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Chapter 1

1.1 Introduction

Engineering nanomaterials offers the opportunity to enhance disease diagnosis
and improve its treatment efficacy. Nanomaterials have the capability to address
the shortcomings associated with traditional drug delivery methods, such as
inadequate biodistribution profiles or impaired intracellular trafficking.! One
commonly employed type of nanomaterials are polymeric nanoparticles (NPs).
Polymeric NPs exhibit unique properties based on their high surface to volume
ratio and similar dimensions as observed in biological systems.23 Owing to these
characteristics, these nanomaterials have found widespread use in biomedical
applications, not only in the field of drug delivery, but also in a wider context,
ranging from biosensing*® to imaging.® For NPs to be effective, they need to be
able to interact in a controlled manner with target sites within the body. For
example, the negatively charged cell membrane can be targeted by equipping the
NPs surface with cationic groups.’” Alternatively, recognition of NPs can be
promoted by specific elements present on the cell surface, such as a transporter
proteins or receptors. Coating NPs with appropriate ligands can therefore improve
local retention and subsequent endocytosis.® A key advantage of using NPs is the
aspect of multivalency, where multiple ligands bind simultaneously to a cell
surface, thereby increasing the NP’s affinity for the target.® Multivalency depends
on many factors, including binding strength between ligand and receptor, as well
as the number of ligands able to participate in binding events.1® Careful tuning of
the surface properties of NPs is therefore of utmost important to achieving selective
and specific binding to cell surfaces. Furthermore, NP size, shape and flexibility
play an important role in cellular uptake.'* An increase in cellular association of
organic polymeric NPs was shown in cancer (HeLa) cells with decreasing particle
size, with a factor 3 difference between 40 nm and 7 nm particles.’?2 Flexible
particles potentially allow for more ligand-receptor binding interactions. However,
this comes with the downside of self-limiting behavior, where the construct crowds
the surface with inert parts. Therefore, a structure inbetween solid and flexible
could potentially provide an optimum for specific cellular targeting.'3

An interesting type of small NPs are single-chain polymer nanoparticles
(SCNPs).1415 SCNPs are soft and semi-flexible particles in the size range of
proteins, formed by intramolecular crosslinking of a single polymer chain. In effect,
NP size is directly dependent on the length of the precursor polymer,1¢ which is
readily controlled by controlled polymerization techniques that have become
available over the past decades!’*® and on the employed crosslinking density.®
The first intramolecular crosslinking of polymers was already performed in 1962,2°
but it was not until 2002 that the process became well-controlled at higher scales.?!
Since then, a wide variety of different methods have been developed to
intramolecularly crosslink precursor polymer chains to form functional SCNPs. The
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formation and biomedical applications of SCNPs have been reviewed multiple
times over the (recent) years.1516. 2225 Examples of SCNPs in a biomedical setting
include cell targeting,?%?” catalysis,?®?° enzyme mimicry30-31 and antimicrobial
activity.32-33 For SCNPs to be effective in a biomedical setting, for example drug
delivery or imaging, the particle surface functionalization needs to be carefully
tuned and optimized towards the desired application. In this preface Chapter, the
focus lies on the different functionalization methods currently available to equip
SCNPs with functional ligands. In Chapter 6, we subsequently reflect on how to
proceed to advance the field of functional SCNPs towards attaining more resolution
in functionalization degree, as well as improving the screening efficiency.

1.2 Post-formation functionalization of SCNPs

Introduction of surface functionality on SCNPs has been achieved by direct
polymerization of functional monomers, followed by intramolecular crosslinking of
the functional precursor polymers (Scheme 1.1a). For example, glucose-functional
methacrylate monomers were directly co-polymerized with a crosslinkable group
and subsequently intramolecularly folded to form functional glyco-SCNPs.3* This
pathway does require the monomers to be compatible both with the (controlled)
polymerization technique, as well as the crosslinking chemistry. This severely limits
the scope of ligands that can be introduced.

