated in the liver, whereas MIP-NG
covered with albumin remained in the blood and were able to reach the tumor tissue. In a
recent study (2017) Bertrand et al. studied the in vivo behavior of lipoprotein coated (ApoE and
clusterin) PEGylated PLGA nanoparticles!®*. For nanoparticles with a low PEG densitiy, protein

coating prolonged blood circulation suggesting the dysopsonic role of ApoE and clusterin.

To sum up, it was shown that the stealth behavior of nanoparticles is connected with protein
corona formation. Even though PEGylation strongly reduces protein adsorption, it is not
possible to completely prevent the interaction with proteins. Moreover, the adsorption of certain
proteins (stealth proteins) is crucial to obtain a stealth behavior. The recent development in
biomimetic strategies and the deeper understanding about protein corona formation offers now

the possibility to synthesis advanced nanoparticle formulations.
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5. Hydrophilicity regulates the stealth properties of
poly(phosphoester)-coated nanocarriers

Aim:

Commonly, the surface of nanoparticles is modified with hydrophilic polymers to prolong the
blood circulation of nanoparticles (“stealth effect”). Although this effect is known since the early
development of nanocarriers, the principal mechanism is barely understood. This study aimed
to investigate the molecular mechanism behind the stealth effect. Therefore, the influence of
polymer hydrophilicity on protein adsorption and cellular uptake towards phagocytic cells was
explored. Overall, a clear correlation between polymer hydrophilicity, protein corona formation
and cellular response was demonstrated. It was shown that the polymer hydrophilicity triggers

a selective protein adsorption and that distinct proteins actually mediate cellular uptake.

Contribution:

| carried out the complete protein corona analysis (SDS-PAGE, LC-MS, Pierce Assay) and
conducted the cellular uptake experiments (flow cytometry, cLSM). | ] synthesized
the polymers. |l provided the nanoparticles. The project was supervised by || EGzc

Copyright:

The following part (5) is based on the publication Angewandte Chemie, 2018, 57, 5548-5553.
Presented results are reprinted with permission from WILEY-VCH, Angewandte Chemie
International Edition. Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Abstract

Increasing the plasma half-time is an important goal in the development and improvement of
drugs and drug carriers. Attachment of polymer chains, especially hydrophilic poly(ethylene
glycol) (PEG), the so-called PEGylation, is a well-established and effective method to increase
the plasma half-time. Even though it was assigned to be a result of a decreased overall protein
adsorption on the hydrophilic surface in combination with the adsorption of specific proteins
the molecular reasons for the success of PEG and other hydrophilic polymers is still widely
unknown. We investigate the influence of surface properties of poly(phosphoester)-coated
nanocarriers, focusing especially on the surface hydrophilicity and on the protein adsorption
behavior to control the stealth properties. We combine the precision of anionic ring-opening
co-polymerization to poly(ethylene alkyl phosphonate)s with the grafting-onto process onto
model polymer nanocarriers to control the surface hydrophilicity precisely. It was found that
the overall protein amount is unchanged in spite of the hydrophilicity of the investigated
nanocarriers. However, the protein type is dramatically altered which eventually mediates the

interaction with immune cells.

Introduction

Rapid clearance from the bloodstream and degradation are two major obstacles foreign
materials, such as nanocarriers, must face when entering the body. This results in a reduced
plasma half-time which, together with high toxicity of many drugs, limits the pharmaceutical

efficacy of many drug carriers.1?3

An effective method to decrease the body clearance and the toxicity is the attachment of so-
called “stealth” polymers (such as PEG),*° which reduces the uptake of the “stealthed” carrier
into immune cells (e.g. macrophages) and protect it from enzymatic degradation.® However,
since PEG’s initial discovery as a “stealth” polymer in 1977 several drawbacks of PEGylation
have been revealed. These include the lack of chemical modification, the formation of toxic
degradation products under oxidative conditions, and the rising amount of patients showing

anti-PEG antibodies.t"8

Consequently, PEG alternatives have been developed, with similar “stealth” behavior, but
potentially fewer side-effects. The most promising ones are polysaccharides®®, poly(2-
oxazolines)'*!? and poly(phosphoester)s (PPEs).'*!* It is noticeable, that all these “stealth”
polymers differ significantly in their chemical structure and properties, but they all reduce

protein binding significantly.



However, recent studies proved that reducing the protein adsorption alone is not sufficient to
induce “stealth” properties, but rather the specific adsorption of certain blood proteins is
necessary for a reduced cellular uptake.'®* Upon exposure of nanocarriers to blood plasma,
proteins adsorb on the nanocarrier's surface forming the so-called “protein corona”.'®* This
protein layer highly alters the properties such as size, charge or aggregation behavior of
nanocarriers and affects the body distribution, toxicity, and especially cellular interactions.®1’
Therefore, controlling the protein corona is crucial in order to design therapeutic effective
nanocarriers. Corona proteins enhancing the interactions with phagocytic cells are called
opsonins. Typical examples are immunoglobulins and complement proteins. Also, few proteins
with the opposite effect are known, prolonging the blood circulation and preventing cellular
interactions.’®*  From these dysopsonins, albumin is the most prominent, while also
apolipoprotein J (clusterin) was identified as a dysopsonin and was detected in high amounts
on PEGylated, PPE modified, and polysaccharide stealth nanocarriers.®*?

However, despite these new insights, an understanding of the stealth effect on the molecular
level is still missing. Several studies cover the influence of surface charge'®?° or
hydrophilicity?1?223, particle size?!, and grafting density?*?>. However, many of these studies
lack detailed and quantitative investigation of the protein corona and only describe the cellular

uptake behavior.

In this study, we investigated the interaction of PPE grafted model nanocarriers (NC) of
different hydrophilicity by correlating their uptake into immune as well as cancer cells with their
“stealth” behavior using detailed analysis of the protein adsorption pattern. Well-defined and
degradable PPEs with adjustable hydrophilicity were prepared by the organocatalytic anionic
ring-opening polymerization (0AROP) of cyclic phosphonates and grafted onto model
nanocarriers. The cell-uptake of these nanocarriers into a macrophage cell-line was
investigated and correlated with the adsorption pattern of human blood proteins. We observed
an increased cellular uptake of the NC’s upon falling below a certain hydrophilicity threshold.
Quantitative analysis of the protein amount adsorbed onto the NC’s proved no increase in
protein adsorption even above this threshold, but a distinct change in the protein adsorption

pattern.

Material and methods

Synthesis of poly(styrene) nanoparticles. A macro emulsion was prepared with a

continuous phase containing cetyl trimethyl ammonium chloride solution (25 %wt in water,



527 mg, 1.46 mmol) as surfactant and 2-aminoethyl methacrylate hydrochloride (547 mg,
3.32 mmol, 3 %wt to styrene) in 72.0 g sterile Milli-Pore water and a dispersed phase
containing distilled styrene (17.1g, 164 mmol), hexadecane (792 mg, 2.77 mmol) as
ultrahydrophobe, BODIPY-methacrylate (17.3 mg, 3.7*102 mmol) as fluorescent dye and 2,2'-
azobis(2-methyl butyronitrile) (V59) (301 mg, 1.56 mmol) as oil soluble azo initiator. Both
phases were made homogenous by mechanical stirring and the continuous phase was added
slowly to the stirring dispersed phase. The macro emulsion was stirred for 1 h at highest speed.
To produce the mini emulsion, the macro emulsion was passed through a microfluidizer
(Microfluidics USA, LM10) with a y-chamber 48 times at 103 MPa. The first 12 passes were
discarded. The miniemulsion was directly transferred into a 100 mL flask and stirred in an oil
bath at 72 °C. The polymerization was run for 12 h. The dispersion was purified by
centrifugation (6 x 1.5 h, 12000 rpm), the supernatant always removed and the pellet re-
dispersed in sterile Milli-pore water.

Dn (DLS): 106.8 £ 9.1 nm (8.5 %); &-potential: + 47.4 £ 9.5 mV (20.0%); -NH. groups / particle
(PCD): 29.000; M, (SEC, DMF, 0.1 mol LiBr, RI-detection, 333 K, PS standard): 107380 g mol
1 Mw: 278004 g mol?, b = 2.59.

Representative procedure for the synthesis of P(1)x and P(1«-c0-2y)-Mal. The monomer(s)
were weighed into a flame-dried Schlenk-tube, dissolved in dry benzene and dried by 3 times
lyophilization. The monomers were dissolved in dry dichloromethane at a total concentration
of 4 mol L. A stock solution of initiator 2-(benzyloxy)ethanol in dry dichloromethane was
prepared with a concentration 0.2 mol L* and the calculated amount was added to the
monomer solution via gas tight syringe (Hamilton®). A stock solution of DBU in dry
dichloromethane was prepared with a concentration of 0.2 mol L™*. The monomer solution and
the catalyst solution were adjusted to 30 °C. The polymerization was initiated by the addition
of the calculated volume of catalyst solution containing 3.0 equivalents of DBU in respect to
the initiator. Polymerization was terminated after 16 h by the rapid addition 2.5 equivalents of
4-(maleinimido)phenyl isocyanate in 1 mL dry DMF. The yellow solution rapidly turned red,
indicating the successful termination reaction. After 20 min, the amorphous polymers were
purified by precipitation in cold diethyl ether, dialyzed against 2 L Milli-Q (Millipore®) water over
night (1000 g mol? cut off, regenerated cellulose membrane) and dried at reduced pressure.
Yield: 95-97 % amorphous solid.

Representative NMR data of P(1)x-Mal. *H NMR (DMSO-ds, 500 MHz, 298K, ppm): 6 = 7.76
- 7.18 (m, aromatic CH), 6.91 (s, Maleimid C), 4.53 (s, aryl-CH-), 4.22 - 4.01 (m, backbone -
CH-CHy-), 3.63 (t, backbone terminal -CH,-OH), 1.79 (dg, side-chain -P-CHz-, 2J4p = 15.9 Hz,
3Jup = 7.7 Hz), 1.05 (dt, side-chain -CHs 2Jup = 20.2 Hz, 3Jup = 7.6 Hz).



13C NMR (DMSO-d6, 125 MHz, 298K, ppm): & = 138.78 (s, imide C), 133.78, 128.80, 127.97
(aromatic C), 64.56 (s, broad, backbone -CH,-), 18.31 (d, *Jcp = 139.5 Hz, side-chain -P-C-),
6.71 (d, 2Jcp = 6.75 Hz, side-chain -P-C-C).

31p{H} NMR (DMSO-ds, 201 MHz, 298K, ppm): & = 34.53 (backbone), 34.26 (terminal).

Representative NMR data of P(1x-co-2y)-Mal.H NMR (DMSO-ds, 500 MHz, 298K, ppm): &
= 7.76 - 7.18 (m, aromatic CH), 6.91 (s, Maleimid CH), 4.53 (s, aryl-CHz-), 4.22 - 4.01 (m,
backbone -CH;-CH;-), 3.63 (t, backbone terminal -CH,-OH), 1.84 - 1.70 (m, side-chain -P-CH-
), 1.63 - 1.56 (m, side-chain -P-CH>-), 1.54 - 1.41 (m, side-chain -P-CH>-CH>-), 1.40 - 1.29 (m,
side-chain -P-CH,-CH>-CH>-), 1.05 (dt, side-chain -P-CH,-CHs, 3Jup = 20.1 Hz, 3Jun = 7.6 Hz),
0.86 (t, side-chain -P-CH,-CH2-CH»-CHs, 2Jun = 7.3 Hz).

13C NMR (DMSO-d6, 125 MHz, 298K, ppm): & = 138.78 (s, imide C), 133.78, 128.80, 127.97
(s, aromatic C), 64.56 (s, broad, backbone -CHz-), 60.85 (s, aryl-C-), 24.66 (d, side-chain -P-
C-, Ycp = 145.0 Hz), 24.42 (d, side-chain —P-C-C-, 2Jcp = 5 Hz), 23.41 (d, side-chain -P-C-C-
C-, 3Jcp = 16.3 Hz), 18.06 (d, side-chain -P-C-, *Jcp = 138.8 Hz), 13.90 (s, side-chain -P-C-C-
C-C), 6.68 (d, side-chain -P-C-C, 2Jch = 6.3 Hz).

31p{H} NMR (DMSO-dg, 201 MHz, 298K, ppm): & = 34.53 (backbone, Et-P), 34.26 (terminal,
Et-P), 33.28 (backbone, "Bu-P), 33.04 (terminal, "Bu-P).

Modification of poly(styrene) nanoparticles via Michael-addition. For a typical Michael-
addition 3 mL of particle dispersion (1 %, 4.5*10% particles, 2.1*10° mol NH, groups) were
basified with 72 pL pyridine (pH 8.5) and stirred for 20 min at room temperature at 500 rpm.
Then 2.5 eq. of polymer (in respect to the —NH groups) dissolved in 1 mL sterile Milli-Pore
water were added. The reaction was stirred for 24 h at room temperature and 500 rpm to
ensure full conversion. The dispersion was purified by repeated centrifugation (3 x 1 h,
20000 rpm). Each time the supernatant was removed and the pellet re-dispersed in sterile Milli-
Pore water (2 x 3 mL, 1 x 2 mL). After determination of the solid content the dispersion was

adjusted to 1 %.w: with sterile Milli-Pore water.

Cell culture. RAW264.7 cells were kept in DMEM and Hela cells were maintained in EMEM
both supplemented with 10% FBS, 100 IU/mL penicillin and 100 pg/mL streptomycin.

Flow cytometry. Cells (10° cells) were seeded out in 24-well in cell culture medium and kept
overnight at 37 °C. Prior to cell uptake studies, the cell culture medium was exchanged to cell
culture medium without FBS. Nanocarriers were incubated with human plasma for 1 h to allow
protein corona formation (details see protein corona preparation below). Protein coated

nanocarriers were added to cell culture medium without FBS at a final concentration of 75



png/mL and incubated with cells for 2 h at 37 °C (internalization) or 4 °C (binding). Cells were
washed with PBS to remove free nanopatrticles, detached with Trypsin-EDTA, centrifuged (500
g, 5 min) and resuspended in PBS.

Flow cytometry measurements were performed with a CyFlow ML cytometer (laser: 488 nm
laser for Bodipy excitation; emission: 527 nm band pass filter). FCS Express V4 software was
used for data analysis hereby selecting cells on a forward/sideward scatter plot, excluding cell
debris. The fluorescent signal was expressed in a histogram and the median intensity was

determined. The mean value and standard deviation from triplicates was calculated.

Confocal laser scanning microscopy. To verify the intracellular localization of nanocarriers
cell images were taken with a Laser Scanning Confocal Microscope (Leica, LSM SP5 STED)
consisting of a multi-laser combination and five detectors (range of 400 - 800 nm). Nanocarriers
were detected at 530 - 545 nm (pseudo-colored in green) and the cell membrane was stained
with CellMaskOrange (2.5 mg/mL) detected at 570 - 640 nm (pseudo-coloured in red). Images
were evaluated with LAS AF 3000 software and Image J. For confocal analysis, cells were
seeded out in 8-well ibidi dishes (8*10* cells) and the experiments were conducted in the same
manner as flow cytometry experiments. Before images were taken, cells were fixed with 4%

paraformaldehyde for 15 min at room temperature.

Protein corona preparation. As previously described a constant ratio between nanopatrticle
surface area and plasma was chosen3*3! (0.05 m? PS-NC per 1 mL plasma). The dispersion
was incubated at 37 °C, 300 rpm for 1 h and subsequently centrifuged (20 000 g, 1 h, 4 °C).
The nanopatrticle pellet was washed with PBS (3 times, 1 mL) to remove loosely and unbound
proteins. For protein identification, the nanoparticle pellet was resuspended in 100 pL 2% SDS
with 62.5 mM Tris hydrochloride solution and incubated for 5 min at 95 °C. The dispersion was

centrifuged and the resulting supernatant contained desorbed corona proteins.

Pierce Assay. The protein concentration was determined by Pierce 660 nm protein Assay
according to the manufactures” instruction. Bovine serum albumin was used as standard.

Absorbance was measured with a Tecan infinite plate reader.

SDS-PAGE. Proteins were analyzed by SDS-PAGE using NuPage 10% Bis-Tris Protein Gels.
7 ug of total protein was loaded for Coomassie staining and 1 pg of protein was applied if gels
were stained with Pierce Silver Staining Kit. The protein sample volume was adjusted with
water to a volume of 26 pL and mixed with 4 pL of NuPage Sample Reducing Agend and 10
pL of NuPage LDS Sample Buffer. Electrophoresis was carried out for 1.5 h at 100 V. Gels
were either stained with Simply Blue Safe Stain overnight or Pierce Silver Staining Kit

according to the manufactures” instruction.



In solution digestion. Proteins were precipitated using ProteoExtract protein precipitation kit
according to manufactors” instruction and in solution digestion was performed as pervious
reported 3032, For LC-MS measurements, samples were diluted with 0.1% formic acid and
spiked with 50 fmol/ul Hi3 EColi Standard (Waters Corporation) for absolute peptide
guantification.

LC-MS meaurements and data analysis. A Synapt G2-Si mass spectrometer coupled with a
nanoACQUITY UPLC system was used for proteomic experiments. The system was operated
as described in several reports. Data was processed and peptides were identified with
Progenesis QI for Proteomics. Generated peptide masses were searched against a reviewed
human protein sequence database downloaded from Uniprot. The database was modified with
the sequence information of Hi3 Ecoli standard (Chaperone protein ClpB) for absolute
guantification. For peptide identification, at least three assigned fragments are required. For
protein identification, at least two assigned peptides and five assigned fragments are needed.
Peptides with a score parameter less than 4 were rejected. Based on the TOP3/Hi3%
approach, the amount of protein in fmol was generated.

Results and discussion

To investigate the relationship between surface hydrophilicity and stealth behavior of
nanocarriers, a well-defined system is essential. Amino-functionalized, fluorescent
poly(styrene) nanoparticles prepared by radical miniemulsion polymerization were used as
precise model nanocarriers to anchor the stealth polymers. Poly(ethylene alkyl phosphonate)s
were synthesized via the living ring-opening copolymerization of 2-alkyl-2-oxo-1,3,2-
dioxaphospholanes (material/methods see supplementary information 5)*3. Well-defined,
random copolymers with excellent control over the degree of polymerization and copolymer
composition, as well as narrow molecular weight distributions were prepared.?* To adjust the
polymers’ hydrophilicity, 2-ethyl-2-oxo-1,3,2-dioxaphospholane (1), leading to hydrophilic
polymers comparable to PEG, was copolymerized with 2-n-butyl-2-oxo-1,3,2-
dioxaphospholane (2), providing hydrophobic side-chains. The respective homopolymer
properties, as well as detailed synthetic protocols for the oAROP, have been reported
previously.?62".2  Commercial 4-(maleinimido)phenyl isocyanate was used for -
functionalization of the copolymers to introduce maleimide groups for aza-Michael addition
with the surface amine groups. This combines the high control of polymer properties of )AROP

with the isotropic surface coverage of the grafting-onto process.?



The SEC elugrams of all polymers were monomodal and showed narrow molecular weight
distributions (B < 1.19). Attachment of the maleimide groups and copolymer formation was
assured by 'H DOSY NMR spectroscopy. All *H NMR resonances possess the same diffusion

coefficient and are part of the same molecule.

Quantification of molecular weights, the degree of «--functionalization and the copolymer
compositions were determined by *H NMR spectroscopy via end-group analysis. Briefly, the
resonances of the maleimide signals (6.96 - 6.46 ppm), as well as aromatic proton resonances
(7.76 - 7.20 ppm), were compared with the initiators resonances (4.52 ppm) and the polymer
backbone resonances (4.31-3.98 ppm). In all cases o--functionalities of >97 % were
achieved (*H NMR). To obtain the copolymer composition, the relative *H NMR resonances of
the side-chain methylene groups at 1.05 ppm (ethyl -CHs) and 0.87 ppm (n-butyl -CHs) were
compared. The results were further confirmed by comparing the 3P NMR resonances of P(1)
at 34.5 ppm and P(2) at 33.4 ppm (Figure 5.1). The final copolymers contained 0, 8.6, and
32 mol% of hydrophobic n-butyl side-chains.
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Figure 5. 1 a) Schematic presentation of the oAROP of (1) and (2) followed by @-functionalization to
produce random copolymers P(1x-co-2y)-Mal. b) Elution volume of the investigated (co)polymers on
rpHPLC to evaluate their hydrophilicity. ¢) 3'P2*# NMR spectra (DMSO-d6, 298K) of the produced

(coypolymers. [N



The hydrophilicity of the copolymers was evaluated via reverse phase HPLC (rpHPLC). The
elution volume from the hydrophobic column was used to gauge the macroscopic hydrophilicity
of the polymer, as polymers of higher hydrophobicity elute later from the column due to
stronger interactions. With an elution volume of 7.1 mL P(1)ss-Mal exhibits a similar
hydrophilicity to the benchmark, m-PEGiis-Mal that elutes at 7.45 mL (chosen due to
comparable M, values). Higher amounts of n-butyl side chains resulted in lower hydrophilicity
and increasing elution volumens for P(142-c0-24)-Mal and P(131-c0-215)-Mal as shown in Figure
5.1). Additionally, this correlate well with the calculated partition coefficient (logP) values of the
respective polymers.

To exclude the formation of pronounced hydrophobic patches in the form of gradients or block
copolymer structures, 3P NMR spectroscopy assisted copolymerization kinetics were
conducted according to previous studies.?* The ratio of repetition unit (1) and (2) incorporated
into the polymer backbone during the course of the polymerization was observed. This ratio
(initial monomer feed ratio 1:1 for better visualization) stayed constant during the

polymerization, proving the random incorporation of both monomers into the backbone.

To evaluate the effect of the copolymer hydrophilicity on the stealth properties of nanocarriers,
model NCs based on poly(styrene nanoparticles (Dn = 107 nm £ 9 nm) were prepared via free
radical terpolymerization of styrene, 2-aminoethyl methacrylate and BODIPY-methacrylate in
a cetyl trimethyl ammonium chloride (CTMA-CI) stabilized miniemlusion process.?® The
maleimide-modified polymers were coupled to the amino groups on the NCs via the aza-
Michael addition reaction in aqueous dispersion. Dissolving the NCs and analysis by SEC
revealed that no free polymers remained in solution after purification by centrifugation. The
average number of polymer chains per NC was determined from the ratio between the PS
backbone resonances in 'H NMR spectroscopy (7.14 - 6.17 ppm) and the PEG or PPn
resonances (3.60 - 3.55 ppm and 4.44 - 4.03 ppm, respectively).’* On average, 5,300-6,300
chains were attached to each NC. In combination with the surface area obtained from the DLS
diameter, a distance of 6-7 nm between two polymer chains was calculated (Figure 5.2).
According to Perry et al., the polymers should take a mushroom conformation under these

conditions and hence provide a dense enough layer to induce stealth behavior.®



modification - m-PEGy43 P(1)s P(142-C0-2,) P(134-C0-245)
chains / particle - 5300 5500 6300 5400
Dy, (H0) / nm 107 +9 124 + 36 127 + 28 105 + 13 105 +61
Dh(NaC;lr:gL*)/ - 115+ 27 1M1 +17 106 + 24 155+ 16
-potential / mV +47+9 +7+7 -24+5 -16+7 -22+4
{-potential in 2819 33:7 30+ 19 3045 31+7
plasma / mV

Figure 5. 2 Analytical data of model nanocarriers used herein. Scale bar: 200 nm. | GczNEG

The size of the nanocarriers remained constant before and after coupling of the different
polymers (Figure 5.2). The {-potential however, changed from + 47 mV to + 7 mV for m-PEG
and ~ - 20 mV for all PPn modifications. Further, the functionalized NC stayed colloidal stable
in NaCl solution (9 g L) as opposed to the unmodified NC, indicating a shift from electrostatic,
CTMA-CI, to a steric stabilization by the polymer grafts and a successful conjugation. Finally,
the ¢-potential of all NC after incubation in human plasma equilibrated to ~ -30 mV because of

protein adsorption, similar to other reported nanocarriers in plasma.*?



Figure 5. 3. Cellular interaction studies of pristine and polymer coated PS-NP after plasma incubation:
a) Flow cytometry analysis b-c) Confocal laser scanning microscopy images. Values are expressed as
mean + SD of triplicates. The cell membrane is stained with CellMask Orange and pseudocolored in red

and PS-NCs are pseudocolored in green. Scale bar:10 pum.

The main feature of stealth nanocatrriers is the prolonged blood circulation time which is caused
by reduced interactions with immune cells (e.g. phagocytic cells). Therefore, we study the
cellular internalization of the here described nanocarriers towards the murine macrophage cell

line, RAW 264.7 by flow cytometry and confocal laser scanning microscopy (CLSM).

To mimic in vivo conditions, the nanocarriers were incubated in human plasma prior to cell
uptake experiments to allow the formation of the protein corona. Flow cytometry analysis

indicates a high internalization rate of pristine NC (Figure 5.3). Additionally, strong co-



localization of the negatively charged cell membrane and positively charged nanocarriers is
observed in cLSM images (Figure 5.3). For nanocarriers coated with PEG and the hydrophilic
polymer P(1)ss, cellular uptake is strongly diminished. Interestingly, for nanocarriers coated
with P(142-c0-24) containing low amounts of hydrophobic n-butyl side chains, cellular uptake
behavior remained unchanged (Figure 5.3). However, with increasing the hydrophobicity to
P(1s1-c0-215), we observed an increase in cellular uptake. These first results indicate that a
defined surface hydrophilicity enables controlled cellular interaction. Comparable results were
obtained for HelLa cells (supplementary information 5). Additional, there is no unspecific
binding or cell adhesion for polymer-coated nanocarriers compared to pristine NCs.

In general, a reduced protein adsorption has been reported for hydrophilic surfaces and with
increasing hydrophobicity, the amount of protein adsorption also increases. All model
nanocarriers were incubated with human plasma at 37 °C for 1 h and the hard corona proteins
were isolated and quantified by the Pierce Assay (Figure 5.4). Compared to PS-NH;
nanocarrier, a strongly reduced amount of proteins adsorbed to PEGylated and P(1).s modified
NCs (Figure 5.4). However, increasing the hydrophobicity of the polymer shield on the
nanocarriers did not influence the amount of protein adsorption (~ 0.5 mg per 0.05 m? surface
area NC).
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Figure 5. 4. Qualitative and quantitative protein corona analysis of pristine and polymer coated PS-NC
a) Pierce Assay b) LCMS Protein Classification ¢c) LCMS Protein Identification. Values are expressed

as mean + SD triplicates.

In the next step, we analyzed the protein corona via SDS-PAGE and liquid chromatography
coupled to mass spectrometry (LC-MS) to assess the biological identity of the NC, i.e. after
incubation in human plasma. In line with previous reports, the protein adsorption pattern of PS-
NH2 nanocarriers is dominated by albumin which is the most abundant plasma protein. On the
NCs functionalized with the hydrophilic polymers PEG and P(1)ss a strong enrichment of
apolipoproteins e.g. clusterin and ApoAl (Figure 5.4) were detected. When the more
hydrophobic P(14,-c0-24) is coupled to the nanocarriers, no influence in the cellular uptake was
found (Figure 5.3) and only minor differences in the protein corona pattern compared to P(1)4s
were measured (Figure 5.4). However, there was a significantly different in the protein pattern
adsorbed on nanocarriers with the most hydrophobic polymer P(131-co-215) (Figure 5.4).
Especially immunoglobulins, fibrinogen, and albumin were identified in substantial amounts,

which are less pronounced on the other “stealth” nanocarriers (Figure 5.4).
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interaction.

NC covered with hydrophilic poly(phosphonates)s P(1)ss exhibit stealth behavior comparable

to that of PEGylated NC under in vitro conditions. Additionally, we proved that NC coated either

with hydrophilic or hydrophobic polymers exhibit an overall low protein binding (Figure 5.4).

However, a clear correlation between polymer hydrophilicity (logP value), the protein

adsorption pattern, and the resulting cellular interactions was found (Figure 5.5).

With increasing polymer hydrophobicicity (logP>0), cellular uptake was strongly enhanced

whereas the overall amount of clusterin (dysopsonin) decreased (Figure 5.5) In contrast to this,

the amount of IgG (opsonin), complement or coagulation proteins and albumin increased.



Additionally, we investigated the interaction of the different polymers with albumin and IgG.
Here, we saw that the hydrophobic polymer induced an unfolding of the protein whereas the
protein structure after exposure to the hydrophilic polymer was less affected. Due to the
unfolding, hydrophobic regions of the protein are exposed to the surface, which further

influence the adsorption process (supplementary information 5).

Conclusion

In conclusion, this is an important step towards understanding and controlling the stealth effect
of nanocarriers. This is the first study correlating a well-controlled surface hydrophilicity with
guantitative high-resolution protein corona analysis and the interaction with immune cells. The
degradable poly(phosphonate)s were prepared by the anionic ring-opening polymerization of
cyclic phosphonates, producing ideal random copolymers with a controlled hydrophilicity. They
were coupled to model nanocarriers and incubated with human blood plasma; the polymer
structure does not change the amount of protein adsorbed but controls the protein pattern and
this governs the cell interactions. This principal knowledge is needed to improve the properties

of the nanocarriers for therapeutic applications.



Supplementary information

Table 5. 1. Analytical data of maleinimide functionalized polymers. a) Monomer feed ratio. b) Monomer
composition, Pn, and functionality f determined via 'H NMR (500 MHz) spectroscopy. ¢) Determined via
SEC in DMF (RI detection, 333 K, vs. PEG). d) Elution volume on rpHPLC. €e) logP value calculated
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Figure 5. 6. 1H (500 MHz) and 3P (210 MHz, inset) NMR spectra of maleimide terminated poly(ethylene

ethyl phosphonate) P(1)ss in DMSO-ds at 298 K. [
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Figure 5. 7. TH DOSY (500 MHz) NMR spectrum of maleimide terminated poly(ethylene ethyl
phosphonate) P(1)4s in DMSO-ds at 298 K. | EGcNcNINGNGNGNGEEEEEE
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Figure 5. 8. SEC trace (RI detection) of poly(ethylene alkyl phosphonate) (co)polymers used in this

study in DMF (0.1 g L LiBr) at 333 K. | IGNNNE
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Figure 5. 9. 3P NMR (201 MHz) assisted copolymerization kinetics. | GccNEGEGTGNGNGGEEEGE
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Figure 5. 10. *H (500 MHz) NMR spectrum of polystyrene nanoparticles modified with hydrophilic

poly(phosphonate) P(1)ss (PS-P(1)4s) dissolved in CDCls at 298 K. | EGcNENEGINGNGIGIGIGIIIE
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Figure 5. 11. 'H DOSY (500 MHz) NMR spectrum of polystyrene nanoparticles modified with hydrophilic

poly(phosphonate) P(1)ss (PS-P(1)4s) dissolved in CDCls at 298 K. | GcNNGNGNGNGNEEEE
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Figure 5. 12. Cytotoxicity assay of nanoparticles (75 pug/mL) incubated with RAW264.7 cells for 2 h.
Cytotoxicity was determined by PI staining (2 pg/mL) whereas incubation without nanoparticles was

defined as 100% viable. Values are expressed as mean + SD of triplicates.
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Figure 5. 13. Flow cytometry analysis of HeLa cells incubated with plasma coated PS-NC (75 pg/mL)
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Figure 5. 14. Flow cytometry analysis of RAW264.7 cells incubated with plasma coated PS-NC (75
pg/mL) for 2 hin serum-free medium at 4 °C. Median Fluorescence intensity valules (MFI) are expressed

as mean * SD of triplicates. There is a strong unspecific binding to PS-NH: towards the cell membrane.
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Figure 5. 15. cLSM images of RAW264.7 cells incubated with plasma coated PS-NC (75 pug/mL) for 2

h in serum-free medium. The cell membrane is stained with CellMask Orange and pseudocoloured in
red and the PS-NCs are pseudocoloured in green. Scale bar: 10 um.
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Figure 5. 16. SDS PAGE after protein corona analysis of PS-NC incubated with human plasma. Proteins
were visualized by Silver Staining (a) or Coomassie blue (b).
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Figure 5. 18. a) Monitoring the unfolding human serum albumin exposed to different polymer solutions.

Polymers (10 mg/mL) were added to albumin (1 mg/mL) in a ratio of 1:5 and analyzed by nanoDSF.

This method determines protein stability based on intrinsic tryptophan and tyrosine fluoresence intensity

at 350/330 nm. The first derivative of the ratio between 350/330 nm is shown. b) The melting point Twm

(50% of unfolded protein) is measured as the minimum of the curve. Proteins were treated with 2% SDS

which servers a control for an unfolded protein.
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Figure 5. 19. Monitoring the unfolding immunoglobuline (IgG) exposed to different polymer solutions.
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6. Protein corona mediated stealth properties of

biocompatible carbohydrate-based nanocarriers

Aim:

Attaching poly(ethylene)glycol (PEG) to the surface of nanoparticles is the gold standard to
increase the plasma half-life of nanocarriers. However, there a several drawbacks of PEG as
it is a non-biodegradable polymer and potentially immunogenic. Therefore, this study
investigated an alternative strategy using sugar derivates (HES, DEX or Glucose) as stealth
coating for nanocarriers. It was shown that the cellular interactions towards phagocytic cells
and the protein corona profile of sugar-modified nanocarriers are comparable to the PEGylated
system. This highlights that biodegradable carbohydrates can be used as an alternative

strategy to obtain stealth properties.

Contribution:

| carried out the complete protein corona analysis (SDS-PAGE, LC-MS, Pierce Assay) and
conducted the cellular uptake experiments (flow cytometry). | | I synthesized
the nanocapsules. The project was supervised by | KGN



Abstract

Carbohydrates possess ideal properties for the synthesis of biocompatible nanocarriers.
Hydroxyethyl starch was chosen as building material to produce biodegradable nanocarriers,
which allow the encapsulation of drugs for targeted cell interactions. A mandatory feature for
the successful application of nanocarriers in drug delivery is a prolong blood circulation time.
Here, it is todays gold stand to attach polyethylene glycol (PEG) onto the surface. In
comparison to this, we functionalized the surface with different sugar derivatives (HES,
Dextran or Glucose) via copper-free click reaction in order to synthesize completely
carbohydrate-based nanocarriers. Studying the interaction of sugar-modified nanocarriers and
plasma proteins indicates a strong enrichment of “stealth” proteins (clusterin) which are also
identified on PEGylated nanocarriers. Cellular uptake studies proved that there is no unspecific
interaction between sugar modified nanocarriers and phagocytic cells hereby underlining the

stealth properties.

Introduction

Nanocarriers based on HES, ethoxylated starch, are promising candidates for nanometer-
sized drug delivery vehicles for various water-soluble drugs in their interior. Encapsulation of
the drugs is important to protect the drug against the environment as well as the healthy

environment against the drugs and to release it selectively at the diseased place in the body.

However, if the nanocarriers are injected into the blood, proteins will adsorb on the
nanocarriers’ surface. Thus, the surface of the nanocarriers is shielded from the environment,
which could change the properties of the nanocarrier in the body.'? The nature and the amount
of proteins adsorbing on the surface depends on the composition, the surface chemistry,
charge, the environment and protein source.?® Proteins adsorb on the nanocarrier surface due
to hydrophobic interactions of the proteins and the nanocarrier surface, as well as hydrogen
bonding, electrostatic and Van-der-Waals interactions.?  The protein coverage on the surface
depends on the roughness of the surface and the size of the nanocarrier.® *° Thus, different
proteins can adsorb on the surface with strong or weak binding affinity. Depending on that,
they are part of the so called soft or hard protein corona. Proteins with strong binding affinity
to the surface are part of the hard protein corona. These proteins can only be removed from
the surface with harsh conditions.? The soft protein corona includes proteins, which weakly
adsorb at the nanocarrier surface and can be exchanged from the surface by proteins with

strong adsorption properties.2



To reduce unspecific protein adsorption, the surface of the nanocarriers is functionalized with
protein repellent materials. In addition to the often used PEG®, poly(phosphoester)s’ and
polyglycerols (PG)® are known to reduce the protein adsorption on nanocarrier surfaces.
Furthermore, polyoxazolines, poly(amino acids), polyamines, polybetaine and polysaccharides
are discussed as alternative surface modifiers to reduce protein adsorption and to guarantee
a long circulation time in the blood stream.® The advantages using polysaccharides as natural
polymer instead of PEG?® are their biodegradability, low toxicity and immunogenicity as well as
their multiple functional groups for further functionalization for example with cell specific linkers
or drugs.* First studies with hydroxyethyl starch nanocarriers underlined their protein repellent
behavior and decreased unspecific uptake into HeLa cells.!* Moreover, dextran as another
polysaccharide decreased protein adsorption after grafted onto a polystyrene surface.'?
However, due to the multitude of saccharides, each chiral center might influence the interaction
with proteins and needs to be carefully evaluated.

In general, chemical functionalization of a nanocarriers’ surface shall be simple with high
conversion. Thus, click reactions have been used, because they are easy to perform, with
good yields, high rates, and if necessary simple purification.* A common click reaction is the
copper-catalyzed 1,3-Huisgen reaction of an azide and an alkyne.'* In addition, copper-free

alternatives were investigated using strained alkynes like cyclooctynes.*®

Herein, HES and dextran were functionalized with at least one azide group using an azido-
isocyanate-urea as linker molecule. Additionally, monomeric glucose, which is part of both
polysaccharides, was modified with an azide at B-position. These (poly)saccharides were then
coupled to the surface of HES nanocarriers by the copper-free azide-alkyne cycloaddition to
produce completely carbohydrate-based biocompatible and fully biodegradable nanocarriers.
The protein composition on such nanocarriers surface was identified by SDS-PAGE and LC-
MS as well as in vitro cell uptake studies towards phagocytic cells (macrophages and primary
dendritic cells) and compared to PEGylated analogs. These results prove fully carbohydrate-
based nanocarriers as a potential alternative to synthetic drug delivery vehicles, which might

overcome accumulation in the body or immune responses due to their eventual degradation.

Materials and methods

D-Glucose (Sigma-Aldrich, 299.5%), sodium azide (NaNs, Sigma-Aldrich, ReagentPlus,
299.5%), 2-chloro-1,3-dimethylimidazolinium chloride (Sigma-Aldrich, DMC), Amberlite IR-120
(Sigma-Aldrich, hydrogen from), 2-chloroethylamine hydrochloride (Sigma-Aldrich, 99%),
sodium hydroxide (NaOH, Fluka, ACS reagent, = 97.0%), magnesium sulfate (MgSO., Fluka,



anhydrous, reagent grade, 299.5%), triphosgene (Sigma-Aldrich, reagent grade, 98%),
poly(ethylene glycol) methyl ether azide (MPEG-azide, 5 kDa, Sigma-Aldrich), sodium
dodecylsulfate (SDS, Fluka, ACS reagent grade, 299.0%), Cyanine 5-Oligonucleotide (Cy5
Oligo, Iba GmbH), toluene-2,4-diisocyanate (TDI, Sigma-Aldrich, 95%), Dibenzocyclooctyne-
PEG4-N-hydroxysuccinimidyl ester (DBCO-PEG4-NHS ester, Jana Bioscience), citric acid
(Sigma-Aldrich, ACS reagent, 299.5%), citric acid trisodium salt (Sigma-Aldrich, anhydrous,
298% (GC)), dextranase from Penicillium sp. (Sigma-Aldrich, lyophilized powder, 12.5
untis/mg solid) and hydrochloric acid (HCI 37%, VWR chemicals, AnalaR NORMAPUR Reag.
Ph. Eur. for analysis) were used as received. Triethylamine (TEA, Fluka, HPLC, 299.5%) and
2,2'-(ethylenedioxy)bis(ethylamine) (Sigma-Aldrich, 98%) were stored over molecular sieve
before use. Dextran (5.2 kDa, PSS Polymer Standard Service GmbH) and hydroxyethyl starch
(HES, 8.2 kDa, Fresenius Kabi) were dried at 40 °C in vacuo overnight. HES (200kDa, 0.5
degree of substitution) was purchased from Fresenius Kabi and freeze-dried before used.
Dichloromethane (DCM, Fisher Scientific), ethanol (VWR Chemicals, 96%), dimethylsulfoxide
(DMSO, Sigma-Aldrich, anhydrous, 299.9%) and diethyl ether (Sigma-Aldrich, anhydrous,
=299.7%) were used as received. The deuterated solvents chloroform-d (CDCls-d, Acros
Organics, 99.8 atom% D), deuterium oxide (D-0, Sigma-Aldrich, 99.9 atom% D) and dimethyl
sulfoxide-ds (DMSO-ds, Carl Roth, 99.8 atom% D) were used for NMR analysis as obtained.

The oil-soluble surfactant poly((ethylene-co-butylene)-b-(ethylene oxide)) was synthesized by
anionic ring-opening polymerization of ethylene oxide using o-hydroxypoly-(ethylene-co-
butylene) as initiator in toluene with a poly(ethylene-co-butylene) block of 3700 g mol* and a

polyethylene oxide block of 3600 g mol .3t

Methods. *H-NMR spectra were measured on a Bruker Avance 250 spectrometer (Bruker,
Billerica, MA, USA) operating at a Lamor frequency of 250 MHz or a Bruker Avance 300
spectrometer (Bruker, Billerica, MA, USA) with a Lamor frequency of 300.23 MHz. As
deuterated solvents D,O, CDCIl; and DMSO-ds were used. In 0.5 mL deuterated solvent around
15 mg of the product was dissolved and the spectra was calibrated according to the chemical
shift of the used deuterated solvent (4.79 ppm for DO, 7.26 ppm for CHCIs or 2.5 ppm for
DMSO-ds).

13C-NMR spectra were measured on a Bruker Avance 300 spectrometer (Bruker, Billerica, MA,
USA) with a Lamor frequency of 300.23 MHz. 30 mg of the product was dissolved in 0.5 mL
deuterated solvent (DO, CHCI; and DMSO-dg) and the spectra were calibrated according to
the chemical shift of the used deuterated solvent (77.16 ppm for CHCIs; or 39.52 ppm for

DMSO-ds). Fourier transformed infrared spectroscopy (FT-IR) was performed using a



PerkinElmer Spectrum BX FT-IR spectrometer (PerkinElmer, Shelton, CT, USA) between
wavelength of 4000 cm™ and 400 cm™ to determine successful azidation of the linker and the
sugar derivatives. Therefore, the samples were mixed with potassium bromide (KBr), pressed
and subsequently measured. At the Zeiss 1530 LEO Gemini microscope (Carl Zeiss,
Oberkochen, Germany) the morphology and size of generated nanocapsules were analyzed.
Therefore, 10 pL of the nanocapsule dispersion were diluted in 3 mL cyclohexane, dropped
onto a silica wafer and dried under ambient conditions. Then, the wafer was placed under the
microscope, working with an accelerating voltage of 0.2 kV and a distance of ~3 mm.

The zeta potential of 10 puL nanocapsule dispersion was measured at 25 °C in 103 mol/L in
potassium chloride solution with a Zetasizer ZEN2600 from Malvern Instruments. An average
of at least two measurements, each with at least ten runs is reported.

Nanocapsules were incubated with human plasma as described for hard protein corona
analysis (see purification of hard corona below). After the final wash, nanocapsules coated
with proteins were resuspended in water and 10 pL of the dispersion was measured with a
Zetasizer. In addition, the hydrodynamic radii of the nanocapsules was determined by DLS
using a Nicomp 380 Submicron particle Sizer (PSS-Nicomp, Particle Sizing System, Port
Richey, Fl, USA) with a fixed angel of 90 °. To measure the size, 10 yL of the emulsion was

diluted in 1 mL cyclohexane or water.

Purification of hard protein corona. Nanocapsules with a 0.05 m? surface area were
incubated with 1 mL 100% human citrate plasma for 1 h at 37 °C to allow protein corona
formation. Purification of hard protein corona was executed according prior instructions.3?33
Briefly, nanocapsules were centrifuged three times for 30 min at 4 °C and 20,000 g followed
by resuspension with 1 mL PBS at 4 °C. After the last washing step capsules were redispersed
and incubated with 62.5 mM Tris-HCL supplemented with 2% SDS for 5 min at 95 °C and
bound proteins were eluted from nanocapsules. To remove capsules in suspension the
samples were centrifuged again for 30 min at 20 000 g and 4 °C. The Pierce 660 nm Protein
Assay Reagent was used for protein quantification in combination with the lonic Detergent
Compatibility Reagent for Pierce 660 nm Protein Assay Reagent (both Thermo Scientific,

Dreieich, Germany) corresponding the manufacturer instructions.

Determination of the hard protein corona by SDS-PAGE. 1 ug of the hard corona proteins
was supplemented with sample buffer and reducing agent (Novex, Carlsbad, USA) for SDS
polyacrylamide gel electrophoresis (SDS-PAGE) and afterwards incubated for 5 min at 95 °C.
Then, SDS-PAGE was run for 1 h at 100 mV before protein bands were visualized by the



SilverQuest Silver Staining Kit (Thermo Scientific) corresponding the manufacturer

instructions.

Digestion of the protein corona for MS analysis. SDS was eliminated via Pierce detergent
removal columns (Thermo Fisher) prior to protein digestion. Tryptic digestion was performed
as described by Tenzer et al.° with the following adjustments. Proteins were precipitated
according to the manufactures instructions” using ProteoExtract protein precipitation kit
(CalBioChem). The resulting protein pellet was resuspended in RapiGest SF (Waters
Cooperation) dissolved in 50 mM ammonium bicarbonate (Sigma-Aldrich) and afterwards
incubated at 80 °C for 15 min. The addition of dithithreitol (Sigma-Aldrich) reduced the proteins
to gain a final concentration of 5 mM and incubated for 45 min at 56 °C. lodoacetamide (final
concentration 15 mM, Sigma-Aldrich) was added and the solution was incubated for 1 h in the
dark. Tryptic digestion with a protein:trypsin ratio of 50:1 was carried out over 16 h at 37 °C.
The reaction was quenched by adding 2 pL hydrochloric acid (Sigma-Aldrich). Degradation

products of RapiGest SF were removed via centrifugation (14 000 g, 15 min).

LC-MS analysis. For absolute protein quantification, the peptide samples were spiked with 10
fmol uLt of Hi® Ecoli Standard (Waters Cooperation). Digested peptides were applied to a C18
nanoACQUITY Trap Column (5 um, 180 um x 20 mm,) and separated on a C18 analytic
reversed phase column (1.7 ym, 75 pm x 150 mm) using a nanoACQUITY UPLC systems.
The column is further coupled to a Synapt G2-Si mass spectrometer. A two phase mobile
system consisting of phase (A) 0.1% (v/v) formic acid in water and phase (B) acetonitrile with
0.1% (v/v) formic acid was utilized at a sample flow rate of 300 pL min? with a gradient of 2 —
37% mobile phase (A) to (B) over 70 min. As a reference component, Glu-Fibrinopeptide (150
fmol pL?, Sigma) was infused at a flow rate of 500 pL min-.

Electrospray ionization (ESI) was executed in positive ion mode with nanoLockSpray source
and the mass spectrometer was operated in resolution mode performing data-independent

acquisition (MSE).

Data were recorded over 90 min with a mass to charge range (m/z) over 50 — 2000 Da, scan
time of 1 s and ramped trap collision energy from 20 to 40 V. Each sample was run in triplicates.
Data was arranged with MassLynx 4.1. For protein identification Progenesis QI for Proteomics
Version 2.0 with continuum data using a reviewed human data base (Uniprot) was chosen.
Several parameters as noise reduction thresholds for low energy, high energy and peptide
intensity were set to 120, 250, and 750 counts. The peptide sequence of Hi® Ecoli standard

(Chaperone protein CLpB, Waters Cooperation) was added to the database for absolute



quantification.3* The following search criteria were used for protein and peptide identification:
one missed cleavage, maximum protein mass 600 kDa, fixed carbamidomethyl modification
for cysteine, variable oxidation for methionine and protein false discovery rate of 4%. At least
two assigned peptides and five assigned fragments are required for protein identification and
three assigned fragments for protein identification. A score parameter for identified peptides
was set to 4 and quantitative protein identification was generated based on the TOP3/Hi®
approach, providing the amount of each identified protein in fmol.®

Cell Culture RAW264.7. Murine macrophage cell line RAW264.7 were cultured in Dulbecco’s
modified eagle medium (DMEM), supplemented with 10% fetal calf serum (FCS), 100 U mL?
penicillin, 100 mg mL* streptomycin and 2 mM glutamine.

Generation of monocyte derived dendritic cells (moDCs). MoDCs were generated from
healthy human donors from buffy coat according to the local ethics committee and Declaration
of Helsinki. Peripheral blood mononuclear cells (PBMCs) were isolated by standard Ficol

separation. MoDCs were obtained as previously described.*®

Cellular uptake studies. Quantitative analysis of nanocapsules uptake into cells was
analyzed by flow cytometry. 1 x 10° cells per mL (RAW 264.7 or moDC) were allowed to attach
in 24/48-well plates. Nanocapsules were incubated with human plasma as described above
(hard corona analysis), centrifuged and added at a concentration of 75 ug mL* (RAW264.7)
or 50 ug mL (moDC) for 2 h.

RAW264.7 cells were detached with 2.5% trypsin (Gibco, Germany) and for moDCs 0.5mM
EDTA/PBS was used. Flow cytometry measurements were performed on a CyFlow ML
Cytometer. Data was analyzed using FCS Express V4 software by selecting the cells on a
forward/sideward scatter plot. The fluorescent signal was expressed as median intensity. Mean

values and standard deviations of three independent measurements (n = 3) are given.

Synthesis. All reactions involving air or moisture sensitive reagents or intermediates were
conducted under an inert atmosphere of argon in glassware, which were dried in an oven
before use. Reaction temperatures referred to the temperature of the particular cooling/heating
bath.