(a) Intramolecular
crossllnklng

(b) Intramolecular
crosslinking

Functionalization

P
W\ -

Intramolecular

Functionalization T
crosslinking

Scheme 1.1. Intramolecular crosslinking of a precursor polymer chain to yield well-defined single-chain
polymer nanoparticles (SCNPs). Functional SCNPs can be formed by direct polymerization of functional
monomers, followed by crosslinking (a). Alternatively, functionalization can be introduced post-
polymerization, either before crosslinking (b, top pathway) or after crosslinking (b, bottom pathway).
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By employing post-polymerization modification (PPM), a well-developed concept
from the field of polymer chemistry, the library of functional handles that can be
incorporated onto SCNPs is greatly expanded.®>3° PPM is based on the (co-)
polymerization of monomers bearing reactive moieties, which can be used for
subsequent conjugation of functional ligands after polymerization. This allows for
the introduction of chemical moieties, which are otherwise incompatible with the
polymerization method or interfere with the required crosslinking reaction. As an
example, poly(acrylic acid) polymers were equipped photo-crosslinkable units
through post-polymerization esterification and subsequently folded into SCNPs
(schematically depicted in Scheme 1.1b, bottom pathway).4° Kroger et al. showed
how water-solubility could be introduced into SCNPs through hydrolyzing functional
monomers, either pre- or post-intramolecular chain collapse, with no distinct
differences between the final SCNPs prepared via the two pathways.*! This
approach circumvents the requirement of a specific solvent for nanoparticle
fabrication. A different elegant methodology for the synthesis of well-defined
SCNPs was developed by Palmans and Meijer and coworkers. By introducing a
hydrogen-bonding motif into a reactive pre-polymer, the polymers self-assemble
into SCNPs. Systematically introducing different functional moieties, beside the
crosslinking-agent, yielded a large variety of functional SCNPs which were used in
a biomedical setting.28 4244 A similar approach was used by the group of
Zimmerman. Hydrophobic collapse of the polymer backbone in water was induced
by equipping a polymer with positively charged alkyl-ammonium pendants through
post-polymerization modification, followed by subsequent covalent intramolecular
crosslinking to form SCNPs. These SCNPs were used as synthetic enzymes to
perform catalysis, as well as transport proteins into a cells.?7, 30, 45-46

However, by starting with the functionalization of the pre-polymer, the subsequent
crosslinking chemistry still needs to be compatible with the introduced ligands,
limiting the modularity. More importantly, this approach may alter the conformation
of the polymer and therefore influence crosslinking behavior and eventually also
the SCNP’s colloidal properties. For example, a range of co-polymers was created
through PPM with a hydrogen-bonding motif for the supramolecular folding into
SCNPs. Upon changing the ratio of hydrophobic and hydrophilic pendants while
keeping the degree of polymerization and crosslinker-density constant, a change in
the folding behavior of the supramolecular SCNPs was observed.*” Therefore,
post-formation modification of SCNPs, analogous to post-polymerization
modification of polymers, has emerged as a strategy to rapidly and easily prepare
functional SCNPs. Introduction of functional groups after intramolecular chain
collapse ensures that the initial 3D-structure of the SCNPs remains largely
unaltered, decoupling particle formation from the functionalization step
(schematically depicted in Scheme 1.1b, top pathway). Furthermore, the scope of
functional group incorporation is widened, since it no longer requires compatibility
4
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with the crosslinking methodology. Post-formation modification may therefore
facilitate systematic investigations into the structure-property relationships of
SCNPs.*8

Over the years, a number of different chemistries has been explored to tailor the
SCNP surface post-formation, as summarized in Table 1.1. For example, Loinaz
and co-workers functionalized SCNPs surface-terminated with carboxylic acids,
with peptides through amidation for targeting pancreatic tumors,*® whereas SCNPs
with pendant benzyl esters were rendered water-soluble by reduction through
hydrogenation.5°

An outstanding issue during the post-formation functionalization of SCNPs is the
lack of control over the amount of ligands that are incorporated on the particle
surface. Since most of the reactions mentioned in Table 1.1 have limited efficiency
and selectivity, functional ligands or reagents are typically added in large excess to
ensure full conversion of all reactive handles. Only in the case of the succinic
anhydride ring-opening, the functionalization grade is gradually increased to create
a range of functional SCNPs.51%2 Still, the quantification of incorporation is
impeded, since routine techniques, such as UV-Vis, FT-IR and 'H NMR
spectroscopy, often lack the specificity to discern between signals from the
backbone and the functional ligand. This becomes particularly problematic when
trying to create libraries of SCNPs with incremental introduction of surface
moieties. Such ranges are required to find the optimal density for effective cellular
interactions, because of the complex interplay between ligand and receptors.® For
example, self-assembled micellar NPs with increasing pendant glucose-moieties
showed an optimum glucose-density for efficient brain uptake, with total coverage
of the surface with glucose leading to decreased efficacy.5465 Furthermore, this
glucose-optimum turned out to be dependent on the type of construct, indicating
the lack of generic design rules and thus the need for facile post-modification
methods to attain well-defined and uniform sets of functional NPs.
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Table 1.1. Overview of covalent post-formation modifications on SCNPs.