Synthesis of B-glucose azide. Glucose was selectively functionalized with one azide group
at the OH-B-position using the synthesis published by Vinson et al.?. Glucose (1.00 g, 5.6
mmol, 1 eq) and sodium azide (3.63 g, 55.8 mmol, 10 eq) were dissolved in water (20 mL) and

added to a solution of 2-chloro-1,3-dimethylimidazolinium chloride (2.80 g, 16.6 mmol, 3 eq)



and TEA (7.80 mL, 55.9 mmol, 10 eq) under ice cooling. After stirring for 1 h at 0 °C, the
mixture was concentrated at reduced pressure and mixed with ethanol (20 mL). The generated
solid was separated by filtration and ethanol was removed from the filtrate at reduced pressure.
The obtained solid was dried and redissolved in water (15 mL). After the water phase was
washed five times with dichloromethane (10 mL), the water phase was stirred for 4 h with acidic
Amberlite IR-120 at room temperature (RT). The Amberlite was activated before with 1 M
sodium hydroxide solution. Then, the ion exchanger was removed by filtration and the filtrate
was freeze-dried again to obtain the B-glucose azide as a white powder in 58% vyield (0.58 g).

IH-NMR (D0, 300 MHz): & (ppm) = 4.73 (d, J = 8.8 Hz, 1H), 4.05 — 3.59 (m, 2H), 3.59 — 3.32
(m, 3H), 3.23 (h, J = 7.6 Hz, 1H). *C-NMR (D0, 300 MHz): & (ppm) = 90.1 (C1), 77.9 (Cs),
75.7(Cs), 72.82(C>), 69.17(C4), 60.53 (Cs). FT-IR v = 2120 cm* (-Na).

Synthesis of 2-azido-1-ethylamine. 2-Chloroethylamine hydrochloride (6 g, 0.052 mol, 1 eq)
was dissolved with sodium azide (10.3 g, 0.158 mol, 3 eq) in MilliQ water (140 mL) and stirred
for 20 h at 80 °C. After neutralization with sodium hydroxide (2.08 g, 0.052 mol, 1 eq), the
product was extracted four times into diethyl ether (160 mL) and dried over magnesium sulfate.
The solvent was partially removed under reduced pressure. At the end, 2-azido-1-ethylamine
with a concentration of 81.6% (quantified by *H-NMR spectroscopy), containing 2.28 g (yield
51%) in diethyl ether was obtained as yellow solution.

'H-NMR (CDCl3, 300 MHz) & (ppm) = 3.37 (t, J = 5.6 Hz, 4H, NH»>-CH>), 2.93-2.84 (m, 1H, Ns-
CHy), 1.44 (s, 1H, NH,). 3C-NMR (CDCls, 300 MHz) & (ppm) = 54.6(CH2-N3), 41.31 (CH2-NH,).
FT-IR (ATR) v = 3380 (-NH), 3310 (-NH), 2101 (-N3).

Synthesis of 2,2’-(ethylenedioxy)bis(ethylisocyanate). 2,2'-(ethylenedioxy)bis-
(ethylamine) (2.5 mL, 0.017 mol, 1 eq) and TEA (11.28 mL, 0.081 mol, 4.8 eq) was dissolved
in anhydrous DCM (6 mL) and dropwise added to a stirred solution of triphosgene (4.458 g,
0.015 mol, 0.9 eq) in anhydrous DCM (40 mL) under ice-cooling in an argon atmosphere. After
complete addition, the mixture was stirred for 40 min at 4 °C, then for 1 h at RT and additionally
heated for 5 %2 h under reflux. DCM was removed in vacuo and the product was extracted from
the solid using anhydrous diethyl ether (two times 50 mL). The product was identified by **C

NMR and used without further purification for the next step.

13C-NMR (CDCls, 300 MHz) & (ppm) = 124.78 (O=C=N), 69.93 (CH,-O), 69.91 (CH»-O),
69.8(CH,-0), 42.8 (CH2-N).



Synthesis of 1-(2-azidoethyl)-3-(2-(2-(2-isocyanatoethoxy)ethoxy)ethyl)urea and sugar
functionalization. 2-azido-1-ethylamine (1.17 g, 0.014 mol, 0.8 eq) was dissolved in
anhydrous diethyl ether (2 mL) and added at a speed of 6 mL h by a syringe pump into the
diisocyanate solution at -56 °C. Afterwards, anhydrous DMSO (5 mL) was added at ambient
temperature and diethylether was removed in vacuo. The product was checked by FTIR and
used without further purification for the next step. 500 pL of the 1-(2-azidoethyl)-3-(2-(2-(2-
isocyanatoethoxy)ethoxy)ethyl)urea solution in DMSO was added dropwise into a sugar
solution (250 mg of HES of 5.5 kDa or dextran of 5 kDa) in anhydrous DMSO (5 mL). The
reaction was continued for 32 h, and the product was purified by dialysis against MilliQ water
in a dialyzing tube with MWCO of 1 kDa for 4 days. After dialysis, the solution was freeze-dried
to obtain the product (185 mg HES and 150 mg dextran). FT-IR of 1-(2-azidoethyl)-3-(2-(2-(2-
isocyanatoethoxy)-ethoxy)ethyl)urea (ATR) v = 2339 (N=C=0), 2101 (N3), 1676 (urethane),
1438 (N=C=0). HES-azide. FT-IR (ATR) v = 2111 (N3). Dextran-azide. FT-IR (ATR) v = 2116
(N3), 1740 (urethane).

Synthesis of HES nanocapsules by inverse miniemulsion. The nanocapsules were
prepared as described in prior publications by polyaddition reactions at the cyclohexane-water
droplet interfaces.®*® The dispersed phase consisted of HES (140 kDa, 130 mg), NaCl (10
mg), Cy5 Oligo solution (100 pL) and PBS buffer (240 pL). The dispersed phase was added to
cyclohexane (7.5 g) containing P(E/B-b-EQO) (80 mg). After stirring at 500 rpm for 30 min, the
emulsion was subjected to ultrasonication under ice-cooling with a Branson W450-D sonifier
equipped with a ¥ inch tip for 3 min in a pulse-phase regime of 20 s and 10 s. 5 g cyclohexane
and 55 mg P(E/B-b-EO) were added and the dispersion was stirred for 30 min at 500 rpm.
After a second ultrasonication using same conditions as before, TDI (175 mg) and P(E/B-b-
EO) (25 mg) dissolved in cyclohexane (2 g) were added dropwise to the miniemulsion and
stirred for 24 h at 25 °C. The size and morphology of the obtained nanocapsules were analyzed

by DLS and SEM measurements as described above.

Nanocapsule transfer into water. Before the nanocapsules were transferred into water, they
were washed to remove unreacted monomer and excess of surfactant. Therefore, 2 mL
nanocapsule dispersion were filled into a 2 mL Eppendorf tube and centrifuged by 4000 rpm
for 45 min. The supernatant was removed and the nanocapsules were redispersed with 400
pL cyclohexane. The redispersed nanocapsules were slowly added into 5 mL of a 0.1 wt%
prepared SDS solution while shaking in a sonication bath (Bandelin Sonorex, type RK 52H).
The whole dispersion was stirred over night without cap at 1000 rpm at RT, to allow

evaporation of cyclohexane. To remove the excess of SDS, the emulsion was dialyzed against



water for 1 day by changing the water three times. To obtain the solid content of the
nanocapsule dispersion, three times 50 uL of the nanocapsule dispersion were freeze-dried

overnight.

Functionalization of the HES nanocapsule surface with DBCO-PEG4-NHS. After the solid
content was adjusted to 1 wt%, the nanocapsules were functionalized with DBCO-PEG4-NHS.
Therefore, a DBCO-PEG4-NHS (3.29 mg per mL nanocapsule dispersion, 5.06*10° mol)
solution in anhydrous DMSO (167 pL) was added into 1 wt% nanocapsules dispersion. After
stirring over night at room temperature and 1000 rpm, the dispersion was washed two times
by centrifugation at 4500 rpm for 30 min. The amount of DBCO groups on the nanocapsules

surface was determined by a fluorescent assay with 9-(azidomethyl)anthracene.?*

Coupling of B-glucose azide, HES-azide, dextrane-azide or mPEG-azide to the
nanocapsule surface. To 1 mL nanocapsule dispersion with 1 wt% solid content, a solution
of the azide-derivative (3 eq per detected DBCO group, 2.24*10°° mol) in DMSO (200 uL) was
added and stirred for 4 days at 500 rpm at 4 °C. Afterwards, the dispersion was washed two
times by centrifugation at 4500 rpm for 30 min. At the end, the solid content of the nanocapsule
dispersion was analyzed by freeze-drying 50 pL of the dispersion and the amount of

functionalization was determined using a fluorescent assay with 9-(azidomethyl)anthracene.?*

Results and Discussion

The all-carbohydrate nanocarriers were prepared by the polyaddition at the droplet-oil interface
in inverse miniemulsions from HES with toluene-2,4-diisocyanate as the crosslinker according
to previously published protocols (Figure 6.1).162° The fluorescent dye Cyanine 5 (Cy5) was
loaded to the dispersed phase and thus encapsulated into the nanocarriers to allow following
of the cellular uptake (material/methods see supplementary information 6). The morphology
and size of the nanocarriers were confirmed by SEM and DLS analysis (Figure 6.1 and Table
6.1).

All carbohydrates were functionalized with at least one azide group for the copper-free click
reaction on the nanocarriers’ surface. Glucose was functionalized at the anomeric position by
a one-step reaction with sodium azide in combination with 2-chloro-1,3-dimethylimidazolinium

chloride and triethylamine (Figure 6.1).202 HES and dextran were modified in a three step



synthesis starting with 2,2’-(ethylenedioxy)bis(ethylamine), as shown in Figure 6.1. After the
two amine groups were converted to isocyanate groups using triphosgene and triethylamine,
one isocyanate group was transferred with 2-azidoethan-1-amine to obtain the water-soluble
isocyanate-azide linker (1-(2-azidoethyl)-3-(2-(2-(2-isocyanatoethoxy)ethoxy)ethyl)urea). HES
and Dextran were subsequently functionalized with the isocyanate-azide linker (supplementary
information 6). The newly formed urethane bond was confirmed by FTIR analysis (Figure 6.1).

A. Nanocapsule synthesis
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Figure 6. 1. (A) General scheme of hydroxyethyl starch (HES) nanocarriers synthesis by inverse
miniemulsion polyaddition and their transfer into 0.1 wt% SDS solution. A mean diameter of around 300
nm was determined by scanning electron microscopy (scale bar 100 nm in cyclohexane) for all
nanocarriers. (B) Nanocarriers were modified with strained dibenzylcycloocytne derivative (HES-DBCO)
to introduce different carbohydrates (Glucose-azide (Gluc-azide), dextran-azide (DEX-azide) and HES-
azide) as well as mPEG-azide on the surface by copper-free azide-alkyne click reaction. The

carbohydrates were prior functionalized with azide groups and determined by infrared spectroscopy

measurements. [



After transfer of the nanocarriers dispersion into water, the surface was functionalized with the
strained cyclooctyne-derivative by activated ester chemistry (compare Figure 6.1) and the
azide carbohydrates or mPEG-azide were linked to the surface by copper-free click reaction.

An excess of the azide component was added (3 eq per triple bond).?%23

Table 6. 1. Results of modified HES nanocarriers with glucose (Gluc), dextran (DEX), HES, and mPEG.

|
d (PDI)/ d (PDI)/ DBCO/ DBCO/ C-potential /  C-potential /
nma nmP mol mL¢ mol mLd mVe mVf
HES 240 (0.35) 320 - - -08.07+ -15.60 +
(0.10) 0.13 0.50
HES- 240 (0.35) 400 2-107 1.2-107 -12.10+ -20.50
mMPEG (0.13) 0.90 0.80
HES- 240 (0.35) 380 2-107 1.1-107 -13.00+ -20.90 =
(0.06) 0.60 0.50
HES- 240 (0.35) 420 2-107 8.8-108 -12.83+ -20.35
DEX (0.11) 0.13 0.05
HES- 240 (0.35) 400 2-107 6.7-108 -13.40+ -15.20 +
Gluc (0.04) 0.60 0.01

a) in cyclohexane, b) in water, c) before azide-alkyne reaction, d) after azide-
alkyne reaction, e) in 1-10* M KCI solution, f) in 1102 M KCI solution after
incubation with human plasma.

The degree of carbohydrate functionalization was determined by a fluorescence assay. The
fluorescence intensity of the reaction of 9-(azidomethyl)anthracene with the
dibenzylcycloocytne groups (DBCO) on the surface of the nanocarriers was measured.
Substraction of the measured intensities before and after attaching the carbohydrates gave
the degree of functionalization (Table 6.1).2* About 50 % (Table 6.1) based on the initial
amount of DBCO groups were successfully functionalized with the respective azide
component. All nanocarriers were characterized regarding size and ¢ -potential indicating only

minor differences between the different functionalized nanocarriers
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Figure 6. 2. Protein corona analysis. Nanocarriers (NC) were incubated for 1 h at 37 °C with 100%
human plasma to allow protein corona formation. After purification of hard corona proteins (1 g protein)
was visualized by silver staining (A) and the total amount of hard corona proteins was quantified by
Pierce Assay (B).

Previous studies proved the low unspecific cellular uptake of HES nanocarriers.!! Additionally,
the surface functionalization of nanocarriers with HES (i.e. “HESylation”) prolongs the blood
circulation in vivo comparable with PEGylated carriers.?> However, there is still a limited
knowledge about the principal mechanism based on this effect. Therefore, we investigated
such carbohydrate-modfied nanocarriers regarding their interactions with plasma proteins and
phagocytic cells (macrophage and dendritic cells) in order to investigate their stealth
properties.

Adsorption of plasma proteins to the surface of nanocarriers occurs rapidly?® and alters the
physico-chemical properties?” and thus the interactions with cells.?® To simulate the behavior
in blood, the nanocarriers were incubated in human blood plasma for 1 h, 37 °C. Certain blood
proteins adsorbed on the interface of the nanocarriers, resulting in a ¢ -potential change of all

nanocarriers after plasma incubation from -13 mV to -20 mV.
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Figure 6. 3. Proteomic analysis of the protein corona of all HES nanocarriers. (A) Proteins were
classified according to their biological function. (B) Heat map of the 20 most abundant corona proteins.
The average amount (n=3) of each protein (fmol) was determined. Values are presented in % based on

all identified proteins.

The protein-loaded nanocarriers were isolated by repetitive centrifugation and the remaining -
so-called hard protein corona - was analyzed with respect to protein amount and type by SDS-
PAGE and Pierce Assay (Figure 6.2). HES nanocarriers have been reported to exhibit an
overall low protein adsorption, resulting in reasonable stealth properties.® However, the
carbohydrate-functionalized HES nanocarriers (HES, DEX or Glucose) proved an even lower
protein adsorption, which was comparable to PEGylated nanocarriers, rendering the
carbohydrate functionalization an attractive pathway to increase the stealth properties of
nanocarriers in general (Figure 6.2). Additionally, the protein pattern of the carbohydrate-
modified nanocarriers visualized by SDS PAGE was similar to PEGylated nanocarriers, with

only minor differences (Figure 6.2).
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Figure 6. 4. Cellular interactions of HES nanocarriers with macrophage (RAW264.7) A) and monocyte
derived dendritic cells (moDC, B) Nanocarriers were either incubated with human plasma (1 h, 37 °C)
or directly added to cell culture medium without additional proteins. Values are expressed as median

fluorescence intensity (MFI) and given as average of three independent measurements (n=3).

The quantitative analysis of the adsorbed blood proteins on the nanocarriers surface with liquid
chromatography-coupled to mass spectrometry (LC-MS) proved the dominance of lipoproteins
in the corona (40 — 70%, Figure 6.3). Especially clusterin (apolipoprotein J) was identified as
the most abundant corona protein (> 30%). This is in line with previous reports, which
highlighted the specific interaction of clusterin with stealth nanocarriers.” 2° Additionally, lower
amounts of coagulation proteins (especially fibrinogen) and apolipoprotein A-1 adsorbed to
PEGylated and carbohydrate-modified nanocarriers compared to unfunctionalized
nanocarriers (Figure 6.3). Taking this together, this demonstrates the specific interaction of
plasma proteins and stealth nanocarriers.



Stealth nanocarriers have the major ability to evade interactions with immune cells.®
Therefore, we investigated the cellular uptake towards macrophages and primary dendritic
cells (moDCs). Nanocarriers were either directly introduced to cells or coated with plasma
proteins before cell uptake studies (Figure 6.4). We found that the cellular interactions are
comparable for both cell types. Most prominent, the unfunctionalized nanocarriers (HES) are
taken up in the absence of additional proteins. PEGylated or sugar modified carriers display a
low internalization rate. However, after plasma coating all nanocarriers exhibit a strongly
reduced cellular uptake, caused by the selective protein adsorption from the blood plasma (e.g.
clusterin).” Overall, this underlines the distinct role of corona proteins that mediate the stealth
properties of nanocarriers. Further, these results indicate that the modification of nanocarriers
with bio-based carbohydrate derivatives is a feasible alternative to PEGylation in order to
produce fully biodegradable drug delivery systems.

Conclusion

In conclusion, fully carbohydrate-based nanocarriers have been prepared by a combination of
miniemulsion polymerization and surface modifications. HES nanocarriers were modified with
different carbohydrates by copper-free click reaction, which proved to exhibit comparable
stealth properties to the established PEG-modified nanocarriers. The use of bio-based and
fully biodegradable alternatives for synthetic and non-degradable PEG offers a way to
overcome accumulation of synthetic materials or immune responses against foreign polymers.
Thus, these fully carbohydrate-based nanocarriers have the potential as alternative to

synthetic drug delivery vehicles.
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Figure 6. 5. 'H NMR spectrum (300 MHz, D20) of B-glucose azide. (performed by Sarah Christmann)
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Figure 6. 6. 'H NMR spectrum (300 MHz, CDCIs) of 2-azido-1-ethylamine including diethyl ether.
(performed by Sarah Christmann)
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7. Exploiting the biomolecular corona: Pre-coating
of nanoparticles enables controlled cellular
interactions

Aim:

Protein adsorption onto the nanoparticles” surface is an inevitable process. Therefore, this
study presents an alternative approach, which aimed to exploit protein corona formation to
control cellular uptake. Immunoglobulins are proteins, which enhance unspecific cellular
uptake of nanoparticles by phagocytic (Fc receptor expressing) cells. To avoid this unspecific
cell interaction, immunoglobulins were removed from blood plasma. This protein mixture was
further used to decorate the nanoparticles” surface with an artificial protein corona coating. It
was shown that the cellular interactions towards phagocytic cells were strongly reduced if
nanoparticles were pre-coated. This highlights that protein corona formation can be exploited

to obtain targeted cell interactions.

Contribution:

| carried out the complete protein corona analysis (SDS-PAGE, LC-MS, Pierce Assay) and
conducted the cellular uptake experiments (flow cytometry, cLSM). | ]l performed the
DLS analysis. | GG 2-2'yzed the protein corona by TEM. | G
conducted the ITC measurements. The project was supervised by | EGcNNGNNGg
L]



Abstract

Formation of the biomolecular corona ultimately determines the successful application of
nanoparticles in vivo. Adsorption of biomolecules such as proteins is an inevitable process that
takes place instantaneously upon contact with physiological fluid (e.g. blood). Therefore,
strategies are needed to control this process in order to improve the properties of the
nanoparticles and to allow targeted drug delivery. Here, we show that the design of the protein
corona by a pre-formed protein corona with tailored properties enables controlled cellular
interactions. Nanoparticles were pre-coated with immunoglobulin depleted plasma to create
and design a protein corona that inhibits cellular uptake by immune cells. It was proven that a
pre-formed protein corona remains stable even after nanoparticles were re-introduced to
plasma. This opens up the great potential to exploit designed protein corona formation, which

will significantly influence the development of novel nanomaterials.

Introduction

Nanoparticle (NP) based drug delivery systems hold great promise as they offer the possibility
for targeted cell interactions?. This eventually improves the drug bioavailability?, minimizes
toxic side effects® and reduces the drug dose*. Despite the recent progress in the development

of novel nanoparticles, the majority of those systems show a low targeting efficiency in vivo®.

Rapid recognition of nanoparticles by immune cells causes their fast clearance from the blood
stream and therefore prevents interactions with targeted cells®’. This process is mainly
governed by the adsorption of blood proteins towards the nanoparticle surfaces. The
adsorption happens immediately when nanoparticles enter the blood stream and has been
termed “biomolecular or protein corona formation ®1° Specific proteins such as
immunoglobulins* and complement proteins'> are known to mediate interaction with

phagocytic cells and hereby influence the clearance process ("opsonization”)314,

To overcome this issue several approaches have been developed in order to mask the
nanoparticles from phagocytic cells'®. Coating the nanoparticle surface with hydrophilic
polymers e.g. poly(ethylene glycol) (PEG) is the common strategy to prolong the blood
circulation (“stealth effect”) and hereby enabling the nanoparticle to reach the desired target*®.
This effect has been widely described to be a result of reduced protein interactions with
PEGylated surfaces!’. However, several reports could prove that PEGylation can not
completely abolish protein adsorption'® and we were able to identify key proteins, which
mediate the stealth effect!®2°. On top of this, Hamad and colleagues?! could show that PEG

can even trigger the activation of the complement system.



Therefore, alternative strategies are needed to improve the properties of targeted
nanoparticles in vivo?. Various studies have investigated the effect of corona formation on
nanoparticle targeting®. It was found that nanoparticles can recruit specific proteins from
plasma which eventually promote interactions with targeted cells?*. Adsorption of
apolipoproteins to polysorbate 80-coated nanoparticles was shown to enhance the transport
of nanoparticles across the blood-brain barrier?. Additionally, Caracciolo et al. demonstrated
that the adsorption of vitronectin can enhance cellular interactions with cancer cells?. Further,
we already showed that due to a pre-formed protein corona nanoparticle aggregation in blood
plasma is prevented?’. This highlights the great potential to exploit corona formation.

In order to promote the field, we aimed to create a pre-formed protein corona, which enables
controlled cellular interactions. Here, it was intended to engineer nanoparticles with stealth
properties mediated only through corona proteins. Immunoglobulins (IgG) are one major class
of proteins ("opsonins”), which are known to enhance cellular uptake by macrophages via
interactions with the Fc receptor?®. Therefore, we removed IgG from human plasma via affinity
chromatography. This protein fraction ("IgG depleted plasma’) was chosen as a model protein
coating in order to create a pre-formed protein corona, which prevents interactions with
macrophages. To explore the stealth properties of the pre-formed protein, we analyzed the
cellular interactions of uncoated and pre-coated nanoparticles with a macrophage cell line
(RAW264.7). Next, the major aspect of our work focused on the question whether the pre-
adsorbed corona proteins are exchanged or covered by other proteins over time when pre-
coated nanoparticles are re-exposed to human plasma. This question needs to be addressed
in order to reveal if nanoparticle pre-coating is an effective strategy to enable controlled cellular
interactions in vivo. To answer this question, we carried out a detailed proteomic analysis (LC-
MS). Additionally, dynamic light scattering (DLS) and isothermal titration (ITC) experiments
were used to study the direct interaction of uncoated and pre-coated nanoparticles with plasma

proteins.

Combining these we were able to demonstrate that a pre-formed protein corona remains
stable, which further implies that pre-coating of hanoparticles is a feasible method to engineer

the protein corona and to obtain tailored protein corona properties for targeted cell interactions.

Material and methods

Nanoparticle Synthesis. Polystyrene nanoparticle stabilized with the non-ionic surfactant
Lutensol AT50 (BASF, Ludwigshafen) were synthesized as previously reported® %, The

fluorescent dye Bodipy®” was in-cooperated for cellular uptake studies.



Briefly, nanoparticles were synthesized via free-radical copolymerization miniemulsion
technique. For amino-functionalized nanoparticles 2-aminoethyl methacrylate hydrochloride
(AEMH, 90%, Sigma-Aldrich) was used whereas for carboxy-functionalized nanopatrticles

acrylic acid AA (99%, Aldrich) was chosen.

Dynamic Light Scattering (DLS). Multi-angle dynamic light scattering experiments were
performed with an ALV-CGS 8F SLS/DLS 5022F goniometer equipped with eight
simultaneously working correlators, eight photodiode detectors and a HeNe laser (632.8 nm,
25 mW output power). Experiments were performed at 37 °C. Nanopatrticle dispersions (1 pL,
10 mg/mL) were measured in 1 mL of filtered cell culture medium. Data was analyzed
according to the method from Rausch et al.>*34,

¢ potential. The zeta (¢) potential of the different polystyrene nanoparticle (10 uL, 10 mg/mL)
was measured in a 1 mM potassium chloride solution (1 mL) with a Zeta Sizer Nano Series
(Malvern Instrument). Nanoparticle coated with proteins were prepared as described in the

section protein corona preparation (below) before { potential measurements.

Transmission Electron Microscopy (TEM). To visualize the protein corona, nanoparticles
were diluted with 1 mL water and further placed onto a lacey grid. Samples were stained with
4% uranyl acetate according to the method from Kokkinopoulou et al.>* ®, Images were taken

with a Ultrascan 1000 (Gatan) charge-coupled device (CCD) camera.

Human blood plasma. Human plasma was obtained from the Department of Transfusion
Medicine Mainz from healthy donors in accordance with the Declaration of Helsinki and stored
at -80 °C. Before usage, human plasma was centrifuged at 20 000 g (30 min) to remove protein

aggregates.

Plasma fractionation. Immunoglobulins (IgG) were removed from human plasma according
to our previous established method?’. A modified HPLC system was operated with a
ToyoScreen AF-rProtein A HC-650F column (Tosoh Bioscoience) using 0.01 M Tris*HCI as
running buffer. Human plasma was diluted 1:3 with running buffer, filtered and applied to the

HPLC system. Bound IgG was recovered from the column using 0.2 M citric acid.

Pre-coating with 1gG depleted plasma. Nanoparticles were incubated with 1gG depleted
plasma in a defined ratio between surface area and protein concentration. 0.05 m?
nanoparticles were incubated with 5 mg of IgG depleted plasma for 1 h, 37 °C to allow corona

formation. Further unbound proteins were removed via centrifugation.

Protein corona preparation. Nanoparticles (0.05 m?) were incubated with human plasma
(1 mL) for 1 h, 37 °C under constant agitation (300 rpm)*°. To isolate the hard corona,

nanoparticles were centrifuged (20 000 g, 1 h, 4 °C) and redispered in 1 mL of PBS. This



procedure was repeated 3 times as we have shown before that there are no unbound proteins
in the supernatant?®. The nanoparticle protein pellet was resuspended with 2% SDS + 62.5
mM Tris*HCL, incubated at 95 °C for 5 min and centrifuged again (20 000 g, 1 h, 4 °C). The
supernatant contained desorbed corona proteins, which were further analyzed by SDS-PAGE,
Pierce Assay and LC-MS.

SDS-PAGE. Hard corona proteins were separated using 10% Bis-Tris-Protein Gels and
NuPAGE MES and SDS Running Buffer. Proteins (8 pug in 26 pL) were mixed with NuPage
Reducing Agent (4 pL) and NuPage LDS Samples Buffer (10 uL). The gel was run for 1.5 h at
100 V with SeeBlue Plus2 Pre-Stained (Invitrogen) as molecular marker. Gels were stained
with SimplyBlue SafeStain (Novex, Thermo Fisher Scientific) overnight and destained with

water.

Protein quantification. The protein concentration was determined via Pierce 660 nm protein
Assay (Thermo Scientific) according to manufacturer's instructions. Bovine serum albumin was
used at standard and the absorption was measured at 660 nm with a Tecan infinite M1000

plate reader.

LC-MS analysis. Protein samples were prepared for proteomic analysis as described*® 27 40,
Briefly, proteins were precipitated using ProteoExtract protein precipitation kit (CalBioChem)
according to the manufacturer’s instructions. The resulting protein pellet was resuspended with
RapiGest SF (Waters) in ammonium bicarbonate (50 mM). Samples were reduced
(dithiothreitol, Sigma 5 mM, 45 min, 56 °C) and alkylated (idoacetoamide, Sigmal5 mM, 1 h,
dark). A protein:trypsin ratio of 50:1 was chosen for tryptic digestion (18 h, 37 °C). The reaction
was quenched with 2 uL hydrochloric acid (Sigma).

Samples were spiked with 50 fmol/pL Hi3 Ecoli (Waters) for absolute protein quantification and
diluted with 0.1% formic acid. Tryptic peptides were applied towards a nanoACQUITY UPLC
system which was coupled with a Synapt G2- Si mass spectrometer. Electrospray ionization
(ESI) was conducted in positive ion mode with a NanoLockSpray source. Measurements were
performed in resolution mode and data-independent acquisition (MSE) experiments were

carried. Data was analyzed with MassLynx 4.1

For protein identification Progenesis Gl (2.0) was used. Identified peptides were search against
a reviewed human database downloaded from Uniprot. The analysis was carried out using the
following criteria: one missed cleavage, max. protein mass 600 kDa, fixed modifications for
cysteine and carbamidomethyl, variable oxidation for methionine and a false discovery rate of
4%. For peptide identification, three fragments need to be identified whereas protein
identification requires five fragments and two peptides. The TOP3/Hi3* quantification

approach was chosen to determine the amount of fmol for each protein.



Cell culture. RAW 264.7 cells were culture in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10 % FBS, 100 U/mL penicillin, 100 mg/mL streptomycin and 2 mM

glutamine (all from Invitrogen).

Flow cytometry and confocal laser scanning microscopy. RAW 264.7 cells
(150.000 cells/well) were seeded out in 24 well plates (1 mL) for flow cytometry analysis. For
confocal images, cells were seeded out in p-Dish 35 mm (ibidi) at a density of
(100.000 cells/mL, 800 puL). After overnight incubation at 37 °C, cells were washed and cell

culture medium without (-) or with human plasma (+) was added.

For nanoparticle uptake analysis, uncoated or pre-coated nanoparticles were applied to cells
in medium without (-) or with plasma proteins (+) at a concentration of 75 pg/mL for 2 h.
Afterwards, cells were washed with PBS and detached with 2.5 % trypsin from cell culture
wells. Flow cytometry measurments were performed with a CyFlow ML cytometer (Partec,
Germany). The fluorescent dye Bodipy was excited with a 488 nm laser. Data was analyzed
with FCS Express V4 software (DeNovo Software, USA). Values are expressed as median

fluorescence intensity (MFI) as mean of at least three independent experiments.

Confocal laser scanning microscopy (cLSM) images were taken o LSM SP5 STED Leica Laser
Scanning Confocal Microscope (Leica, Germany). Nanoparticles were excited with an argon
laser (488 nm) and are pseudocolored in green. The cell membrane was stained with
CellMaskOrange (2.5 pg/mL, Invitrogen). The dye was excited with a laser DPSS 561 nm laser

and the membrane was pseudocolored in red.

Results and Discussion

As a model system, polystyrene nanoparticles (PS-NPs) stabilized with the PEG-based
surfactant Lutensol AT50 were used in this study. Additionally, human plasma was depleted
of immunoglobulins (IgG) as previously described?’. 1IgG depleted plasma was isolated from
human plasma via affinity chromatography using a Protein A column. The protein composition
was determined by LC-MS and we were able to reduce the total amount of IgG from 28% down
to 4%. Then, carboxy- and amino functionalized PS-NPs were incubated with IgG depleted
plasma and characterized before and after incubation regarding size and - potential (Table
7.1).



Table 7. 1. Physico-chemical properties of carboxy- and amino-functionalized polystyrene
nanoparticles. NPs were pre-coated with IgG depleted plasma. The size refers to the newly formed NP-

protein complex and was determined by multi-angle dynamic light scattering (DLS) and the Z-Potential

measured with a Malvern Zeta-sizer before and after protein coating. || KGc_IEIGIzIGNGNGNGEGE

PS-COOH PS-NH:
Protein Coating uncoated coated uncoated coated
Diameter 130 +13 nm | 16416 nm | 150 =15 nm 162 + 16 nm
¢ — Potential -27 £ 8 mV -17+£9mV +4+1mV -29 + 6 mV

Dynamic light scattering experiments (DLS) indicate a minor size increase (~20 nm) after
protein coating, which is attributed to protein corona formation?” 2°. Additional transmission
electron microscopy images (TEM) confirmed the protein layer surrounding the nanoparticles
as found in previous reports® (Figure 7.1). To characterize the biological identity of
nanoparticles after protein coating, the exact protein corona composition was identified by LC-
MS (Figure 7.1).

Therefore, nanoparticles were incubated with IgG depleted plasma to allow corona formation,
and afterwards centrifuged and washed (see material/methods supplementary 7)°. As shown
before, the surface functionalization of the nanoparticles strongly influences the protein
adsorption pattern®*3l, Coated carboxy-functionalized nanoparticles (PS-COOH) were
surrounded by a protein layer, which was strongly enriched by fibrinogen (~74%). In contrast,
hemopexin (~38%) and clusterin (~20%) were the major hard corona proteins for coated

amino-functionalized nanoparticles (PS-NHy).

IgG depleted plasma was chosen as protein coating as it was intended to reduce the interaction
of pre-coated nanoparticle with phagocytic cells in order to obtain stealth properties (Figure
7.2). Therefore, cellular uptake towards macrophages (RAW264.7) of uncoated and pre-
coated nanoparticles was analyzed via flow cytometry and confocal laser scanning microscopy
(Figure 7.2).
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Figure 7. 1. Biological identity of PS-COOH and PS-NHz NPs. A) Representative TEM images of PS-
NPs (PS-COOH and PS-NHz) before (uncoated) and after (coated) pre-incubation with IgG depleted
plasma. Red arrows highlight the lose protein corona network surrounding nanopatrticles. Scale bar: 100
nm. LC-MS analysis of the protein composition after incubation with 1IgG depleted plasma. TOP 5 most

abundant corona proteins are shown (B = PS-COOH and C = PS-NH.). | GGG
| Kokkinopoulou)

To present the principal mechanism, we first summarized a detailed analysis for PS-COOH
nanoparticles (Figure 7.2 and 7.3). In the following section, we additionally focused on the
investigations for PS-NH: nanoparticles (Figure 7.4).

Carboxy-functionalized nanoparticles were coated with 1gG depleted plasma and applied to
cell culture medium without additional proteins (marked as -plasma) or supplemented with
plasma proteins (marked +plasma). This allowed to study the influence of the pre-coating on

the cellular uptake of nanoparticles and to investigate if the preformed protein corona (coating



with 1gG depleted plasma) is exchanged or remains stable after re-incubation with whole

plasma (Figure 7.2).

A Pre-coating Corona formation Interaction with cells
., + plasma proteins
o w
e ! oV F 4 ‘x
Q@ @ W W — - £, — %
0 kgﬂ’{:’ =
. . Macrophages
Protein mixture (RAW 264.7)

(IgG depleted plasma)

(@)

uncoated coated

600+

H
S
- Plasma

nMFI [a.u.]
N
8

+ Plasma

Figure 7. 2. A) Schematic overview: Exploiting protein corona formation. NPs are pre-coated with IgG
depleted plasma to create an artificial protein corona, which prevents interactions with phagocytic cells.
Macrophages (RAW?264.7) were incubated with coated or pre-coated PS-COOH NPs (75 pg/mL) for 2 h
at 37 °C. Cell uptake was analyzed by flow cytometry (B) and confocal laser scanning microscopy (C).

Cells were kept in cell culture medium with (+) or without plasma proteins (-). Scale bar: 5 um.

Flow cytometry analysis (Figure 7.2) and confocal laser scanning microscopy images clearly
indicated the rapid uptake of uncoated PS-COOH nanoparticles in all cases (with or without
plasma). Hence, cellular interactions of PS-COOH NPs pre-coated with IgG depleted plasma
were strongly decreased (Figure 7.2). Most importantly, even if pre-coated NPs were re-
introduced to plasma, cellular uptake was still reduced. This highlights that the obtained stealth
properties due to the pre-formed protein corona were preserved meaning that pre-coating

allowed us to control cellular uptake.
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Based on this, we now wanted to focus on the interaction between plasma proteins and
uncoated or pre-coated nanoparticles once they were introduced to whole plasma. Here, it was
questioned how pre-coating influences protein corona formation (Figure 7.3). The hard protein
corona of uncoated as well as pre-coated nanoparticles formed after incubation in full plasma
was isolated via repetitive centrifugation and analyzed by Pierce Assay, SDS PAGE and LC-



MS (Figure 7.3). We found that uncoated PS-COQOH, which were incubated with full plasma,
were surrounded by a protein corona, which was strongly enriched with vitronectin (~33%). In
contrast to this, we did not identify vitronection as being highly abundant in the corona formed
with 1gG depleted plasma. Here, the hard corona of pre-coated nanoparticles was enriched

with fibrinogen (Figure 7.3).

Next, we saw that there was no significant change in the protein adsorption pattern if pre-
coated PS-COOH nanoparticles were re-introduced into whole plasma (Figure 7.3). This
underlines the stability of the pre-formed protein corona (Figure 7.3). Hence, we noted minor
differences in the corona composition. Re-adsorption of other plasma proteins (e.g. vitronectin)
had occurred. Nevertheless, this did not affect cellular uptake decisively (Figure 7.2).

To further investigate the properties of the pre-formed corona, isothermal titration calorimetry
experiments (ITC) were carried out (Figure 7.3 and raw data heat rates see supplementary 7).
Plasma was titrated to uncoated and coated PS-COOH NPs. With ITC it is possible to study
the binding or adsorption behavior of proteins towards nanoparticles in situ® *. We observed
a strong binding of plasma proteins towards uncoated PS-COOH NPs (black circles). This
interaction was diminished when NPs were pre-coated (red circles), which further highlights
the stealth properties of the pre-formed protein corona. This is in accordance with the cellular

uptake that was shown to be strongly reduced if nanoparticles were pre-coated (Figure 7.2).

As described in previous work, interactions of NPs with plasma proteins can cause aggregation
of NPs hereby highly affecting their in vivo biodistribution33. With multi angle dynamic light
scattering (DLS) it is possible to monitor the size of nanoparticles incubated with plasma?: 34,
This method allows studying direct interactions of proteins and nanopatrticles without applying
any washing step. When uncoated PS-COOH nanopatrticles were applied to plasma, an overall
size increase of ~ 100 nm was measured indicating aggregation formation (Figure 7.3). In
strong contrast to this, we did not observe any size increase for pre-coated PS-COOH
nanoparticles after plasma incubation. This underlines that the pre-formed protein corona

remains stable after re-exposure to plasma.

Overall, we were able to present here a set of different analytical methods that can be generally
applied to investigate if a defined pre-coating can enable targeted cell interaction. For the here
chosen model system using IgG depleted plasma we were able to prove that pre-coating offers

the possibility to tailor the biological properties of the nanoparticles.
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N

(RAW 264.7) analyzed by flow cytometry and confocal laser scanning microscopy. Cells were kept in
cell culture medium with (+) or without (-) plasma proteins. C) LC-MS analysis of the corona composition
after plasma incubation (1), pre-coating (2) or if pre-coated NPs were re-introduced to plasma (3). D)
Flow cytometry analysis of uncoated or clusterin coated PS-NH2 NPs in the presence (+) or absence of

human plasma (-).

As highlighted above (Figure 7.1) and intensively studied in literature the nanoparticle charge
can significantly influence protein corona formation®® and cellular uptake behavior®®. Therefore,
we additionally explored the influence of pre-coating with 1IgG depleted plasma for amino-
functionalized nanoparticles (PS-NHy) (Figure 7.4). First, cellular internalization of uncoated
and pre-coated PS-NH; towards macrophages was studied followed by a detailed proteomic

investigation of the hard protein corona.

For PS-NH; nanoparticles we found that only in the absence of proteins (-plasma)

nanoparticles are highly internalized (Figure 7.4). If plasma proteins were present (+plasma),



cellular uptake was strongly reduced. Coated PS-NH. nanoparticles (with 1gG depleted
plasma) displayed a significantly lower internalization rate compared to uncoated PS-NH- in

both cases (+with or -without plasma).

Analyzing the protein corona of uncoated PS-NH- indicates a strong enrichment of clusterin
(~60%). Lower amounts of clusterin (~20%) were observed for nanoparticles incubated with
IgG depleted plasma (Figure 7.4). Clusterin has been identified as major corona protein of
PEGylated nanoparticles’® and it was found that clusterin prevents interactions with
macrophages!®. The here presented PS nanoparticles are stabilized with the non-ionic
surfactant Lutensol AT50, which has a PEG analog structure and therefore the interaction with

clusterin is favored.

We were able to confirm that via pre-coating with clusterin cellular uptake of the here
investigated PS-NH: is strongly decreased (Figure 7.4). However, it has to be noted that the
uptake levels of PS-NH; after plasma incubation were even lower meaning that also other
corona proteins, their orientation or even other biomolecules (e.g. sugar, lipids) may contribute
to this effect. Overall, this demonstrates that PS-NHz nanoparticles are surrounded by a protein
corona with natural stealth properties as due to plasma coating interactions with phagocytic

cells are prevented.

Conclusion

Here, we demonstrate that pre-coating of nanopatrticles allows the defined design of the protein
corona and offers the possibility to regulate cellular interaction. IgG depleted plasma was
chosen as a coating system as it was intended to reduce the interaction of pre-coated
nanoparticles with phagocytic cells. Overall, we were able to show that due to the pre-formed
protein corona interactions with macrophages are inhibited. On top of that, it was confirmed
that the obtained stealth properties are preserved even if pre-coated protein-corona
engineered nanoparticles are re-introduced to plasma. This proves that directing corona

formation is a feasible strategy to control cellular interactions.
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Figure 7. 6. Multi-angle dynamic light scattering (DLS) analysis. Angular dependency of the
hydrodynamic radius Rn for uncoated (A, C) and pre-coated (B, D) nanopatrticles. PS-COOH are shown

q°/10E10cm?

in (A, B) and PS-NH in (C, D). NN

Marker Plasma plasma 3

1 | Human Plasma
xoa 2 [ Coated with IgG
198 — depleted plasma

Human IgG depleted

q’/10E10cm™

3 |Coated and exposed to
human plasma

Figure 7. 7. SDS PAGE analysis of the hard corona pattern of PS-COOH nanopatrticles. Human plasma
and IgG depleted plasma serve as a reference. PS-COOH nanoparticles were incubated with human

plasma (1), coated with IgG depleted plasma (2) or pre-coated and re-exposed to human plasma (3).
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Figure 7. 8. SDS PAGE analysis of the hard corona pattern of PS-NHz nanoparticles. Nanoparticles
were incubated with human plasma (1), coated with IgG depleted plasma (2) or pre-coated and re-

exposed to human plasma (3). The hard corona was isolated as described in the material/methods part

below.

Table 7. 2. Protein quantification via Pierce Assay of the hard protein corona. Values are given in mg

per m2 NP surface area * s.d. of three independent experiments.

in mg/m? | Human Plasma IgG depleted Coated and exposed to
plasma human plasma
PS-COOH 1.30+0.13 3.10+0.22 4.20 £ 0.47

PS-NH2 0.96 + 0.03 0.51+0.08 1.06 £ 0.04
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Chapter C

Targeting strategies: Controlled cellular interactions in the
presence of the protein corona

In chapter C there are two different publications (8-9) summarized. In both studies it was aimed
to develop targeting strategies in order to allow a specific cell recognition of nanopatrticles even
in the presence of the protein corona. In the following, first an introduction about current
methods and challenges regaring targeting and protein corona formation will be summarized.

Afterwards, the two publications are presented separately.

ey
T

I P - 2dsorption of antibodies enables targeting of nanocarriers

despite a biomolecular corona. Nature Nanotechnology, 2018 (*shared first, accepted by

reviewers, editorial requests await approval)

e |
Il Vannose functionalized poly(phosphoester)-based surfactants enable targeted cellular

interactions. (*shared first)



Introduction

The therapeutic efficiency of intravenously applied pharmaceutical products (e.g.
chemotherapeutic agents) is often limited by the low amount, which is actually reaching the
desired organt!’. On top of that, the unspecific biodistribution of the drug causes severe side

effects!®.

Therefore, nanopatrticles designed as drug delivery vehicles promise targeted cell interactions
in order to release the drug at the region of interest, hereby increasing the local drug dose and
reducing toxic side effects!'®. To achieve this goal, several strategies are proposed to guide
the nanoparticle to the desired place!?°. With this, it is aimed to control the drug biodistribution

and further improve its therapeutic efficiency.

Even up to now, there is a limited number of reports, which proved the successful application
of targeted drug loaded nanopatrticles in vivo. This demonstrates that targeted drug delivery
via nanoparticles remains a challenging task and nanoparticles applied under in vivo conditions

have to break down several barriers?s.

In the following, different concepts will be discussed, which are commonly applied to achieve
targeted cell interactions. Further, an overview of different targeting ligands, which are used
for nanoparticle modifications, will be summarized. Lastly, the effect of protein corona

formation on the targeting properties of nanoparticles will be discussed.

C.1 Active/passive targeting

Targeted drug delivery via nanoparticles is commonly divided into two parts based on the
mechanism of action (Figure C.1)2*122_|n the 1980s, Maeda et al. saw that macromolecules
specifically accumulate in the tumor tissue'?®. This process was referred to as the “enhanced
permeability and retention effect’” (EPR effect). A solid tumor has a unique vascular
architecture meaning that there is an increased production of blood vessels due to tumor
formation (referred to as hypervascularization). If tumor growth is abnormal, the blood vessels
partially rupture, which further allows macromolecules to enter the tumor tissue. In addition,
the tumor tissue is lacking an effective lymphatic drainage!?*. Therefore, macromolecules are
retained in the tumor tissues, as the lymphatic system is not able to transport them out of the
tissue. As no active transport mechanism is involved, it is a passive targeting strategy. Based
on this effect, researchers aim to synthesize long circulating nanoparticle formulation in order
to take advantage of the EPR effect!?l. However, the EPR effect is widely under debate. Due
to the high diversity of tumor types and their heterogeneous growth, it is controversially

discussed whether it has a clinical relevance!?.
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Figure C. 1. Schematic overview of different targeting strategies. Nanoparticles can reach the targeting
cells via passive or active mechanism. Passive targeting is based on the EPR effect as long circulating
nanoparticles specifically accumulate in the tumor tissue. Active targeting involves receptor mediated
cellular uptake of nanoparticles via targeting ligands. Figure adaptated and modified from “Designing
nanomedicine for immuno-oncology’. Copyright @ 2017 Springer Nature. Reprinted with Nature

Biomedical Engineering. Ref. Nature Biomedical Engineering 2017, 1.

In contrast to this, active targeting is based on the direct interaction of nanoparticles with
specific cell receptors'?. Nanoparticles are functionalized with targeting ligands, which enable
receptor-mediated cellular uptake'?’. These strategies aim to direct the nanoparticle to the
exact site of interest. Paul Ehrlich, a German Nobel laureate, postulated the term "magic bullet’
in the 1900s'%. He envisioned that a therapeutic agent should specifically remove microbes
without affecting the whole body. Since then researchers are inspired to create a "magic bullet’,
which especially fights against incurable human diseases and does not affect the other tissues
and cell types.

C.2 Targeting ligands

In 2015 Cheng et al. reported a “holistic approach” for the design of targeted nanoparticles

(Figure C.2)'%°. They described that for successful targeted drug delivery different aspects



needs to be considered. First, the application route (systemic, mucosal, dermal or CNS
infusion) determines the selection of the nanopatrticles” properties. Depending on the biological

milieu (skin, brain or blood), the targeting properties can be affected differently.

Figure C. 2. Achieving successful targeting via nanoparticles. Overview of key factors which need to be
controlled in order to allow targeted cell interactions and an efficient drug delivery. Figure adaptated
from “A holistic approach to targeting disease with polymeric nanoparticles”. Copyright @ 2015 Springer
Nature. Reprinted with permission from Nature Reviews Drug Discovery. Ref. Nature Reviews Drug
Discovery 2015, 14(4), 239-247.

The choice of the targeting ligand depends on the desired cell interaction. Monoclonal
antibodies are clinically used as therapeutics to treat specific cancer types (e.g. acute
myelogenous leukemia)®*°. As a targeting ligand, most studies either use the whole antibodies
or engineered antibody fragments. Antibodies consists of an antigen-binding region (Fab) and
an additional Fc region. Phagocytic cells can recognize the Fc part of the antibodies via Fc
receptors®®L. This interaction is unwanted for targeted cell interaction and hereby could reduce
blood circulation. Therefore, antibody fragments without the Fc part (e.g. single chain or Fab

fragments) are designed for the functionalization of targeted nanoparticles.

Next to this, other proteins (e.g. transferrin) are commonly applied to target nanoparticles
towards the transferrin receptor, which is highly expressed on tumor cells!*2. Phage display
libraries offer the possibility to identify specific peptides, which could be used as targeting

ligands for specific cell receptors!®.



Additionally, several studies showed that carbohydrate (e.g. mannose) functionalization of
nanoparticle enables recognition via DC-SIGN receptors expressed on dendritic cells3+135,
Other small molecules such as folic acid were also conjugated to nanoparticles to specifically

target cancer cells, which overexpress the folate receptor=,

In general, it has to be noted that the covalent functionalization of nanoparticles is a challenging
task. If proteins (e.g. antibodies) are coupled to the nanoparticle surface, synthetic strategies
are needed, which do not disturb the protein structure and binding properties. Moreover, the
functionalization of nanoparticles with targeting ligands can alter the physico-chemical
properties of the nanoparticle (e.g. aggregation formation) and therefore need to be carefully
controlled.

Lastly, an additional key requirement, which targeted nanoparticles needs to fulfil, is the ability
to control drug release®. On one side, targeted drug delivery vehicles need to protect the drug
during the administration journey until they reache the targeted cells. On the other side, once
the nanoparticle has crossed the cellular barrier, the encapsulated drug should be efficiently

released in order to achieve a targeted drug response.