. Pre-. . Post-functionalization Method Goal Refs
functionalization
0 oH Water- 12,16
M):o>< m/[OH Acidic conditions solubility 51-54
— OH  OH Water-
el N aW K004 solubility 12,54
il o]
= o H,, Pd/C Water- 50
(o) solubility
e} o} _
. J< o TFA Water 55
o (o) solubility
OH
%/[OH “/[o - Succinic anhydride Anionic charge 51-52
OH o}\/\r(o“ ring-opening range
o
H © Intermediate
“’NTO\K o, NHy HCl in dioxane for subsequent 56
© amidation
WH o @ TFA Anti-microbial 57
\on/ \]< N activity
o]
a Penti
L R Amide coupling eptide 49, 58-59
OH H coupling
N=N Cu(l) catalyzed alkyne  Zwitterionic or
N B
e HVN\/)‘R azide click-conditions labelling 60-61
NP Protein and
S | M Segp Disulfide-exchange peptide 56, 62
8 coupling
S 0
m,_SH \/Tl/ Thiol-Michael addition Labelling 63
S O~ . . . Positive
~,,SH ~ Thiol-Michael addition 63
0 charge
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As a result of the aforementioned functionalization problems, systematic
investigations into the influence of surface chemistry of SCNPs on biomedical
applications are still in their infancy. An effective method to tackle the
functionalization problem is the use of active pentafluorophenyl (PFP) esters.
Introduced in 2005 in the field of polymer chemistry,®¢ PFP-esters are facilely
substituted with functional primary amines, a process which can be conveniently
followed by background-free 1°F NMR spectroscopy. Equipping SCNPs with
pendant PFP-esters would therefore allow to effectively modify the SCNP surface
in a stepwise fashion, with generic chemical structures to alter physicochemical
properties, such as surface charge or hydrophilicity, as well as the introduction of
targeting ligands. This approach can provide the means to elucidate structure-
activity relationships of SCNPs to identify the optimal conditions for efficient cellular
interactions and develop new nanomedicine-based therapies.

1.3 Aim and outline of this thesis

The aim of this thesis is to develop a modular single-chain polymer nanoparticle
platform, which can be used to systematically study the influence of surface
functionalization on cellular interactions.

In Chapter 2, we synthesize PFP-SCNPs from a co-polymer precursor containing
pendant PFP-groups and protected thiols. After deprotection, the PFP-SCNPs are
formed through intramolecular crosslinking with a di-acrylate crosslinker by a thiol-
Michael addition. After formation, we study the influence of tertiary amines on the
intracellular delivery of SCNPs. The number of protonatable groups on the SCNP
surface is systematically increased and the set of SCNPs is evaluated for cellular
uptake and intracellular location in endothelial cells.

In Chapter 3, we explore the influence of tertiary amines on the passage of SCNPs
through the blood-brain barrier (BBB). A set of SCNPs with increasing surface
protonatable groups is evaluated on a filter-free BBB model, in which transcytosis
and the endosomal release after cellular uptake are studied.

In Chapter 4, SCNPs are used for controlled drug delivery of atovaquone, a
common anti-malarial drug, currently being repurposed as an anti-cancer drug.
Atovaquone is conjugated to the PFP-SCNPs and the influence of surface charge,
as well as protonatability of the SCNPs to intracellularly deliver the drug and
improve its efficacy to induce apoptosis is studied.

In Chapter 5, PFP-chemistry is combined with copper(l)-catalyzed azide alkyne
cycloaddition (CUAAC) click chemistry to further expand the modularity of the PFP-
SCNP system. SCNPs are ligated with increasing amounts of amino-alkyne
moieties and subsequently reacted with azido-propylglucose through two different
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conjugation positions to arrive at a set of glyco-SCNPs. The influence of the
glucose conjugation position and ligand density on cellular uptake is studied in
Hela cells.

In Chapter 6, we describe a possible method for scaling up SCNP synthesis and
techniques to attain more elaborate libraries of functional SCNPs for structure-
activity studies. Furthermore, a first biodistribution study in mice is performed.
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Chapter 2

Pentafluorophenyl-based single-chain
polymer nanoparticles as a modular
platform for controlling cellular uptake

Single-chain polymer nanoparticles (SCNPs) are well-defined soft objects, formed
by intramolecularly crosslinked linear polymers, which resemble the size and
approximate the structure of proteins. By introducing reactive groups into the
precursor backbone, SCNPs may be used post-formation as a modular platform to
systematically study the influence of ligands and ligand density on in vitro behavior.