C.3 Coronainfluence

As blood proteins directly interact with the nanoparticles” surface, the targeting properties can
be significantly affected due to biomolecular corona formation. In 2013 Salvati et al. reported
that it is not possible to achieve targeted cell interaction after protein corona formation (Figure
C.3)¥. It was shown that transferrin-functionalized nanoparticles are rapidly covered by
plasma proteins, which further completely mask the targeting ligand. Therefore, the interaction
between the targeting receptor and transferrin-functionalized nanoparticles were prevented.
Since then various other groups showed that due to corona formation, the targeting properties

were completely lost or strongly reduced*3#139,
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Figure C. 3. Protein corona formation prevents targeted cell interactions. Transferrin functionalized
nanoparticles lose their targeting efficiency once blood proteins adsorb to the surface. Due to corona
proteins, there is no interaction of the targeting ligand with the cell receptor. Figure adaptated and
modified from “Transferrin-functionalized nanoparticles lose their targeting capabilities when a
biomolecule corona adsorbs on the surface”. Copyright @ 2013 Springer Nature. Reprinted with

permission from Nature Nanotechnology. Ref. Nature Nanotechnology 2013, 8, 137-143.

Based on this, further studies aimed to improve the nanoparticles” properties to achieve
targeted cell interactions in the presence of the protein corona. Additionally, the process of
biomolecular corona formation around targeted nanoparticles was intensively studied. Kang et
al. developed PEGylated HES nanocapsules, which were additionally modified with mannose
as a targeting ligand for dendritic cells®**. They successfully proved targeted cell interaction

after protein corona formation. It is suggested that the PEG layer below the targeting ligand as



well as the nanocapsule material itself (HES) effectively reduced protein adsorption and

therefore corona proteins did not entirely cover up the targeting ligand.

Dai et al. investigated the targeting properties of affibody-functionalized nanopatrticles (affibody
= antibody-mimetic ligand) after incubation with albumin or human serum“°. Depending on the
corona type (albumin vs. human serum) the targeting properties were either enhanced or
reduced. This study underlines that the distinct corona composition influences the targeting
properties.

C.4 Targeting via corona proteins

Inspired by the pioneer work from Kreuter et al. the concept of exploiting corona formation for
targeted cell interaction has gained increasing interest. Already in 2002, he showed that
polysorbate-80 coated poly(butyl cyanoacrylate) nanoparticles, which were pre-incubated with
apolipoprotein E were able to cross the blood-brain barrier (Figure C.4)'!. It was suggested
that nanoparticles coated with ApoE mimic lipoproteins and are therefore taken up via receptor-

mediated endocytosis4?.

Similar observations were reported from Caracciolo and colleagues#. It was demonstrated
that lipid particles interact with plasma proteins and selectively adsorb vitronectin. The
vitronectin-enriched protein corona mediated cellular uptake towards cancer cells, which

express vitronectin avp3 integrin receptors.

In general, targeting via corona proteins requires an optimized nanoparticles system, which
selective recruits specific proteins. Further, it needs to be controlled that the recruited plasma

proteins remain functional on the nanoparticle surface for targeted cell interactions.

For example, Mirshafiee et al. demonstrated that even if nanoparticles were pre-coated with
immunoglobulins cellular uptake into Fc receptor expressing cells was not enhanced*4. This
highlights that the orientation and accessibility of the recruited plasma proteins is essential for

successful targeting via corona proteins.
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Figure C. 4. ApoE enables the transport of poly(butyl cyanoacrylate) nanoparticles across the blood-
brain barrier. Protein corona formation mediates targeted cell interactions. Figure adaptated from
"Albumin nanoparticles targeted with Apo E enter the CNS by transcytosis and are delivered to
neurones’. Copyright @ 2009 Elsevier. Reprinted with permission from Journal of Controlled Release.
Ref. Journal of Controlled Release 2009, 137(1), 78-86.



8. Pre-adsorption of antibodies enables targeting

of nanocarriers despite a biomolecular corona

Aim:

The overall goal of nanopatrticles applied as drug delivery vehicle, is the targeted transport of
therapeutics to the desired body region. Therefore, the surface of nanocarriers is commonly
functionalized with targeting ligands to guide the nanoparticles way. In this study, different
strategies were investigated, which used antibodies for the surface functionalization of
nanoparticles. It was demonstrated that the nanoparticles” surface can be functionalized via
simple adsorption of antibodies depending on the pH of the buffer systems. On top of that, it
was proven that nanoparticles functionalized with adsorbed antibodies were able to reach the

targeted cells even in the presence of the protein corona.

Contribution:

| carried out the antibody functionalization of the nanoparticles and protein corona analysis.

Cellular uptake experiments were conducted by me and || GTGN TN
synthesized the nanoparticles. || IGcTcTNGEGEGEGEEEEEEEEEEEEEEEE
conducted the transmission electron microscopy analysis. | |} I contributed to the
figure illustration and protein structure analysis. ||  |Gz@z; anc GGG ocrformed
the confocal electron microscopy experiments. | GG -~

contributed with additional biological assays. The project was supervised by [ EGcNEIN



Abstract

To promote drug delivery to exact sites and cell types, the surface of nanocarriers are
functionalized with targeting antibodies or ligands, typically coupled by covalent chemistry.
Once the nanocarrier is exposed to biological fluid like plasma however, its surface is inevitably
covered with various biomolecules forming the protein corona, which masks the targeting
ability of the nanopatrticle. In this study, we show that we can use a pre-adsorption process to
intentionally convey targeting antibodies to the surface of the nanocarrier. Pre-adsorbed
antibodies remain functional and are not completely exchanged or covered up by the
biomolecular corona, whereas coupled antibodies are more affected by this shielding. We
conclude that pre-adsorption is potentially a versatile, efficient and rapid method of attaching

targeting moieties to the surface of nanocarriers.

Introduction

In this study, we demonstrate that the pre-adsorption of antibodies is an easier, more flexible
and highly effective process in targeting nanocarriers towards the cell compared to the widely

performed process of chemical coupling.

Nanotechnology in medicine and biology focuses on nanocarriers that deliver drugs to a
specific site, organ, or cell type!2. Targeting is achieved by the coupling of antibodies, ligands
or other targeting moieties like sugars, to the surface of the nanocarrier®. Different coupling
chemistries have been applied to bind proteins on the surface of nanocarriers in a covalent
way*®. The process of chemical coupling is, however, tedious and the antibodies sometimes

lose their ability to bind to the antigen’.

Salvati et al. have shown that the adsorption of proteins — termed protein corona® - can
completely cover the chemically coupled targeting moiety®. Even surface modifications
achieved by applying poly(ethylene glycol) cannot completely suppress protein adsorption. In
fact, attracting specific proteins is the key factor in making nanocarriers unrecognizable to cells

of the innate immune system, consequently hindering uptake.

Here, we use the pre-adsorption of antibodies or ligand as specific proteins to enable targeting.
Adsorption of proteins, particularly antibodies, to a macroscopic, flat plastic surface is the
standard procedure when coating plates for capturing an antigen out of solution. An example
is the enzyme-linked sorbent assay (ELISA)!. To date, it was not clear if such an adsorbed
antibody on a nanocarrier’s surface could still be functional. Furthermore, during incubation in

plasma or serum the targeting antibodies compete with the complex mixtures of serum or



plasma proteins forming the protein corona. These could cover up or replace the targeting

antibody. Given this, the nanocarrier would no longer be targeting the correct cell type??.

It has already been demonstrated that the targeting of chemically coupled nanocarriers can be
achieved in media containing proteins®!* and even unspecific interactions can be
suppressed®®. However, many other studies observed that chemically coupled targeting
moieties lose their binding after protein corona formation® 167, Additionally, the protein corona
can even guide intracellular uptake®2°. If pre-adsorption could enable stable and robust
coverage, it would have a significant impact on the ease and versatility of using antibodies as
targeting moieties.

In order to evaluate this approach, we chose an antibody that binds to an antigen of our target
cell, the monocyte derived dendritic cell (moDC), a primary human cell type. It is a key player
in responses of the immune system, as targeting specific receptors decisively alters the

immunological outcome?!.

In previous studies, we identified a range of interesting surface expressed proteins of moDCs
by proteomics??. Among all identified proteins, we chose CD63 as cellular target. CD63 is a

member of the tetraspanin family and is found inside cells as well as on the cell surface?.

Additionally, we demonstrate that the strategy of targeting by pre-adsorption can be expanded
to several surface modified polymer nanoparticles and even to biodegradable nanocarriers
made from hydroxyethyl starch (HES). Furthermore, antibodies against the CD3 antigen of T
cells can be adsorbed and exert targeting properties. We could show that even a small
bioactive protein like interleukin-2 (IL-2) adsorbs to HES nanocapsules and preserves its
biological function. Taking this together, it appears that pre-adsorption is an interesting and

easily established method for evaluating targeting antibodies and protein ligands.

Material and methods

Synthesis of oleate-capped iron oxide nanoparticles. The preparation of hydrophobic
oleate-stabilized iron oxide nanoparticles was performed according to a previous report*,
Briefly, 60 mmol of FeCl>-4H,0 and 90 mmol of FeCls-6H,O were mixed in 100 mL of deionized
water and mechanically stirred. 40 mL of concentrated ammonium hydroxide solution were
added drop-wise over 5 min at room temperature. Afterwards, 5.0 g of oleic acid were added
and the mixture was heated to 70 °C with constant stirring. After 1 h, the temperature was
raised to 110 °C and the reaction continued for 2 h, keeping the volume constant by adding
water sporadically. The resulting black precipitate was washed several times with water and

dried overnight under vacuum at 40 °C.



Synthesis of magnetic polystyrene nanoparticles functionalized with carboxylic acid
groups. Established practices reported in literature were followed with minor modifications*®
to obtain magneto-responsive polystyrene nanoparticles labelled with a fluorescent dye and

functionalized with carboxylic acid groups.
Immobilization of antibodies on magnetic polystyrene nanoparticles

Chemical Attachment. The covalent attachment of antibodies to the surface of the magnetic
nanoparticles was carried out by EDC coupling, a two-step process that involves the activation
of a carboxyl group and subsequent conjugation with a primary amine.

Activation. The magnetic particles were diluted to a concentration of 5 mg/mL in MES buffer
(50 mM, pH 6.1 adjusted with NaOH 0.1 M). 17.26 mg (0.15 mmol) of NHS and 5.75 mg
(0.03 mmol) of EDC-HCI were added to 1 mL of this dispersion, and the mixture was shaken
for 1 h at room temperature. The reaction mixture was later washed three times with MES
buffer by magnetic purification to remove the unreacted material and diluted to a final volume
of 1 mL.

Conjugation. 100 uL of the dispersion of NHS-activated particles were diluted with 4 mL of
MES buffer. 100 uL of anti-CD63 (1.0 mg/mL) (Biolegend) or 40 pL of mouse IgG (2.5 mg/mL,
Invitrogen) were dissolved in 4 mL of MES buffer and the nanoparticle dispersion was added
drop-wise to the antibody solution. Finally, the combined reaction mixture was shaken for 4 h
at room temperature and washed five times with water by magnetic purification. The final

volume of the dispersion was adjusted to 2 mL.

Physical Adsorption. For the physical immobilization of the antibodies on the nanoparticles’
surface, 100 pL of the particle dispersion before activation (5 mg/mL in MES, 50 mM, pH 6.1)
were diluted with 4 mL of MES buffer. This diluted dispersion was then poured drop-wise onto
a solution of an antibody, namely 100 pL of anti-CD63 (1.0 mg/mL) or 40 pL of mouse IgG
(2.5 mg/mL) dissolved in 4 mL MES buffer. The mixture was incubated at room temperature

for 4 h, washed twice by magnetic purification, and diluted to a final volume of 2 mL with water.

Composition of the buffers used for nanoparticle modification at different pH. pH 2.7:
125 mM Glycine-HCI; pH 5.5: 50 mM MES; pH 6.1: 50 mM MES; pH 7.5: 50 mM HEPES;
pH 9.5: 50 mM NaHCOs; pH 11.0: 50 mM NaHCOs; and 100 mM NaOH. All buffers were
adjusted with 1 N HCl or 1 N NaOH, respectively.

Nanoparticle characterization. Average hydrodynamic diameters of the particles were
determined by dynamic light scattering (DLS) at 20 °C at a fixed angle of 90° with a PSS
Nicomp patrticle sizer (380 Nicomp Patrticle Sizing Systems, USA). -potential measurements

were performed on a Malvern Instruments Zeta Nanosizer (Nicomp Particle Sizing Systems,



USA), diluting the samples in aqueous 1.0 mM KCI solution. For the experiments at different
pH values, HCI 0.1 M or NaOH 0.1 M were used to adjust the pH. Transmission electron
microscopy (TEM) was carried out on a Jeol 1400 (Jeol, Japan) operating at 120 kV. The
particle dispersions were diluted with demineralized water, drop-casted on 300-mesh carbon-
coated copper grids, and dried at room temperature for sample preparation.
Thermogravimetric analysis (TGA) measurements were performed on a Mettler-Toledo 851
(Mettler-Toledo, USA) thermobalance with temperatures ranging from 35 °C to 1000 °C at a
heating rate of 10 °C/min under nitrogen flow (30 mL/min). The solid content of the dispersions
was determined gravimetrically after freeze-drying of the dispersions. Gel permeation
chromatography (GPC) was used to determine the molecular weights distributions with a PSS
SECcurity (Agilent Technologies 1260 Infinity (Agilent Technologies, USA). The freeze-dried
samples were dissolved in THF and eluted at a flow rate of 1.0 mL/min at 30 °C. Polystyrene
standards were used for calibration.

Detection of antibodies on nanoparticle surfaces at different human serum (HS)
concentrations by flow cytometry. Nanoparticles (0.4 pug) were incubated with HS (10% or
100%) for 2 h at 37 °C to allow protein adsorption in a final volume of 19 yL. To detect mouse
IgG1 or complete mouse IgG on the nanoparticle surface, the IgG1 antibody solution was
incubated with 1 pL Zenon Alexa Fluor 647 mouse IgG1 labelling reagent (Invitrogen) for 5 min
at room temperature. In contrast, complete mouse IgG was detected by staining with Alexa
Fluor 633 anti-mouse (Life Technologies GmbH) for 30 min. In analogy, to detect the functional
F(ab) region of the antibodies on the nanopatrticles surface, secondary Alexa Fluor 647 labelled
anti-mouse F(ab) fragment specific antibodies (Jackson ImmunoResearch) were used. Then,
all solutions were filled up to 1 mL with PBS. Laser power was enhanced from 40 to 200 mW
for better nanoparticle detection in flow cytometry. Nanoparticles were displayed in a dot plot
at which the SSC and FL1 channel were scaled logarithmically. Recording of samples started
30 s after measurement to enable constant flow in the instrument. Quantification of Alexa Fluor
647 or 633 positive nanoparticles was performed by defining 0.5% of carboxylic acid

functionalized nanoparticles as false positive.

Detection of antibodies on nanoparticle surfaces via confocal laser scanning
microscopy. For cLSM measurements via Leica TCS SP5 Il (Leica, Wetzlar, Germany) 0.4 ug
nanoparticles were adjusted with PBS to a final volume of 19.5 pyL and incubated with 0.5 pL
Alexa Fluor 633 anti-mouse IgG for 30 min at room temperature. Nanoparticles were directly
transferred without washing to microscopy chambers, which were coated with poly L-lysine
(Sigma). Fluorescence signal of secondary antibodies co-localizing with particles was

analysed for 80 events via ImageJ.



Detection of antibody functionalization after HS incubation via transmission electron
microscopy. Characterization using TEM was carried out with a FEI Tecnai F20 (FEl,
Hillsboro, OR, USA) equipped with an EDX at an acceleration voltage of 200 kV. The samples
were prepared by diluting the particles in RPMI without 0% or 10% HS in comparison to 100%
HS for 2 h at 37 °C. After the addition of secondary antibodies (12 nm Colloidal Gold-Antibody,
Jackson ImmunoResearch) to each vial, one droplet was placed on 300-mesh Formvar coated
copper grids. Subsequently, a drop of 1% trehalose containing 4 % uranyl acetate solution was
added to the grid as previously reported®. Bright field images were acquired using a Gatan
US1000 slow scan CCD camera (Gatan Inc.).

Elemental analysis. STEM was performed in combination with EDX to verify the elemental
composition. 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.

Cultured cell experiments. Monocyte derived dendritic cells (moDCs) were generated from
healthy human donor buffy coats which were obtained according to the vote of the local ethics

committee and the Declaration of Helsinki. Isolation was preformed as previously described*.

Analysis of antibody binding to CD63 after nanoparticle modification. Cell lysate of
10°moDCs lysed with sample buffer (Invitrogen) was separated by SDS-PAGE. After
polyacrylamide gel blotting with the iBlot dry blot system (Invitrogen), the membrane was
blocked for 30 min with PBS, 3% BSA (Sigma-Aldrich) and subsequently washed twice for 5
min with purified water. Then the membranes were incubated with 7.5 pug/mL nanopatrticles
and as a positive control with 5 pg/mL anti-CD63 for 30 min. After the membrane was washed
three times for 5 min with staining buffer composed of PBS, 1% BSA and 0.1% Tween 20
(Sigma-Aldrich), it was incubated for 30 min with secondary antibody solution (Invitrogen).
Finally, the membrane was washed again three times for 5 min with a staining buffer and two
times for 5 min with purified water before the luminescence signal of the secondary antibody
was detected via the luminescent image analyzer LAS-3000 (Fujifilm Medical Systems USA,
Stamfort).

Detection of antibody conformation after adsorption and incubation at different pH
values using nano differential scanning fluorimetry (nanoDSF). CD63 antibody solutions
(200 pg/mL) and nanoparticles coated with CD63 were prepared under different buffer
conditions with varying pH values (described above). The solutions were loaded into nanoDSF
High Sensitivity capillaries (NanoTemper Technologies) and placed into the Prometheus
NT.48 instrument. For thermal unfolding experiments a linear thermal ramp program was

chosen (1 °C/min, from 20 °C to 95 °C) and the tryptophan fluorescence was measured at 330



and 350 nm. Pristine, non-protein coated amino- and carboxy modified nanoparticles served
as a reference. Thermal unfolding curves are plotted as the first derivative of the fluorescence
ratio (F350/F330).

Nanoparticle uptake in moDCs: Around 100,000 moDCs in 200 pL DC-medium with
1600 IU/mL GMCSF and 500 IU/mL IL4 were seeded into the wells of a 24-well plate. Cells
were incubated at different nanoparticle concentrations (0, 0.3, 1, 2, 3.75, 7.5 and 10 pg/mL)
for 2 h under standard conditions. In contrast, when nanoparticle uptake was analysed at
different HS concentrations, 100,000 moDCs were kept in RPMI-1640 without 0% or with 10%
HS in comparison to 100% HS. Cells were incubated with nanopatrticles for 2 h at the indicated
concentration. Then moDCs were detached with PBS, 0.5 mM EDTA and subsequently
washed once with 1 mL PBS. For flow cytometer measurements, moDCs were labelled with
PI (2 pg/mL) to exclude dead cells from analysis. The percentage of fluorescently labelled
moDCs was calculated by defining 1% of cells in the negative control as false positive. For
cLSM analysis moDCs were resuspended with 200 uL DC-medium and seeded into 8-well

chamber slides which were coated with poly L-lysine.

Nanoparticle binding towards T-cells and CD3 blocking. 100,000 Jurkat cells were
incubated in RPMI containing 10% human serum and 25 pg/mL of nanoparticles were added
for 6 h, 4 °C. Cells were centrifuged (300 g, 5 min) and washed with PBS in order to remove
free nanoparticles before flow cytometer measurements. For blocking experiments: Cells were
pre-treated with anti-CD3 antibodies (25 pg/mL) for 30 min, 4 °C. Afterwards cellular binding

experiments were performed as described above.

Purification of hard protein corona. 1 mg of nanoparticles were incubated with 10% or
100% HS for 2 h at 37 °C. Purification of hard protein corona was performed as described
before at 4 °C*® 43, Briefly, nanoparticles were pelleted by centrifugation at 20,000 g for 1 h
and subsequently washed three times with 1 mL PBS. The pellet was resuspended in 2% SDS
with 62.5 mM Tris hydrochlorid (Sigma) and incubated for 5 min at 95 °C. The samples were
further centrifuged at 20,000 g for 1 h to remove nanoparticles and the supernatant containing

desorbed hard corona proteins was stored at -20 °C.

Statistical analysis. All data are expressed as mean + s.d. Each experiment was repeated at
least three times, unless otherwise indicated. For comparing two experimental groups a two-
sided student’s t-test was performed. Calculated p values were considered to be significant for

*p < 0.05, **p < 0.01, **p < 0.001. Differences are labelled n.s. for not significant.

Protein structure analysis. The 3D-structure and amino acid sequence of murine IgG1 (PDB
ID: 11GY) were obtained from the RCSB Protein Data Bank (PDB), the human CD63 (Uniprot
ID: P08962) model structure and amino acid sequence were obtained from SWISS-MODEL.



Both structures were subsequently visualized, analysed and edited using Chimera 1.11.2. The
structure of human serum albumin 1A06 was obtained from RCSB Protein Data Bank (PDB)

and is used in Figure 4 ef to illustrate protein corona formation.

Synthesis of amino functionalized polystyrene nanoparticles (PS-NHz). Amino-
functionalized polystyrene nanoparticles were synthesized via free-radical miniemulsion
copolymerization according to literature® . 2-aminoethyl methacrylate hydrochloride (AEMH) was
used as co-monomer. The nanopatrticles were stabilized with the non-ionic surfactant Lutensol
ATS50. Briefly, 6 g freshly distilled styrene, 250 mg of hexadecane, 100 mg of initiator V59 and 6 mg
BODIPY were mixed with 120 mg AEHM and 600 mg Lutensol AT50. The mixture was
ultrasonicated for 2 min (450 W, 90% intensity) at O °C and further polymerization (at 72 °C) was
carried out overnight.

Synthesis of hydroxyethyl starch (HES) nanocapsules. As previously described® HES
nanocapsules were obtained using polyaddition reaction at the droplet interface via
miniemulsion. HES in solution (10 wt%, 1.4 g) was mixed with 20 mg NacCl, 100 uL Cy50ligo
solution and 150 pL CellTracker. 7.5 g cyclohexane containing 100 mg of P(E/B-b-EQ) was
added and the mixture was stirred for 1 h. Sonication was performed under ice-cooling with a
Branson W450-D sonifier. Further, TDI (100 mg) and P(E/B-b-EO) (30 mg) were dissolved in
5 g cyclohexane, added dropwise and the emulsion was stirred for 24 h at RT. For purification,
the nanocapsules were centrifuged and redispersion in cyclohexane (2 times). 0.1 wt% SDS
was used to transfer the nanocapsules into aqueous medium. Excess SDS was removed via

dialysis (24 h), centrifugation (1 time) and redispersion in water.

Functionalization of PS-NH, nanoparticles and HES nanocapsules with antibodies by
adsorption using different buffer conditions. 200 ug of nanoparticles with amino groups or
HES nanocapsules were incubated with 100 pg anti-CD63, mouse IgG1 or mouse IgG for 4 h
at room temperature in 1 mL buffer possessing pH 2.7, 5.5, 6.1, 7.5, 9.5 and 11.0. In contrast,
for carboxylic acid particles 120 pg were incubated with 50 pug antibodies. In addition, this
solution was adjusted to 1 mL and incubated under the same conditions. The magnetic
particles were separated from the supernatant by magnetic force and then washed with 1 mL
ultrapure water. Non-magnetic particles were centrifuged for 30 min at 20,000 g and 4 °C to
remove free antibodies and resuspended with 1 mL ultrapure water. Both washing steps were
repeated three times. After the last step particles were resuspended in 200 L ultrapure water.
Concentrations of all particles were determined by fluorescence intensity in the Infinite®
M1000 plate reader (Tecan Group Ltd.)

Cell culture of T cells. Jurkat cells (E6-1) were obtained from ATCC and kept in RPMI
supplemented with 10% FBS, 100 1U/mL penicillin and 100 pyg/mL streptomycin. Cells were



routinely checked (every three to six months) for Mycoplasma contamination using Microsart®

AMP Mycoplasma Test Kit (Sartorius) according to the manufactures” instruction.

Cytotoxicity Assay. 100,000 to 200,000 moDCs were incubated at different nanoparticle
concentrations (0, 0.3, 1, 2, 3.75, 7.5 and 10 pug/mL) for 24 h under standard conditions. After
detachment of moDCs with PBS/0.5 mM EDTA, cells were washed once with PBS. Cytotoxicity
of nanopatrticles towards moDCs was determined by staining with 2 pg/mL propidium iodide
(PI, Sigma) just before measuring via Cyflow ML. In cell culture based experiments, laser
power of the 488 nm laser was adjusted to 40 mW. To determine cytotoxicity of nanoparticles
the negative control 0 ug/mL was defined as 100% viable.

CTLL-2 Proliferationassay. The IL-2-dependent CTTL-2 cell line has derived from a subclone
of T cells that was isolated from a C57bl/6 mouse and relies on IL-2 for its proliferation and
growth®. To investigate the biological activity of IL-2 (Cell Sciences) adsorbed to
nanoparticles, CTLL-2 cells were incubated in 200 ul RPMI1640, supplemented with 10% FCS,
2mM L-glutamine and 50 uM and seeded at a density of 3x10%well in 96 well plates.
Nanocapsules were added at concentrations of 5 uyg/mL, 1 ug/mL, 0.1 yg/mL, 0.01 pg/mL and
0.001 pg/mL. After 48h, proliferation of the cells was assessed by adding [*H]-thymidine for
16-18h and subsequently measuring the amount of incorporated radioactive-labeled thymidine
by a scintillation counter as counts per minute. For cell culture maintenance CTLL-2 cells were
incubated in CTLL-2 medium, supplemented with 50 U/mL IL-2.

Binding of nanoparticles to moDCs after HS incubation. 7.5 pg/mL particles were
incubated with 10% or 100% HS for 2 h at 37 °C and subsequently transferred to 100,000
moDCs for 2 h at 4 °C. Nanoparticle binding was determined at Cyflow ML and cLSM. Using
flow cytometry, dead cells were excluded from analysis by PI staining (2 pg/mL), while moDCs
were seeded for cLSM into 8-well chamber slides which were coated with poly L-lysine. Cells
were allowed to attach for 30 min at 4 °C before they were fixed with 4% formaldehyde for

10 min. Cell membrane visualization was achieved by staining with Cellmask Orange™.

Results and discussion

Polymeric nanoparticles with carboxyl surface groups (PS-COOH) were produced as a starting
material by the miniemulsion technique®* (Figure 8.1). The physicochemical properties as size
and surface charge were analysed by transmission electron microscopy (TEM), dynamic light
scattering (DLS) and {-potential measurements as a function of the pH value

(material/methods see supplementary information 8).



Modifying the surface with a targeting antibody was achieved by chemical coupling via EDC-
NHS chemistry or by adsorption under the same pH (Figure 8.1). We detected similar values
for the C-potential, irrespective of whether the coupling reagent was added or only the antibody
was present. The antibodies seemed to shield the negative charge in both states — adsorbed
or coupled.

Anti-CD63 antibodies were detected on the nanoparticle surface by a secondary anti-lgG1
antibody against the F(c) region (Figure 8.1) of the targeting antibody. Similar amounts of anti-
CD63 antibodies were detected for covalently coupled as well as adsorbed conditions
(Figure 8.1). In addition, the fluorescence intensity of secondary antibodies co-localized to
nanoparticles was analysed via confocal laser scanning microscopy (cLSM) and quantified via
ImageJ. The red fluorescence intensity of antibody-functionalized nanoparticles was
significantly higher compared to unfunctionalized nanoparticles (Figure 8.1).
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Figure 8. 1. a, Schematic representation of antibody immobilization on the surface of carboxylic
nanoparticles (PS-COOH), depicting the pre-activation of the nanocarrier surface by EDC/NHS and
antibody binding or incubation of the antibody under the same conditions but without EDC/NHS

activation. b, 3D structure of IgG1 antibodies highlighting the constant part F(c) region, and the variable,



antigen binding site as part of the F(ab) region with the complementarity-determining region (CDR)25. c,
Detection of antibodies with fluorescently labelled, monoclonal anti-lgG1 (red) antibodies by flow
cytometry. Data is shown as the amount of Alexa Fluor 647 positive nanoparticles in % and is the mean
+ s.d. of three independent experiments. d, Staining of nanoparticles with polyclonal anti-IgG antibodies
(red/green). Polyclonal secondary antibodies are reacting to all subtypes of mouse IgG (red/green).
Therefore, similar amounts of IgG and CD63 antibodies were detected on the nanopatrticle surface. The
median fluorescence intensity (MFI) was determined by cLSM and quantified via ImageJ. Data is
represented as the mean + s.d. of 80 counted events. e, Visualization of specific binding of anti-CD63

bound on nanoparticles to cell lysate by Western blot analysis. f, Figure legend. *p < 0.05, **p < 0.01,

~+p < 0.001

Next, we tested if the antibodies present on the nanoparticles” surface could still bind to their
target, the CD63 antigen on the monocyte derived dendritic cell (moDC). In a modified Western
blot we verified the nanoparticle binding to the target protein CD63 in a moDC cell lysate
(Figure 8.1). This demonstrated that anti-CD63, either adsorbed or covalently coupled to the
nanopatrticle, still binds to the CD63 antigen. As CD63 is expressed in different degrees of
glycosylation, the signal detected from free antibodies or nanoparticle bound antibodies
(Figure 8.1) shows a distinct pattern of bands®. It is significant that positive control signals and
anti-CD63 functionalized particles are similar, indicating an equal binding specificity after

antibody immobilization. As a result, we were able to verify normal antibody functionality.

Antibody adsorption improves uptake in target cells

Based on this, we investigated the uptake behavior of the nanoparticles at different
concentrations in moDCs after confirming that the nanoparticles had no negative effect on cell
viability. Functionalization of nanoparticles with anti-CD63 significantly improves uptake into
moDCs at all concentrations when compared to the control particles (Figure 8.2). cLSM and
TEM images verified that nanoparticles ended up inside the cells in vesicles after 2 h of

incubation (supplementary information 8).

Cellular uptake is usually investigated under cell culture conditions with a buffer ranging from
pH 7.2 to 7.4. Tumour tissue has a lower pH value of about 6.5 and it has been shown that
uptake can be influenced by this lower pH value?’. In our examples, the difference between
targeted and untargeted nanocarriers is still evident at this lower pH value (supplementary

information 8).

Salvati et al.® have shown that adsorption of serum proteins can mask targeting proteins. The

accessibility of a targeting ligand on the nanoparticle surface has been assessed in previous



studies by TEM?® and flow cytometry?®-*°, These methods have been shown to be a valuable
tool to detect functional motifs of the targeting ligand on the nanoparticle surface. When
employing classical TEM (Figure 8.2) or scanning transmission electron microscopy (STEM),
we used secondary antibodies against the F(c) region of the antibody coupled to 12 nm-gold
particles. As the gold particles of the secondary antibody are hard to differentiate from those
of the iron oxide cores embedded into the PS-COOH patrticles, we employed energy dispersive
X-ray spectrometry (EDX) demonstrating that more electron dense spots on the TEM images
were indeed gold. With TEM images (Figure 8.2) and flow cytometry analysis, we detected the
anti-CD63 antibody on the nanoparticle surface even after incubation in 100% human serum
(HS) and in 100% human plasma (HP). This indicates that the protein corona did not restrict
access to the CD63 antibody. Results were confirmed by Western blot analysis of the desorbed
protein corona detecting the pre-adsorbed CD63 antibody in this complex mixture.

However, on cellular level we found that the protein corona alters the interaction of
nanoparticles and cells differentially (Figure 8.2). Here, we observed a direct correlation
between increasing amounts of serum (10% to 100%) and reduced cellular targeting. When
covalent functionalized nanopatrticles were exposed to 100% serum, uptake was completely
abolished. A similar trend was observed after plasma incubation. In strong contrast, adsorbed
antibodies could reach the targeted cell even after exposure to 100% serum or plasma. This

is intriguing. We hypothesized that the antibody orientation is the decisive factor.

While it is a standard procedure in antibody detection to use secondary antibodies against the
F(c) region, we also investigated the accessibility of the F(ab) region of CD63 antibody by
secondary F(ab) specific antibodies using flow cytometry (Figure 8.2). The F(ab) region
contains the antigen-binding site, also termed complementarity-determining region (CDR,
Figure 8.1) which is close to the N-terminus. Here, we saw that the accessibility of the F(ab)
region was about half for the covalently bound anti-CD63 compared to that of the adsorbed

counterpart (Figure 8.2).

Why should the F(ab) region be less exposed when chemically coupled? For chemical
coupling, carboxyl groups on the nanoparticles” surfaces are “activated” by EDC-NHS and
subsequently react with the primary amine groups of the antibody®. There are primary amine
groups of the lysine side chain as well as the N-terminus of each polypeptide chain (Figure
8.1). Mapping the lysine distribution of mouse IgG12® indicates that lysine residues are
distributed over the F(c) and F(ab) region (lysine distribution F(ab): 58% vs. F(c): 42%).

In contrast, the N-terminal amino groups are all located within the F(ab) region (Figure 8.1) of
the antibody closely to the CDR region. They are therefore closer to the antigen-binding site

and possibly affect the accessibility of the F(ab) part if the covalent coupling to the



nanoparticles” surface takes place in this region. This will also be true for the other amines in
the F(ab) region when reacting with activated carboxy groups. As a result, one or both of the
two the antigen binding sites of the antibody could be immobilized on the nanocarrier surface
(Figure 8.2).
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Figure 8. 2. Covalent anti-CD63 functionalized nanopatrticles lose their targeting ability in the presence
of the protein corona while adsorbed antibodies keep their targeting properties. a, Incubation of moDCs
with nanoparticles (7.5 pg/mL) for 2 h, 4 °C in the presence of different human serum (HS)
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labelling: Representative TEM micrographs of nanoparticles incubated with HS and stained with
secondary gold-coupled antibodies (12 nm colloidal gold-antibody). Scale bar: 200 nm | R
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Antibodies preferably bind via the F(c) region to the nanopatrticle (iii). *p < 0.05, **p < 0.01, ***p < 0.001.

The orientation of the adsorbed antibody seems to be favourable exposing a higher number of

functional F(ab) parts (Figure 8.2) and hereby providing superior targeting properties



compared to covalently coupled antibodies. It is discussed that surface adsorption of proteins
is higher closer to their isoelectric point®2. We demonstrated by using nanoDSF measurements
(Figure 8.3) that lower pH values induce the unfolding of the antibody. It has been described
in the literature that the CH2-domain (Figure 8.1) located within the F(c)**3* region of
antibodies is pH sensitive and readily unfolds exposing hydrophobic residues®. At a pH value
of 6.1, which is slightly below the isoelectric point of IgG13¢, the adsorption process is probably
supported by the interaction of the CH2-domain of the F(c) region and the nanopatrticles. This
process enables the effective orientation of F(ab) regions towards the CD63 antigen.

Putting it simply: the different modes of attaching an antibody to the surface of the
nanocarrier — either by adsorption or chemical coupling — seems to determine its
orientation and therefore accessibility to the antigen binding site of the two F(ab)
regions (Figure 8.2).

Antibody adsorption is pH-dependent

As highlighted above, we clearly observed an improved targeting of nanoparticles with
adsorbed antibodies, rather than covalently functionalized ones. Here, one decisive factor
could be the pH value at which adsorption was performed. Radically different pH values can

be found in the literature for antibody adsorption on surfaces3"-3,

Adsorption of proteins on nanoparticles can result in conformational changes which lead to an
unfolding of the antibodies and therefore to a loss in their biological functionality® .
Conformational changes of anti-CD63 at different pH values were analysed by label-free
differential scanning fluorimetry (nanoDSF, Figure 8.3). For a pH value ranging from 5.5to 7.5
the point of the denaturation temperature (Tm) was around 70 °C (Figure 8.3), which is also
reported for other antibodies®. Lower (pH 2.7) or higher (pH 9 — 11) values cause a strong

decrease in the thermal transition temperatures indicating significant structural changes.

In order to determine an optimal pH value for antibody adsorption, the antibodies were
incubated with PS-COOH nanoparticles at different buffer conditions (Figure 8.3). To evaluate
the influence of the chemical modifications on the nanoparticles” surface, an amino-
functionalized polystyrene nanoparticle was used (PS-NH;, C-potential = +4 £ 1 mV). While
conformation was mainly preserved at a pH value of 6.1 for PS-COOH, a pH value of 2.7
proved to be preferable for PS-NH, regarding the conformational integrity of the antibody
(Figure 8.3).

The impact of pH-dependent adsorption changes was subsequently analysed regarding

uptake in moDCs. The best uptake was caused by adsorption at a pH value of 6.1 for PS-



COOH and at a pH value of 2.7 for PS-NH; particles. These results are in accordance with the
conformation analysis (Figure 8.3) and amount of detected antibodies on the nanoparticle

surface (Figure 8.3).
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Our findings would indeed be relevant if these results could be applied to other antibodies,
ligands and nanocarrier systems. In fact, we found similar results for the anti-CD3 antibody
adsorbed onto PS-NH: nanoparticles. Additionally, we applied our concept to a more
hydrophilic and biodegradable nanocarrier system using hydroxyethyl starch (HES)
nanocapsules. In this case, the pH value crucially affects the adsorption behavior of anti-C63
antibodies. We continued by studying the pH-dependent interaction of a small biomolecule —
interleukin-2 (IL-2) and HES-nanocapsules. Interestingly, we saw that IL-2 tends to adsorb to
HES-nanocapsules at pH 6.1 — 7.5, whereas adsorption of anti-CD63 is favoured at a pH value
of 2.7. HES nanocarriers which adsorbed anti-CD63 antibodies showed superior uptake in the
presence of serum and plasma compared to un-functionalized and control IgG nanocarries
(supplementary information 8). Also, IL-2 functionalized nanocarriers exhibited cellular effects

similar to our previous reported results*:.

Taking this together, we were able to demonstrate that by determining the optimal pH buffer
for a defined nanoparticle-protein system we can influence and enhance the adsorption

process.

Impact of the protein corona on nanoparticle modification

A major field of discussion concerning the targeting ability of nanoparticles focuses on the
influence of protein corona formation after nanoparticles are introduced to serum or plasma.
Questions to be addressed are: i) determination of proteins adsorbed, ii) masking of the
targeting moiety causing a loss in the targeting effect, iii) mistargeting by proteins present in
the protein corona iv) targeting by new epitopes exposed by adsorption of protein corona

proteins or v) displacement of targeting antibodies by other serum proteins.

Adsorption of proteins to the nanoparticle surface alters the physico-chemical properties of any
nanomaterial*2. Incubation of nanoparticles in serum or plasma results in changes to the (-
potential. The protein source itself, either serum or plasma, also impacts the compaosition of
adsorbed proteins and even cellular uptake**“4, As a result, the characterization of the protein
corona by label-free, quantitative mass spectrometry is essential in order to characterize the
biological identity of nanoparticles (i). For the two major nanoparticle systems under
investigation (PS-COOH and PS-NH>), we identified minor differences in the hard corona
proteome of nanoparticles incubated in plasma as well as serum. By comparing the protein
pattern for anti-CD63 modified nanoparticles and their isotype counterpart, we found hardly
any differences. This suggests that the specific targeting properties of adsorbed anti-CD63

antibodies are not caused by corona proteins.
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To study the influence of corona formation for amino-functionalized nanoparticles, we
visualized (Figure 8.4) and quantified the amount of antibodies on the surface of the
nanopatrticle before and after serum incubation by TEM and flow cytometry. As shown for PS-
COOH, both methods indicate that the corona formation does not hinder accessibility of the

anti-CD63 antibodies to the secondary labelled antibodies.

Based on this, we investigated the cellular interaction of anti-CD63 adsorbed on PS-NH; with
dendritic cells and of anti-CD3 with T cells in the presence of proteins (Figure 8.4). Protein
adsorption did not affect uptake in 10% HS (Figure 8.4) or even 100% human plasma. In 100%

HS uptake was decreased but still significantly better when CD63 was adsorbed (ii).

Adsorption of proteins as a protein corona onto the nanoparticle surface can cause structural
alteration to the proteins®® 45, further exposing epitopes which additionally could interact with
targeted cells® %

To exclude the effect of mistargeting by corona proteins we performed blocking experiments
(Figure 8.4). Here, we demonstrated that in the presence of proteins the targeting of the anti-
CD3 functionalized nanoparticles is completely eliminated if the CD3 receptor was blocked
(Figure 8.4). Additionally, a downregulation of the CD63 antigen on moDCs showed a
corresponding decrease in uptake (iii). To further exclude that the targeting properties are not
governed by corona proteins (e.g. immunoglobulins*® or complement proteins*’), we performed
additional receptor blocking experiments.These results proved that the targeting is
undoubtedly based on the antigen binding part of the antibody, which is located on the two
F(ab) regions (iv). Finally, we checked to see if the adsorbed targeting anti-CD63 antibody
was replaced over time (Figure 8.4) by other adsorbing corona proteins (v). We were able to
detect 80% of the initial antibody after 24 h for the PS-COOH nanoparticle and at least 40%
for the PS-NH. nanoparticle (Figure 8.4). This is in line with the higher influence of 100% HS
for CD63 adsorbed on PS-NH; (Figure 8.4) versus the PS-COOH (Figure 8.2). Additionally,
cell uptake experiments confirmed that the specific targeting effect of adsorbed anti-CD63
nanopatrticles is functional even after 12 h of serum incubation. Bringing the in vitro studies
closer to in vivo situations*®, functionalized nanopatrticles were introduced to whole blood with
all cells and components. There was no replacement of targeting antibody from the

nanoparticle surface.
Conclusions

Here, we demonstrate that antibody modifications of nanocarriers by adsorption can be a valid
and unexpectedly robust method of nanocarrier functionalization. Modification of particles by
adsorption should be analysed under different buffer conditions to achieve optimal results,

especially when being exposed to complex protein environments. We also foresee that



chemical coupling needs to and will evolve more sophisticated methods to attach biomolecules

in a more controlled way on the surface of nanocarriers.
Supplementary information

Table 8. 1. Characterization of unfunctionalized nanoparticles. The average size of the different
nanoparticles was measured with a PSS Nicomp particle sizer. {-potential measurements were

performed on a Malvern Instruments Zeta Nanosizer. Mean values + s.d. from three meausrements are

given. [
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Figure 8. 5. a, Transmission electron micrograph of hybrid poly(styrene-co-acrylic acid)/magnetite
nanocomposites (scale bar 200 nm). b, Deprotonation of the carboxylic acid moieties present on the
particles surface was followed by ¢-potential measurements (black solid squares). For comparison, the
C-potential profile at different pH values for unfunctionalized polystyrene / magnetite nanopatrticles is

shown in the plot (open red circles). Mean values + s.d. from three meausrements are given. (performed

by I



Table 8. 2. Characterization of PS-COOH nanoparticles (A) after incubation with 100% plasma and
serum. C-potential measurements were performed on a Malvern Instruments Zeta Nanosizer. Mean

values * s.d. from three meausrements are given.

Serum Plasma
Sample Functionalization
{-potential in mV {-potential in mV
Al Carboxylic acid -17.0+£1.2 -22.2+0.5
A2 NHS Ester -18.0+0.6 -20.0+£0.9
A3a CD63 (covalent) -18.0+1.0 -206+1.2
A3b CD63 (adsorbed) -140+£1.9 -145+1.4
Ada IgG (covalent) -18.5+0.2 -18.7+1.1
A4b IgG (adsorbed) -149+0.8 -17.8+05
Carboxylic NHS CD63 CD63 IgG IgG
acid ester (covalent) (covalent) (adsorbed)

(adsorbed)

Nanoparticles

Alexa Fluor 633

Fusion

Figure 8. 6. Alexa Fluor 633 anti-mouse antibodies were incubated for 30 min with 0.4 ug PS-COOH
nanoparticles. Visualization of antibody binding was executed via cLSM imaging. The median
fluorescence intensity (MFI) was determined by cLSM images shown above and quantified via ImageJ.
Data is represented as the mean * s.d. of 80 events and shown in Fig. 1d. | KGcNEcGNGEG
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Figure 8. 8. Anti-CD63 functionalization significantly enhances uptake in moDCs. MoDCs were treated

with nanoparticle concentrations (1.875, 3.75, 7.5 and 10 ug/mL) for 2 h, 37 °C in standard cell culture
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Figure 8. 9. 7.5 pg/mL nanoparticles (PS-COOH) were incubated for 2 h with moDCs under standard
conditions. a, Confocal analysis. After detachment of cells and seeding in microscopy chambers, moDCs
were stained with Cellmask Orange™ to label the cell membrane (red). Fluorescence signal of
nanoparticles is displayed in green. Scale bar: 10 um. (performed by Manuel Tonigold) b, TEM pictures
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Figure 8. 11. Effective targeting even at lower pH as it is present in tumor tissue. The pH of the cell
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medium (pH 6.5) and incubated with nanoparticles (5 pg/mL) for 2 h at 4 °C.
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Figure 8. 12. Effective targeting even at lower pH as it is present in tumor tissue. The pH of the cell
culture medium was adjusted to pH 6.5. MoDCs were either kept in regular cell culture medium (pH 7.4)

or low pH medium (pH 6.5) and incubated with nanoparticles (25 pg/mL) for 2 h at 37 °C.
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Figure 8. 13. Human plasma (HP) does not affect the targeting ability of CD63 adsorbed PS-COOH
nanoparticles. Nanoparticles (5 pg/mL) were pre-treated with 100% human plasma (HP) and incubated
with moDCs for 2 h at 4 °C.
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Figure 8. 14. 3D-Structure of IgG1 highlighting the distribution of lysine residues (yellow) and the N-
terminus (red)?6. Chimera 1.11.2 was used as software tool. The F(c) parts contains 36 lysine residues

whereas the F(ab) part consists 50 lysine residues. The N-terminus (red) is located within the F(ab)

region (green). [
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Figure 8. 15. Different buffer conditions during antibody modification enhance uptake in moDCs.
100,000 moDCs were treated with 7.5 pg/mL PS-COOH polystyrene patrticles for 2 h under standard
conditions. Human serum (HS) dependence was determined by using different HS concentrations (a,

0% and b, 10%) during incubation. Binding of particles was analyzed by flow cytometry at which dead

cells were excluded by PI staining. [ KGTcNIEGNGTTNN};E
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Figure 8. 16. Different buffer conditions during antibody modification enhance uptake in moDCs.
100,000 moDCs were treated with 9 pg/mL PS-NH:z polystyrene particles for 2 h under standard

conditions. HS dependence was determined by using different HS concentrations (a, 0% and b, 10%)

during incubation. |
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Figure 8. 17. a, Amino-functionalized nanoparticles (0.4 ug) were incubated with anti-CD3 antibodies at
different pH values. The amount of bound mouse anti-CD3 was determined by flow cytometry using
polyclonal fluorescent mouse IgG antibodies (%) and values are given as mean * s.d. of three
independent experiments. b, Targeting of CD3 on the surface of T cells. Jurkat cells were treated with
nanoparticles (25 pg/mL) for 6 h, 4 °C in the presence of human serum. For blocking studies: Jurkat

cells were pre-treated with anti-CD3 (25 pug/mL) for 30 min, 4 °C before nanoparticles were added.
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Figure 8. 18. Extending the investigated nanoparticle system. a, Biodegradable hydroxyethyl starch
(HES) nanocapsules (0.4 pg) were functionalized with anti-CD63 antibodies at different pH values. The
amount of bound mouse IgG was determined by flow cytometry (%) using polyclonal fluorescent mouse

IgG antibodies. | GG - \=nocapsules (5 pg/mL) were treated with 100%

human serum (HS) or 100% human plasma (HP) and further incubated with moDCs for 2 h, 4 °C.
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Figure 8. 19. SDS-PAGE: For protein corona analysis: Nanoparticles were incubated with 100% human
serum or 100% human plasma for 2 h, isolated via centrifugation and washed three times to remove
unbound proteins. Hard corona proteins were desorbed from the particles using 2% SDS, separated by
SDS-PAGE and stained with a Silver Staining Kit.
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Figure 8. 20. LC-MS Analysis. Protein classification of hard corona proteins. Proteins were digested,
analyzed by LC-MS as described in the supplementary methods and classified based on their biological
function. Values are expressed in % based on the total amount of all identified proteins and the mean *
s.d of two technical replicates was calculated.
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Figure 8. 21. LC-MS Analysis. Protein classification of hard corona proteins. Proteins were digested,
analyzed by LC-MS as described in the methods section below and classified based on their biological
function. Values are expressed in % based on the total amount of all identified proteins calculated from

the average of two technical replicates.
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Figure 8. 22. Adsorption of IL-2 towards HES nanocapsules. a-b, Adsorption as a pH dependent
process. The supernatant after the first centrifugation was visualized by SDS-PAGE, quantitatively

analyzed via ImageJ and expressed in Pixel Area x 108. Values are given as mean + s.d. of three
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measurements. c, IL-2 reference titration on IL-2 dependent murine CTLL-2 cells. Proliferation was

measured by [?H]-thymidine incorporation. Counts per minute (cpm) were plotted against the IL-2
concentration. d, Titration of HES-IL-2 (Adsorption pH 7.5) titration (0.001 — 5 pg/mL) and the

supernatant after 3" wash on CTLL-2 cells. We observed a strong dose-dependent proliferation for

HES-IL-2 treated cells in comparison to cells treated with the supernatant of the final wash (3™ wash).

This indicates a successful functionalization of HES nanocapsules with biological active IL-2. c-d,

Values are expressed as mean = s.d. of three independent experiments. || EGcNGNGNGEGEGE
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Figure 8. 23. Hard corona proteins were desorbed from the particles using 2% SDS, separated by SDS-

PAGE (a) and stained with a Silver Staining Kit. Further LC-MS (b) analysis reveals the distinct protein

pattern. Proteins were classified based on their biological function.



Chapter C

233

kDA
198

98

62
49

38

28

14

Figure 8. 24. Adsorbed and covalent functionalized PS-COOH nanopatrticle share a similar protein

corona. Hard corona proteins were desorbed from the particles using 2% SDS, separated by SDS-

PAGE and stained with a Silver Staining Kit.
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Figure 8. 25. LC-MS Analysis. Protein classification of hard corona proteins. Proteins were classified

based on their biological function. Values are expressed in % based on the total amount of all identified

proteins calculated from the average of two technical replicates.
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Figure 8. 26. a, SDS-PAGE: Nanoparticles were incubated with 100% serum for 2 h, isolated via
centrifugation and washed three times to remove unbound proteins. b, LC-MS. Proteins were classified
based on their biological function. Values are expressed in % based on the total amount of all identified

proteins calculated from the average of two technical replicates.
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Figure 8. 27. a, Adsorbed antibodies are not hidden by the presence of the protein corona. a, TEM
images of anti-CD63 functionalized PS-NH2z were labelled with secondary gold-coupled antibodies (12
nm colloidal gold-antibody) before and after serum exposure. Scale bar: 50 nm b, Statistical analysis of
the absolute amount of gold particles counted on the surface of nanoparticles. An average number of

n=50 nanoparticles were analyzed for each condition. Values are expressed as mean = s.d. ||  EGczNzN
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Figure 8. 28. Nanoparticles (25 pg/mL) were pre-treated with 100% human plasma (HP) and incubated

with moDCs for 2 h at 4 °C. The median fluorescence intensity (MFI) was determined by flow cytometry.
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Figure 8. 29. MoDCs were pre-incubated with FCR blockings solution according to the manufactures”
instruction (Biolegend). Nanoparticles (5 pg/mL) were incubated with 100% HS for 2 h, 37 °C and
subsequently added to moDCs for 2 h at 4 °C. The blocking solution was kept in the cell culture medium

to ensure an efficient blocking during the incubation of nanoparticles and cells.
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Figure 8. 30. Blocking FcR receptor does reduce cellular binding of CD63 modified PS-NH>.
Nanoparticles were incubated with 100% human serum for 2 h, 37 °C and subsequently added to

moDCs for 2 h at 4 °C (10 pg/mL).
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Figure 8. 31. Blocking complement receptor (CR3/4) does not prevent cellular binding of CD63 modified
PS-COOH. As complement factors are found in the protein corona we pre-incubated MoDCs with
CD11b/CD11c blocking antibodies (100 pg/mL, 30 min, 4 °C)5’. Nanoparticles were incubated with
100% human serum for 2 h, 37 °C and subsequently added to moDCs for 2 h at 4 °C (5 pg/mL).
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Figure 8. 32. MoDCs were pre-incubated with CD11b/CD11c (100 pg/mL, 30 min, 4 °C)%’. Nanopatrticles
were incubated with 100% human serum for 2 h, 37 °C and subsequently added to moDCs for 2 h at 4
°C (10 pg/mL).
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Figure 8. 33. PS-COOH (5 pg/mL) were incubated with 100% human serum for 2 h or 12 h and further
added to moDCs for 2 h, at 4 °C.
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Figure 8. 34. Antibodies are not exchanged over time by other proteins and do not lose their targeting
ability. PS-NH2 (25 pg/mL) were incubated with 100% human serum for 2 h or 12 h and further added
to moDCs for 2 h, at 37 °C.
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Figure 8. 35. PS-COOH (1 mg) were directly introduced to human blood (1 mL) and incubated for 2 h.
Nanoparticles were magnetically isolated and washed three times with PBS. The remaining amount of

bound antibodies was identified using secondary mouse IgG antibodies (%).
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9. Mannose functionalized poly(phosphoester)-
based surfactants enable targeted cell

interactions

Aim:

Surfactants are surface-active polymers and readily adsorb onto nanopatrticles. Therefore, in
this study, different degradable poly(phosphoester)-based surfactants were synthesized,
which contained a targeting unit (mannose) to allow a specific cellular recognition by dendritic
cells. It was shown functionalization of nanoparticles with mannose containing surfactants
allowed targeted cell interaction even after incubation with blood plasma. Therefore, the
assembling of mannosylated poly(phosphoester)-based surfactants is a feasible strategy for

the surface modification of nanoparticles to achieve targeted cell uptake.

Contribution:

| carried out the complete protein corona analysis (SDS-PAGE, LC-MS, Pierce Assay) and
conducted the cellular uptake experiments (flow cytometry, cLSM). | Il synthesized
the surfactants and prepared the nanoparticles. || | | | BBl synthesized the mannose

derivate. The project was supervised by [N
I



Abstract

Targeted nanopatrticles promise a selective delivery of drugs to the body region of interest.
This improves on one side the therapeutic efficiency and on the other side reduces drug-
induced side effects. Therefore, advanced nanoparticle formulations are engineered with
specific targeting ligands to guide the nanoparticles way to specific cells. Here, we present the
synthesis of mannose functionalized poly(phosphoester)-based surfactants, which can be
applied for surface coating of various nanoparticles. Primary monocyte derived dendritic cells
(moDCs) specifically recognized mannose functionalized nanoparticles via the mannose
receptor hereby proofing targeted cell interactions. It is widely accepted that adsorption of
blood proteins towards the nanoparticle surface can significantly influence the targeting
efficiency of nanoparticles. In a thorough proteomic characterization, we identified the distinct
protein corona pattern after incubation with human plasma. Additionally, we showed that
despite corona formation mannose functionalized nanopatrticles are efficiently taken up by
moDCs. This highlights that mannose functionalized poly(phosphoester)-based surfactants
can be applied as universal coating to achieve targeted cell interaction.

Introduction

In recent years, targeted drug delivery via nanoparticles has gained increasing attention as it
allows the side selective delivery of therapeutics and hereby reduces toxic side effects.
Nanoparticles have to fulfill several criteria for their successful application!2. Unspecific
interaction of nanoparticles with immune cells (e.g. macrophages) results in reduced blood
circulation times, which prevents the interaction of nanoparticles with targeted cells®**. To guide
the nanoparticle to the targeted cell, the surface is commonly modified with targeting ligands.
Here, various strategies including biomolecules®, antibodies® or small molecules’ were
developed to modify the nanoparticles” surface and obtain targeted cell interactions. In a
general approach, the targeting ligand is covalently attached to the surface of the nanoparticle.
However, these strategies are challenging and often result in a low functionalization degree®

9. Therefore, alternative and more convenient methods are needed.

Surfactants are amphiphilic polymers and can be used for the non-covalent surface
modification of nanoparticles'®!!. Based on this, we developed poly(phosphoester)-based
surfactants for the non-covalent surface modification of different nanoparticles.
Poly(phosphoester)-based polymers are biodegradable and biocompatible and therefore an
interesting polymer class for biomedical applications'?>*3. The poly(phosphoester)-based

surfactants were synthesized by ring opening polymerization and further functionalized with



mannose. Mannose was chosen as targeting ligand to enable cellular recognition by dendritic
cells (DC) via the mannose receptor.*1> The mannose receptor (CD206/CD209) is known to
bind to glycoproteins of pathogens via mannose, fucose or N-acetlyglucosamine!®. Dendritic
cells are specialist antigen-presenting cells, which subsequently mediate T cell immunity’-18,
Therefore, new vaccine strategies aim to specifically deliver antigens towards dendritic cells
using targeted nanoparticles®®.

However, designing targeted nanoparticles for in vivo application bears additional
challenges?. Once nanoparticles are introduced to blood, proteins rapidly cover its surface
("biomolecular corona formation”) and hereby critically alter the nanoparticles” physico-
chemical properties?*22, Several reports already recognized that the targeting ligand can even
be completely buried by proteins and further cellular interactions are prevented?*24, Therefore,
the influence of corona formation on the targeting ability of mannose functionalized
nanoparticles was specifically studied. We carried out a detailed proteomic investigation to

identify the distinct protein corona pattern.

Material and methods

Cell culture. Monocytes and monocyte derived dendritic cells (moDC) were isolated from
human buffy coats according to the vote of the local ethics committee and the Declaration of
Helsinki as previously reported®334. Briefly, peripheral blood mononuclear cells (PBMCs) were
isolated by Ficoll separation and plated into 6-well plates in DC-medium (RPMI + 2% human
serum, 100 IU/mL penicillin, 100 yg/mL streptomycin). Cells were incubated for 1 h at 37 °C
and non-adherent cells were further discarded by washing the plates with PBS (3-4 times).
Adherent cells were either directly frozen and further used for monocyte experiments or
differentiated into monocyte derived dendritic cells (moDCs). For generate moDCs, cells were
incubated with 800 IU/mL granulocyte-macrophage colony-stimulating factor (GMCSF) and
500 IU/mL interleukin IL4 (both PromoCell). Afterwards 48 h the medium was refreshed with
1600 IU/mL GMCSF and 500 IU/mL IL4 and incubation for 72 h was followed. MoDCs were
detached from the wells with 0.5 mM PBS-EDTA solution.

Surface marker. 100 000 cells were resuspended in 100 uL PBS and the following antibodies
were used to label the surface marker for the mannose receptor (APC anti-human CD206
MMR Antibody (Biolegend) and APC anti-human CD209 MMR Antibody (Biolegend)).
Antibodies (5 pL) were added to cells for 30 min, 4 °C. Surface marker expression was

analyzed by flow cytometry via Attune NxT Flow Cytometer.



Cell uptake by flow cytometry. 100 000 cells were seeded in DC medium with human serum
into 48-well and incubated overnight at 37 °C. Nanoparticles (150 pug/mL) coated with or
without plasma proteins (see below protein corona preparation) were added to DC medium
without human serum and incubated with cells for 2 h, 37 °C. Cells were detached with 0.5 mM
PBS-EDTA, centrifuged (480 g, 5 min) and resuspended in PBS. Samples were analyzed by
flow cytometry via Attune NXT Flow Cytometer.

For blocking studies: Mannan (3 mg/mL) was dissolved in DC medium without human serum
and added to cells for 30 min, 4 °C. For further blocking studies, mannan was kept in the cell

culture medium during the incubation of cells and nanoparticles.

Confocal laser scanning microscopy. To proof the intracellular localization of the
nanoparticles, cell uptake experiments were conducted in the same manner as described for
flow cytometer experiments. Images were taken with a LSM SP5 STED Leica Laser Scanning
Confocal Microscope (Leica). Nanoparticles (BODIPY) were excited with an argon laser
(514 nm) and the cell membrane was stained with CellMaskOrange (2.5 pg/mL) which was
exited with a DPSS 561 nm laser. Nanoparticles are pseudo-colored in green and the cell

membrane is pseudo colored in red.

Lectin assay. To detect mannose on the surface of the nanoparticles (1 ug) were incubated
with Wheat Germ Agglutinin (WGA, Thermo) conjugated to Texas Red (1 pg) for 30 min in the
dark. Nanoparticles with bound WGA were detected by flow cytometry.

Human plasma. 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 -80°C.

Protein corona preparation. Nanoparticles (0.05 m?) were incubated with 1 mL of human
plasma for 1 h. Hard corona coated nanoparticles were isolated via centrifugation (20 000 g, 1
h, 4 °C) and washing with PBS (3 times, 1 mL). For cell uptake studies, nanoparticles were

washed one time and added to cell culture medium.

To analyze the protein pattern surrounding the nanopatrticles, the pellet was resuspended in
2% SDS (62.5 mM Tris*HCI) and heated up to 95 °C for 5 min. The dispersion was centrifuged
(20 000 g, 1 h, 4 °C) again and the supernatant was analyzed by Pierce Assay, SDS-PAGE
and LC-MS.

SDS-PAGE. Protein solutions (1 pg in 26 pL) were mixed with 4 uL of NuPage Reducing Agent
and 10 pL of NuPage LDS Sample Buffer NuPage The sample was heated up to 70 °C for 10
min and loaded on a 10% Bis-Tris-Protein Gels using NUPAGE MES SDS Running Buffer



(Thermo Fisher Scientific). The gel was run for 1 h at 100 V and the band were visualized by

Silver Staining using the commercial SilverQuest Silver Staining Kit.

Protein quantification. The protein concentration was determined by Pierce 600 nm protein

Assay according to the manufactures instruction.

In solution digestion. To remove SDS, protein solutions were applied to Pierce detergent
removal columns (Thermo Fisher). Digestion was performed to previously estabilished
protocols.®*% A protein:trypsin ratio of 50:1 was chosen and the reaction was carried out over
14 h at 37 °C.

Liquid chromatography coupled to mass spectrometry (LC-MS analysis). Peptide
samples were diluted with with 0.1% formic acid. Hi3 Ecoli was added at a concentration of
50 fmol/uL for absolute protein quantification®. A nanoACQUITY system containing a C18
analytical reversed phase column (1.7 ym, 75 ym x 150 mm) and a C18 nanoACQUITY trap
column (5 um, 180 um x 20 mm) was used. Mobile phase A consists of 0.1% (v/v) formic acid
in water and mobile phase B of 0.1% (v/v) formic acid with acetonitrile. For separation a
gradient of 2% to 37% of mobile phase B over 70 min was used. The UPLC system was
coupled to a Synapt G2- Si mass spectrometer performing electrospray ionization (ESI) in
positive ion mode using a NanoLockSpray source. Glu-Fibrinopeptide was infused as
reference component. The mass spectrometer was operated in resolution mode and d data-
independent acquisition (MSE) experiments were carried out. Data was processed with

MassLynx 4.1

Protein identification. To identify proteins, a reviewed human data base (Uniprot) was
downloaded and analysis was carried out with Progenesis QI (2.0). Parameters for protein
identification were set as described before®®. The human data base was modified with the
sequence information of Hi3 Ecoli standard for absolute protein quantification. The amount of

each protein in fmol was obtained via the TOP3/Hi3 approach®°.

Synthesis of PS nanoparticles. Nanoparticles were prepared via mini emulsion
copolymerization technique. Therefore, the continuous phase contained sodium dodecyl
sulfate (SDS) (60 mg, 0.21 mmol) as surfactant in water (24 g) and the dispersed phase
contained distilled styrene (6 g, 57.6 mol) or methyl methacrylate (MMA) (6 g, 59.9 mmol),
hexadecane (250 mg, 0.9 mmol) Bodipy methacrylate (6 mg, 1.3-10° mol) and
azoisobutyronitrile (AIBN) (100 mg, 0.6 mmol). Both phases were homogenized and the
continuous phase was added slowly to the dispersed phase. The emulsion was stirred for 1 h,
ultrasonicated with a Branson Sonifier (1/2“ tip, 6.5 nm diameter) for 3 min under ice cooling

and further heated up to 72 °C. The emulsion was stirred overnight.



Synthesis of surfactants. The detailed synthesis and characterization of all surfactants is
described in the dissertation of Kristin Bauer (MPI-P, AK Landfester, December 2017).

Loading of nanoparticles with surfactants. The nanoparticle dispersion (2 %) was washed
with water (1 mL), centrifuged (20 000 g, 1 h) and resuspended in the respective surfactant
solution (1%, 1 mL).

Results and discussion

The polymer structure of the poly(phosphoester) surfactants is comparable to the structure of
the PEG analog surfactant Lutensol AT-50. In previous studies, polystyrene nanoparticle were
coated with unfunctionalized poly(phopshoester)-based surfactants Phos-S(1) and it was
shown the protein and cell interactions of nanoparticles coated with poly(phosphoester)-based
surfactants are comparable to Lutensol AT-50 coated nanoparticles?®. It was proven that
cellular internalization towards macrophages is significantly reduced for poly(phosphoester)
and Lutensol AT-50 coated nanoparticle in comparison to uncoated nanoparticles indicating
stealth properties?®. Therefore, Phos-S(1) based surfactants served as a reference to compare
the cellular interaction to mannose functionalized surfactants. The targeting surfactants Phos-
S(2)-Man has a block polymer structure with an equal ratio of Phos-S(1) and Phos-S(3). The
targeting surfactant Phos-S(3) has a homo polymer structure and each unit contains one
mannose residue. All three surfactants have about 40 repeating units. Therefore, Phos-S(3)

contains about 40 mannose units whereas Phos-S(2) has about 20 mannose units.

The poly(phosphoester)-based surfactants were synthesized in a two-step process.
Phosphoester monomers were polymerized via ring opening polymerization as described?’.
For the targeting surfactants, a precursor monomer with a methacrylate groups were chosen.
The mannose linker contained a free thiol-group and therefore, it was possible to link the
mannose unit via a Thiol-Michael addition click reaction to the methacrylate unit of the

poly(phosphoester) surfactant?.

As surfactants have an amphiphilic structure, they readily adsorb to the nanoparticles” surface.

Therefore, it is possible to functionalize the nanoparticle surface in a non-covalent approach®.



In the here presented study, polystyrene (PS) and poly(methyl metacrylate) nanoparticles

(PMMA) were coated with the different poly(phosphoester)-based surfactants.
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Figure 9. 1. Chemical structure of poly(phosphoester)-based surfactants. Phos-S(1) is an
unfunctionalized poly(phosphoester)-based surfactant, which served as control. Phos-S(2)-Man has a

block polymer structure and contains terminal mannose units. Phos-(3)-Man has homo polymer

structure and each repeat units contains mannose. || GcNNGNGEGEGEREEEEEEEEEEEE
N The mannose
linker was synthesized by | |GGG - contained a thiol-group. The reaction

scheme is given in the supplementary information Figure S9.1.

In order to evaluate whether coating of nanoparticles with mannose functionalized surfactants
allows targeted cell interactions, flow cytometry analysis towards primary monocyte derived
dendritic cells (moDCs) was analyzed (Figure 9.1). As described above the structure of Phos-
S(1) is comparable to the PEG analog surfactant Lutensol AT50 and it was already shown in
previous studies that PS nanoparticles coated with unfunctionalized poly(phosphoester)-based
surfactants exhibit reduced cellular interactions towards macrophages. Flow cytometry
analysis (Figure 9.1) and confocal laser microscopy images (Figure 9.1) confirmed that
nanoparticles coated with Phos S(1) exhibit a low binding affinity towards moDCs

(material/methods see supplementary information 9).
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Figure 9. 2. a, b) Flow cytometry analysis of Phos-S(1) (blue), Phos-S(2)-Man (orange) or Phos-S(3)-
Man (red) polymer coated nanoparticles (polystyrene or PMMA). c, d) Dendritic cells were treated with
nanoparticles (150 pg/mL) for 2 h, 37 °C in cell culture medium without proteins (grey bar). Cellular
uptake was quantified by flow cytometry and the amount of fluorescent positive cells (%) is shown. For
blocking experiments, cells were pre-treated with mannan (3 mg/mL) for 30 min at 4 °C (red bar) e, f)
Confocal laser scanning microscopy (cLSM). The cell membrane is visualized with CellMask Orange

and pseudo-coloured in red whereas the nanoparticle is pseudo-coloured in green. Scale bar: 20 pm.

In strong contrast to this, if nanoparticle were coated with the targeting surfactants Phos-S(2)-
Man or Phos-S(3)-Man we clearly demonstrate a significant increase in cellular uptake (Figure
9.1). This gave first hints, that coating of nanoparticles with mannosefunctionalized surfactants

enables controlled cellular interactions. Additionally, we observed that Phos-S(3)-Man coated



nanopatrticles displayed a significant stronger cellular internalization compared to Phos-S(2)-
Man coated nanoparticles. Based on the chemical structure of the surfactants, the amount of
mannose is higher for Phos-S(3)-Man compared to Phos-S(2)-Man. Further, we performed a
binding assay using a fluorescent-labelled lectin to detect mannose on the surface of the
nanoparticles. Via a flow cytometry based lectin assay, we also identified a higher amount of
mannose on the surface of Phos-S(3)-Man coated nanoparticles compared to Phos-S(2)-Man
(supplementary information 9).

In order to proof, that the cellular interaction of mannose coated nanoparticles is actually
mediated via the mannose receptor (CD206/CD209) blocking experiments were performed
(Figure 9.1). Cells were pre-treated with mannan, which binds to the mannose receptor
(CD206/CD209) and cellular uptake analysis was followed. Here, we saw that nanopatrticle
internalization was strong reduced, if cells were pre-treated with mannan indicating cellular

uptake of mannose functionalized NPs is receptor-mediated.

As reported, the interaction of plasma proteins can dramatically affect the targeting efficiency
of nanoparticles.?® Here, several studies showed that the targeting ligand can be covered
completely after corona formation.?®> Therefore, we wanted to thoroughly characterize the
influence of protein adsorption on the targeting properties and additionally investigate the

distinct protein corona pattern of mannose functionalized nanoparticles.

Nanoparticles were pre-coated with human plasma to allow corona formation prior to cellular
uptake towards moDCs (Figure 9.2). We found that cellular interactions of PS-NPs and PMMA-
NPs differed after plasma incubation. Flow cytometry experiments indicated that PS-NPs
which were coated with Phos-S(3)-Man exhibit a lower targeting efficiency after corona

formation (Figure 9.2).

Interestingly, this effect was not observed for PMMA nanoparticles (Figure 9.2). On top of this,
we even found an enhanced cellular uptake for PMMA NPs coated with Phos-S(2)-Man due
to corona formation (Figure 9.2). This in intriguing. In order to further proof the receptor
mediated cellular interactions of nanopatrticles in the presence of the protein corona, cellular
uptake towards monocytes was investigated. Monocytes are the precursor cells of dendritic
cells. Those cells express low levels of the mannose receptor (CD206/CD209) in contrast to
dendritic cells for which we confirmed a high expression level of CD206/CD209. Nanoparticles
coated with the mannose surfactants Phos-S(2)/(3)-Man, which were incubated with plasma
exhibited a low internalization rate towards monocytes (Figure 9.2). This further underlines the
specific interaction of mannose functionalized nanoparticles with dendritic cells even in the

presence of the protein corona.
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amount of fluorescent positive cells (%) is shown.

In order to understand the influence of protein adsorption, a detailed LC-MS analysis was
carried out to detect the key corona proteins. All identified proteins were classified into 8
different classes depending on their biological function (Figure 9.3). Overall, the corona
composition Phos-S(1) coated nanoparticles is comparable to Phos-S(2)-Man or Phos-S(3)-

Man coated nanoparticles.
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Figure 9. 4. Hard corona proteins were analysed via LC-MS and classified into eight different group.
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The relative amount for Phos-S(3)-Man (a) or Phos-S(2)-Man (b) coated nanoparticles in comparison to
Phos-S(1) coated nanoparticles was calculated. ¢,d) The most abundant proteins (TOP 20) are

visualized via heat map.

To point out specific differences in the protein adsorption pattern of hanoparticles coated with
unfunctionalized surfactant Phos-S(1) compared to the functionalized ones Phos-S(2)/(3)-
Man, the relative ratio for each protein group was calculated (Figure 9.3). This offered the
possibility to highlight specific protein groups, which were enriched or reduced in the corona
for Phos-S(2)/(3)-Man coated nanoparticles compared to Phos-S(1) functionalized NPs. Here,
we found that the corona of PMMA nanopatrticles coated with Phos-S(3)-Man is enriched with

complement and coagulation proteins. Especially, complement proteins are known to enhance



interaction with immune cells.®® Additionally, an enriched number of immunoglobulins was
identified for PMMA NPs coated with Phos-S(2)-Man (Figure 9.3). These proteins are referred

to the class of opsonins, which enhance cellular recognition via Fc receptor.®!

In contrast to this, the corona of PS-NPs coated with Phos-S2/3-Man is less enriched with
complement proteins and immunoglobulins (Figure 9.3). Moreover, the amount of lipoproteins
is comparably high for PS-NPs. Lipoproteins (e.g. Clusterin) were identified in the corona of
PEGylated nanoparticles and reduced cellular interactions towards macrophages.*

Taking this together, these results can explain the difference in the cellular uptake behavior of
PS-NPs coated with the mannose surfactants compared to PMMA-NPs. PS-NPs coated with
Phos-S(3)-Man showed a reduced cellular internalization after plasma coating, which is
probably attributed to the dominant amounts of lipoproteins in the protein corona. In contrast,
the corona of PMMA-NPs coated with Phos-S(2)/(3)-Man additionally contained complement
proteins and immunoglobulins, which enhance cellular recognition. Overall, with this we

present a direct link of the corona composition and the cellular outcome.

Conclusion

In this study, we presented that coating of nanoparticles with mannose functionalized
poly(phosphoester)-based surfactants enables targeting towards dendritic cells. A detailed
proteomic investigation highlighted the distinct role of the protein corona on cellular uptake and
targeting efficiency. Overall, we were able to proof that even in the presence of the protein

corona mannose functionalized nanoparticles can reach the targeted cells.
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Figure S9. 1. Synthesis of polyphosphoester surfactants by ring-opening polymerization (ROP) of cyclic

phosphoester monomers and subsequent mannosylation by thiol-Michael addition a) ROP of MEP

leading to Phos-S(1) carrying no mannose moieties (‘stealth surfactant”™) b) Synthesis of block

copolymer Phos-S(2) and subsequent mannosylation leading to Phos-S(3)-Man (block copolymer,
termina mannose unit). ¢) Synthesis of Phos-S(3) by ROP of OPEMA and subsequent mannosylation
by thiol-Michael addition leading to Phos-S(2)-Man (homopolyer, distributed mannose unit).
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Figure S9. 2. Nanoparticles were incubated with Alexa633 conjugated to Wheat Germ Agglutinin (WGA
lectin) for 30 min at room temperature. The amount of bound WGA to mannose on the nanopatrticle

surface was detected by flow cytometry. Values are given in % as Alexa 633 positive nanoparticles.
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Figure S9. 3. Monocytes or monocyte derived dendritic cells were incubated with Alexa647 labelled
secondary antibodies against the mannose receptor (CD206 and CD209) for 30 min at 4 °C. Flow

cytometry measurements were performed and the median fluorescent intensity values (MFI) are given.
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Figure S9. 4. Surfactant coated PS nanoparticles (a) or PMMA nanopatrticles (b) were exposed to
plasma and cellular uptake (150 pg/mL, 2 h) towards dendritic cells was quantified via flow cytometry.
Cells were untreated prior to uptake analysis or pre-treated with mannan (3 mg/mL, 30 min) The amount

of fluorescent positive cells is shown (%).
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Figure S9. 5. Unfunctionalized and surfactant coated PMMA (a) and PS (b) were incubated with human
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plasma for 1 h at 37 °C. The hard corona proteins were isolated as described in the material and

methods section. Silver staining was used to visualize the corona pattern.
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Figure S9. 6. The hard corona proteins of PMMA (a) and PS (b) nanoparticles were analysed by LC-

MS. All proteins were classified into 8 different classes depending on their biological function.
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Chapter D

During my PhD, | have contributed to additional projects. Results are either submitted or
already published as indicated (see publication list 10-19). In the following each project is
shortly summarized (aim) and the contribution of each author are mentioned.

[10] Pre-coating with protein fractions inhibits nano-carrier aggregation in human blood
plasma.

Aim. The success of a nhanomaterial designed for biomedical applications depends strongly
on its “biological identity” meaning the physicochemical properties the material adopts after
contact with a physiological medium e.g. blood. Critical issues are here the size stability of the
nanomaterial against aggregation in blood induced by blood proteins and the composition of
the protein corona. These factors further determine the particles' fate in vivo and in vitro. While
this has been seen to occur inevitably we demonstrate here that a preformed and hereby
predetermined protein corona steers the nanomaterials behavior concerning aggregation in
human blood plasma and uptake behavior in macrophages. Fractionation of human blood
plasma was applied to enrich human serum albumin (HSA), immunoglobulin G (IgG) as well
as various low abundant protein mixtures. The exact composition of these protein fractions
was analyzed via quantitative, label-free liquid-chromatography mass-spectrometry (LC-MS).
The protein fractions were further applied to form a predetermined protein corona on differently
functionalized polystyrene nanoparticles. The change of the nanoparticles' physicochemical
properties after incubation with the defined protein fractions or whole human plasma was
studied by dynamic light scattering (DLS) to determine size changes. DLS was also used to
investigate the stability of the protein-coated nanoparticles when reintroduced in human
plasma. In addition, we found that cellular uptake of nanomaterials was strongly influenced by

the artificially created protein corona.

Contribution. | conducted the cellular uptake experiments. Dynamic light scattering
experiments were performed by [}l LC-MS analysis was done by Susanne

Schéttler. The project was supervised by |
Mohr |

Copyright. The following part (10) is based on the publication RSC Advances, 2016, 6 (99),
96495-96509.



[11] Fully degradable protein nanocarriers by orthogonal photoclick tetrazole—ene
chemistry for the encapsulation and release.

Aim. The encapsulation of sensitive drugs into nanocarriers retaining their bioactivity and
achieving selective release is a challenging topic in current drug delivery design. Established
protocols rely on metal-catalyzed or unspecific reactions to build the (mostly synthetic) vehicles
which may inhibit the drug's function. Triggered by light, the mild tetrazole—ene cycloaddition
enables us to prepare protein nanocarriers (PNCs) preserving at the same time the bioactivity
of the sensitive antitumor and antiviral cargo Resiquimod (R848). This catalyst-free reaction
was designed to take place at the interface of aqueous nanodroplets in miniemulsion to
produce core—shell PNCs with over 90% encapsulation efficiency and no unwanted drug
release over storage for several months. Albumins used herein are major constituents of blood
and thus ideal biodegradable natural polymers for the production of such nanocarriers. These
protein carriers were taken up by dendritic cells and the intracellular drug release by enzymatic
degradation of the protein shell material was proven. Together with the thorough colloidal
analysis of the PNCs, their stability in human blood plasma and the detailed protein corona
composition, these results underline the high potential of such naturally derived drug delivery

vehicles.

Contribution. | performed the LC-MS analysis and SDS-PAGE. Nanocapsules were

synthesized by [l IR =~ R conducted the cellular
uptake experiments. The project was supervised by [ IR
Katharina Landfester]

Copyright. The following part (11) is based on the publication Nanoscale Horizons, 2017, 2
(5), 297-302.



[12] Highly Loaded Semipermeable Nanocapsules for Magnetic Resonance Imaging.

Aim. Magnetic resonance imaging has become an essential tool in medicine for the
investigation of physiological processes. The key issues related to contrast agents, i.e.,
substances that are injected in the body for imaging, are the efficient enhancement of contrast,
their low toxicity, and their defined biodistribution. Polyurea nanocapsules containing the
gadolinium complex Gadobutrol as a contrast agent in high local concentration and high
relaxivity up to 40 s-1 mmol-1 L are described. A high concentration of the contrast agent inside
the nanocapsules can be ensured by increasing the crystallinity in the shell of the
nanocapsules. Nanocapsules from aliphatic polyurea are found to display higher crystallinity
and higher relaxivity at an initial Gadobutrol concentration of 0.1 mM than aromatic polyurea
nanocapsules. The nanocapsules and the contrast agent are clearly identified in cells. After
injection, the nanocarriers containing the contrast agent are mostly found in the liver and in the

spleen, which allow for a significant contrast enhancement in magnetic resonance imaging.

Contribution. | analyzed the protein corona. | synthesized the nanocapsules.
IR pcrformed the TEM measurements and cellular uptake experiments. [N

RN <upported the in vivo studies. The project
was supervised by |
Katharina Landfester.

Copyright. The following part (12) is based on the publication Macromolecular Bioscience,
2018, doi: 10.1002/mabi.201700387.



[13] Coating nanoparticles with tunable surfactants facilitates control over the protein

corona.

Aim. Nanoparticles with long blood circulation time are a prerequisite for targeted drug
delivery. To make the nanopatrticles invisible for phagocytizing cells, functional moieties on the
particle surface are believed to be necessary to attract specific so-called 'stealth' proteins
forming a protein 'corona’. Currently, covalent attachment of those moieties represents the only
way to achieve that attraction. However, that approach requires a high synthetic effort and is
difficult to control. Therefore, we present the coating of model nanopatrticles with biodegradable
polymeric surfactants as an alternative method. The thermodynamic parameters of the coating
process can be tuned by adjusting the surfactants' block lengths and hydrophilicity.
Consequently, the unspecific protein adsorption and aggregation tendency of the particles can
be controlled, and stealth proteins inhibiting cell uptake are enriched on their surface. This non-
covalent approach could be applied to any particle type and thus facilitates tuning the protein

corona and its biological impact.

Contribution. | conducted the protein corona analysis and cell uptake. The ITC measurements

were carried out by NSNS IR s thesized the surfactants and [EEEEEER

B performed the zeta potential measurements. The project was supervised by [

Copyright. The following part (13) is based on the publication Biomaterials, 2017, 115, 1-8.



[14] Polyglycerol Surfmers and Surfactants for Direct and Inverse Miniemulsion

Aim. Poly(ethylene glycol)-based surfactants are a prominent example for nonionic
surfactants. Poly(glycerol) (PG) is discussed as a polyfunctional alternative, however, it is not
yet used to stabilize miniemulsions. The anionic polymerization of glycidyl ethers is used to
prepare surfactants for direct or inverse emulsions and ambident surfactants by adjusting the
copolymer composition. Orthogonal-protected poly(glycerol) block copolymers, using
ethoxyethyl glycidyl ether and allyl glycidyl ether (AGE) or tert-butyl glycidyl ether (tBuGE), are
synthesized. After cleavage of the acetal groups, these all-polyglycerol surfactants (PG-b-
PtBuGE) or multifunctional surfmers (PG-b-PAGE), are used in direct and inverse
miniemulsion polymerizations. Polystyrene nanoparticles are obtained by free-radical
miniemulsion polymerization, in which the allyl-functionalized copolymers act as surfmer. In
inverse miniemulsion, hydroxyethyl starch nanocarriers are synthesized with PG-b-PAGE as
surfmer, transferred into aqueous PG-b-PtBUGE solution, and functionalized by thiol-ene
addition. The PG-b-PtBuGE with equal block length ratio is used as a surfactant for direct and
inverse miniemulsions. With the PG being covalently bound to the nanocarriers, a desorption
during protein adsorption does not occur. It is believed that these surfactants are promising

alternatives to conventional surfactants with additional functionality.

Contribution. | carried out the protein corona analysis. Surfactants and nanoparticles were

synthesized by [ EiETIIEEEEEEEE -1 IR hc project was supervised by
Frederik Wurm and Katharina Landfester.

Copyright. The following part (14) is based on the publication Macromolecular bioscience,
2017, doi: 10.1002/mabi.201700070.



[15] Reversible Self-Assembly of Degradable Polymersomes with Upper Critical
Solution Temperature in Water.

Aim. Temperature-induced self-assembly of block copolymers allows the formation of smart
nanodimensional structures. Mostly, nondegradable lower critical solution temperature (LCST)
segments are applied to prepare such dynamic aggregates. However, degradable upper
critical phase separation (UCST) block copolymers that would allow the swelling or
disassembly at elevated temperatures with eventual backbone hydrolysis have not been
reported to date. We present the first well-defined degradable poly(phosphonate)s with
adjustable UCST. The organocatalytic anionic ring-opening copolymerization of 2-alkyl-2-oxo-
1,3,2-dioxaphospholanes provided functional polymers with excellent control over molecular
weight and copolymer composition. The prepolymers were turned into thermoresponsive
polymers by thiol-ene modification to introduce pendant carboxylic acids. By this means, non
cell-toxic, degradable polymers exhibiting UCST behavior in water between 43 and 71 °C were
produced. Block copolymers with PEG as a nonresponsive water-soluble block can self-
assemble into well-defined polymersomes with narrow size distribution. Depending on the
responsive block, these structures either swell or disassemble completely upon an increased

temperature.

Contribution. | performed the toxcicity assays. | S a0 IEEEEEEEE

synthesized the polymersomes. The project was supervised by FliEEE

Copyright. The following part (15) is based on the publication Journal of the American
Chemical Society, 2017, 139 (32), 11064-11072.



[16] Temperature responsive poly (phosphonate) copolymers: from single chains to

macroscopic coacervates.

Aim. Temperature-induced self-assembly of block copolymers allows the formation of smart
nanodimensional structures. Mostly, nondegradable lower critical solution temperature (LCST)
segments are applied to prepare such dynamic aggregates. However, degradable upper
critical phase separation (UCST) block copolymers that would allow the swelling or
disassembly at elevated temperatures with eventual backbone hydrolysis have not been
reported to date. We present the first well-defined degradable poly(phosphonate)s with
adjustable UCST. The organocatalytic anionic ring-opening copolymerization of 2-alkyl-2-oxo-
1,3,2-dioxaphospholanes provided functional polymers with excellent control over molecular
weight and copolymer composition. The prepolymers were turned into thermoresponsive
polymers by thiol-ene modification to introduce pendant carboxylic acids. By this means, non
cell-toxic, degradable polymers exhibiting UCST behavior in water between 43 and 71 °C were
produced. Block copolymers with PEG as a nonresponsive water-soluble block can self-
assemble into well-defined polymersomes with narrow size distribution. Depending on the
responsive block, these structures either swell or disassemble completely upon an increased

temperature.

Contribution. | performed the toxcicity assays. [ S ¢ SRR

synthesized the polymers. The project was supervised by [N

Copyright. The following part (16) is based on the publication Polymer Chemistry, 2018, 9,
490-498.



[17] Denaturation via surfactants changes compaosition of protein corona

Aim. The use of nanocarriers as drug delivery vehicles brings them into contact with blood
plasma proteins. Polymeric nanocarriers require some sort of surfactant to ensure colloidal
stability. Formation of the protein corona is therefore not only determined by the intrinsic
properties of the nanocarrier itself, but also by the accompanying surfactant. Although it is well
known that surfactants have an impact on protein structure, only few studies were conducted
on the specific effect of surfactants on the composition of protein corona of nanocarriers.
Therefore, we analyzed the composition of the protein corona on “stealth” nanoparticles with
additional surfactant (cetyltrimethylammonium chloride, CTMA-CI) after plasma incubation.
Additional CTMA-CI lead to an enrichment of apolipoprotein-Al and vitronectin in the corona,
while less clusterin could be found. Further, the structural stability of apolipoprotein-Al and
clusterin was monitored for a wide range of CTMA-CI concentrations. Clusterin turned out to

be more sensitive to CTMA-CI, with denaturation occurring at lower concentrations.

Contribution. | prepared the surfactant coated nanoparticles carried out the protein corona
analysis (SDS-PAGE, Pierce Assay and LC-MS). |IIlNEElll performed the nanoDSF and
isothermal titration calorimetry (ITC) experiments. ||| || | I supplied the clusterin. The
project was supervised by [N
]

Copyright. The following part (17) is based on the publication Biomacromolecules, 2018, doi:
10.1021/acs.biomac.8b00278



[18] Preservation of the soft protein corona in distinct flow allows identification of
weakly bound proteins

Aim. Nanopatrticles that are used for targeted drug delivery come in contact with biological
liquid and proteins will adsorb to the nanocarrier’s surface to form the so called ‘protein corona’.
The protein corona is what defines the biological identity of the nanoparticle in the body and
determines the biological response towards the nanocarrier. To get a better idea of this protein
corona and to make nanomedicine safe and reliable it is absolutely necessary to characterize
the adsorbed proteins. Currently, centrifugation is the common method to isolate the protein
corona for further investigations. However, with this method it is only possible to investigate
the strongly bound proteins, also referred to as ‘hard corona’. Therefore, we want to introduce
a new separation technique to separate nanoparticles including the soft protein corona
containing also loosely bound proteins for further characterizations. The used separation
technique is the asymmetric flow filed-flow fractionation (AF4). We were able to separate the
nanopartices with proteins forming the soft protein corona, and also could show, that the hard

protein corona is what influences the cell uptake behavior.

Contribution. | carried out the LC-MS analysis and cell uptake experiments. |

performed the asymmetric flow filed-flow fractionation. The project was supervised by ||}



[19] The protein corona as a confounding variable of nanoparticle-mediated targeted

vaccine delivery.

Aim. Nanocarrier are almost inevitably coated with a protein corona after exposure to blood
plasma or lymphatic fluid. This plasma protein corona can affect the trafficking of the NC within
the body as well as their cellular targeting and uptake to a significant extent, potentially
resulting in loss of the desired effects as well as altered functional properties of the NC. In
contrast, the protein corona may also be exploited to extend their plasma half-life, thereby
optimizing cell-specific targeting and immunotherapeutic effects, or even to re-direct NC to

specific cell types or organs in vivo.

Contribution. In a collaborative work the review was written with [l



Zusammenfassung

Durch den Kontakt von Nanopartikeln mit biologischen Medien, kommt es rasch zu einer
Interaktion zwischen den Blutbestandteilen und der Nanopartikeloberflache, wodurch der
Nanopartikel eine biologische Identitat erhalt ("Biomolekil-Korona). Dieser Prozess
beeinflusst das pharmakokinetische Profil und die therapeutische Effizienz von allen
Nanopartikeln. Obwohl es viele Bestrebungen zur Entwicklung von Nanopartikeln mit einer
proteinabweisenden Oberflache (beispielsweise mit PEG) gibt, ist es immer noch umstritten,
ob es generell moglich ist die Proteinadsorption komplett zu verhindern. Aus diesem Grund ist
eine genaue Charakterisierung der adsorbierten Proteinschicht unerlasslich. Denn durch diese
Kenntnisse ist es mdglich die biologischen Eigenschaften der Nanopartikel fir einen effizienten

Wirkstofftransport zu verbessern.

Im Rahmen dieser Arbeit werden verschiedene Interaktionen an der Nano-Bio-Grenzflache
untersucht. Durch eine kombinatorische Analyse mittels Transmissionselektronenmikroskopie
(TEM) und hochaufldsender Massen-spektrometrie (LC-MS) war es moglich die Entwicklung
der Protein-Korona zu verfolgen. Diese ist nicht, wie erwartet, eine dicht gepackte
Proteinschicht, sondern zeichnet sich durch eine inhomogene Struktur aus. Fir eine
aussagekraftige Analyse der Protein-Korona ist es unerlasslich die Studien unter physiologisch
relevanten Bedingungen durchzufihren, die der komplexen Situation in vivo so nahe wie
moglich kommen. Ein Negativbeispiel stellt die Hitzeinaktivierung dar. Dabei handelt es sich
um ein gangiges methodisches Verfahren, das im Rahmen der Zellkultur Verwendung findet.
Durch das Erhitzen der Proteinquelle des Zellkulturmediums sollen stdérende Einfliisse bei in
vitro Versuchen vermieden oder verringert werden. Es stellte sich jedoch heraus, dass dadurch

auch die Protein-Nanopartikel Interaktionen erheblich beeinflusst werden.

Klinische Studien sind der letzten Schritt bevor Nanopartikel eine medikamentése Anwendung
finden kénnen. Zuvor werden typischerweise Mausstudien durchgefiihrt, um die Eigenschaften
der Nanopartikel in vivo zu untersuchen. Aus diesem Grund wurde der Einfluss der
artspezifischen Proteinzusammensetzung (Maus vs. Mensch) auf die Interaktion mit
Nanopartikeln untersucht. Hier zeigten sich je nach Proteinquelle erhebliche Unterschiede in

der Protein-Korona und Zellinteraktion.

In der Nanomedizin wird die Oberflache von Nanopartikeln Gblicherweise mit hydrophilen
Polymeren (beispielsweise mit PEG) modifiziert, um die Zirkulation der Nanopartikel im Blut
zu verlangern. Dies wird als Stealth-Effekt ("Tarnkappen-Effekt’) beschrieben und ist seit den
frihen Anfangen der Nanomedizin eine etablierte Methode. Jedoch fehlte bisher ein
grundlegendes Verstandnis Uber den molekularen Mechanismus, auf dem dieser Effekt

beruht. Um dies zu ergrinden, wurde der Einfluss der Polymerhydrophilie auf die



Proteinadsorption untersucht und dieses mit der Zellaufnahme in Makrophagen korreliert. Es
stellte sich heraus, dass je nach Oberflachenhydrophilie eine bestimmte Proteinadsorption
induziert wird und spezifische Proteine den Stealth-Effekt vermitteln. Durch dieses Wissen ist
es nun moglich, die Protein-Korona gezielt auszunutzen. Hier zeigte sich, dass durch eine
malfgeschneiderte Protein-Korona eine unspezifische Aufnahme in Makrophagen verhindern

werden kann.

Das allumfassende Ziel der Nanomedizin ist ein gerichteter Transport von Nanotragern zur
Zielzelle (‘Targeting”). Hierfir wird die Oberflache von Nanopartikeln mit spezifischen
Liganden modifiziert. In vielen Studien wurde jedoch bereits beobachtet, dass durch die
Protein-Korona die Targeting Eigenschaften der Nanopartikel erheblich beeinflusst werden
kénnen. Hier zeigte sich, dass Korona-Proteine den Liganden auf der Nanopartikeloberflache
komplett Gberdecken konnen, wodurch es zu keiner Interaktion zwischen den Rezeptoren auf
der Zielzelle und dem Nanopartikel kommt. Aus diesem Grund wurden in dieser Arbeit
verschiedene Methoden entwickelt, die eine effiziente Oberflachenfunktionalisierung von
Nanopartikeln ermoglichen und somit auch in Anwesenheit der Korona eine gezielte

Zellinteraktion erlauben.

Eine Mdglichkeit zur Oberflachenmodifikation von Nanopartikeln bietet die Adsorption von
Antikdrpern bei einem bestimmten pH-Wert. Hier konnte ein gezielter Transport der Antikorper
funktionalisierten Nanopartikel zur Zielzelle auch in Anwesenheit von Blutproteinen erfolgreich

nachgewiesen werden.

Eine alternative Methode stellt der Einsatz von Tensiden zur nicht-kovalenten
Oberflachenmodifikation von Nanopartikeln dar. Da Tenside oberflachenaktive Substanzen
sind, kdnnen diese Uber eine nicht-kovalente Wechselwirkung an die Nanopartikeloberflache
binden. Um zu untersuchen, ob dieses Konzept fir ein spezifisches Targeting von
Nanopartikeln genutzt werden kann, wurden verschiedene Tenside mit einem Mannose Ligand
modifiziert. Es zeigte sich, dass durch die Adsorption der Mannose funktionalisierten Tenside
an die Oberflache von verschiedenen Nanopartikeln, eine gezielte Zellinteraktion auch nach

Inkubation mit Blutplasma ermdglicht wird.



Summary and outlook

The gap between the rapid development of sophisticated nanoparticle formulations and their
unsuccessful application in vivo highlights that there is a limited understanding about the
behavior of nanoparticles under physiological conditions. Therefore, this work aimed to shed
light into the interactions occurring at the nano-bio-interface. This knowledge is needed to

design novel nanopatrticle formulations, which allow controlled cell interactions.

Overall, this work describes three major topics, which need to be considered in order to assess
the biological properties of nanoparticles. A comprehensive analysis of the biological
fingerprint, which nanoparticles obtain after incubation with serum or plasma is essential to
understand their further cellular interactions (Chapter A). Stealth properties are a major
requirement of long circulating nanoparticles. Therefore, the molecular mechanism of the
stealth effect needs to be evaluated (Chapter B). Finally, the key characteristic of
nanoparticles designed as drug delivery vehicles are targeted and controlled cellular
interactions (Chapter C). In the following, the main message of each chapter will be
highlighted. Additionally, the major finding of all studies will be shortly summarized and based

on this future experiment will be discussed.

Chapter A: Protein structure and physiological environment (e.g. plasma, serum or

blood) highly determine biomolecular corona formation.

Study 1 showed that the protein corona has a non-uniform structure and is not — as supposed
— a dense layer. This indicates that also targeting moieties on the surface of the nanoparticles

can be attached and would allow controlled cellular interactions despite protein adsorption.

Study 2 underlined the urgent need to perform protein corona analysis under physiological
relevant conditions. Heat inactivation of serum or plasma determinedly affected the protein

adsorption pattern and therefore it does not reflect the in vivo situation.

Study 3 demonstrated that there are major differences between the corona formed in mouse
plasma compared to human. This implies difficulties to translate in vivo (mouse) experiments

to the clinical studies (human).

Study 4 showed that the in vivo corona has a broad complex protein pattern, which differed
strongly from the composition obtained after in vitro incubation. This underlines the importance

to establish methods, which mimic the in vivo situation.

The knowledge about protein-nanoparticle interaction under in vitro conditions has increased

extensively. Due to the development of new analytical methods, it should now be aimed to



understand in vivo corona formation. Further, it is of importance to evaluate cellular uptake in
a complex cell surrounding (e.g. isolated spleen cells or whole blood) to understand the

multiple interactions between nanoparticles and cells.

Chapter B: A defined protein corona composition can mediate stealth properties.

Study 5 correlated the nanoparticle surface hydrophilicity with protein adsorption and cellular
uptake towards phagocytic cells. It was demonstrated that a defined surface hydrophilicity
triggers selective protein adsorption, which mediates the stealth effect.

Study 6 found that the attachment of sugar molecules (HES, DEX or Glucose) provides stealth
properties to nanoparticles. Therefore, it is possible to obtain fully degradable stealth

nanoparticles via surface modification with sugar derivates.

Study 7 highlighted that corona formation can be exploited to decrease cellular interactions
with macrophages.

Alternative methods to the conventional PEGylation strategy are needed. As it is now
understood that proteins are involved in the stealth effect, selective protein adsorption can be

exploited to prolong blood circulation in vivo.

Chapter C: Advanced targeting strategies for the surface functionalization of

nanoparticles enable controlled cell interactions despite corona formation.

Study 8 demonstrated an easy approach to functionalize nanoparticles with antibodies. It was
found that depending on a chosen pH the adsorption of antibodies to the nanopatrticle surface

is favored.

Study 9 showed that mannose functionalized poly(phosphoester) based surfactants can be
used as non-covalent surface functionalization for a variety of nanoparticles to achieve

targeted recognition of nanopatrticles via the mannose receptor.

As it was proven that it is possible to achieve targeted cell interactions under in vitro conditions,
it is now needed to evaluate the targeting efficiency in vivo. Additionally, it is aimed to find
alternative strategies for the controlled covalent attachment of antibodies or other targeting
ligands to the surface of nanoparticles. Moreover, a dual modification of the nanoparticle
surface with stealth polymers or proteins and targeting ligands needs to be achieved and

investigated under in vivo conditions.
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