In this study, we present the formation of SCNPs with activated pentafluorophenyl
(PFP) esters. A co-polymer containing PFP-methacrylate and xanthate moieties is
efficiently deprotected to yield free thiols, which are subsequently used for
intramolecular crosslinking via a thiol-Michael addition to obtain pentafluorophenyl-
based single-chain polymer nanoparticles (PFP-SCNPs). Intramolecular
crosslinking is confirmed by size exclusion chromatography, dynamic light scattering
and 'H DOSY NMR. The PFP-SCNPs are subsequently functionalized with
increasing amounts of tertiary amines, leading to a range of SCNPs with increasing
zeta-potential. Cellular uptake of the SCNPs is investigated in bEND.3 cells,
indicating different uptake behavior, based on the particles’ surface charge. Confocal
microscopy revealed cytosolic delivery of the SCNPs with the highest zeta potential.
These results indicate the importance of surface charge on cellular fate and provide
an easy method for tailoring NPs towards specific biomedical applications.

This chapter is a selection from: A. P. P. Krégert, J.-W. D. Paatst, R. J. E. A.
Boonen, N. M.  Hamelmann, J. M. J. Paulusse, Polymer Chemistry 2020, 11 (37),
6056-6065 and N. M. Hamelmann, J.-W. D. Paats, J. M. J. Paulusse, ACS Macro
Lett 2021, 10 (11), 1443-1449.

T These authors contributed equally.



Chapter 2

2.1 Introduction

Over the past decades, polymeric nanoparticles have been extensively employed as
biocompatible materials, due to their large structural flexibility and tunable, high
biocompatibility.’2 Ever increasing progress in synthetic methodologies has led to a
wide range of polymeric materials currently being available, enabling a variety of
applications, ranging from imaging®* and sensing®® to drug delivery.”® Of all
materials properties, particularly size plays an important role in the performance and
behavior of nanoparticles (NPs) for biomedical applications.® Intravenously injected
200 nm gold particles were mainly found in the liver, whereas 15 nm and 50 nm NPs
were found in a variety of organs, including the brain."'2 For enhanced cellular
uptake, especially of interest are NPs in the size range of proteins.'3-1* Bai et al.
showed an increase in internalization of organic NPs in HeLa Cells with decreasing
particle size, with a factor 3 difference between 40 nm and 7 nm particles.' This
stresses the need for sub-20 nm nanoparticles. However, access to this size regime
remains a synthetic challenge. One way to overcome this hurdle, is the use of single-
chain polymer nanoparticles (SCNPs).

SCNPs are prepared through exclusive intramolecular crosslinking of individual
polymer chains.'6-26 Size and dispersity of SCNPs are directly related to the size and
size distribution of the polymers from which they are prepared, and these properties
can therefore be controlled very accurately, yielding nanoparticles in the 5-20 nm
size range, resembling the size and structure of proteins.?’-2° The structure of SCNPs
is in between a flexible polymer and a rigid nanoparticle.®® This combines the ability
for multivalent target-ligand interactions,3' with the increased cellular uptake
observed for rigid particles.32-33 In 1962, the first covalently crosslinked SCNPs were
synthesized under very dilute conditions (106 - 105 M).3* However, intermolecular
reactions were still apparent, resulting in ill-defined nanostructures. Furthermore,
these conditions precluded multigram synthesis and therefore, hampered its
usefulness towards further applications. In 2002, the group of Hawker introduced the
formation of SCNPs under continuous addition, where a benzocyclobutene-
functional polymer was slowly added to a high temperature solution, which
subsequently induced the intramolecular crosslinking.3® This improved approach
allowed for much higher concentrations of reactants (up to a factor 104). However,
the harsh reaction conditions (200 °C) limit the applicability of such systems. Utilizing
much milder reactions, a large variety of crosslinking methods to synthesize SCNPs
has been developed since.3¢38 As previously demonstrated by our group, one
particularly efficient reaction for intramolecular crosslinking is using a thiol-Michael
addition.®® The reaction can be initiated by a phosphine,*%-4" which simultaneously
provides a reductive environment, preventing the formation of disulfide bonds.
However, the lability of free thiols impedes incorporation into linear growing polymer
chains, requiring the use of a protective group, which is stable and tolerant towards
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controlled radical polymerization.#? For this purpose, Nicolay designed a protective
xanthate moiety (xanthate methacrylate, XMA) that may be employed.#® Post-
polymerization aminolysis of the xanthate group yields free reactive thiols on the
polymer, which can be subsequently used for efficient intramolecular crosslinking
and the formation of SCNPs.

In order to render SCNPs suitable for biomedical applications, the exterior of the NPs
needs to be readily modified for the introduction of active ligands and systematic
investigations into cell-materials interactions. Post-formation functionalization
enables modification of polymers,* nanoparticles*®>4¢ and nanogels*’-48 without
markedly altering their size and structure. Exploiting post-formation functionalization
of SCNPs would allow careful tuning of the exterior properties, while maintaining the
SCNP’s backbone structure intact. Pentafluorophenyl (PFP) esters have found
widespread application in bioconjugation chemistry.4® These activated esters are
soluble in a range of organic solvents and less susceptible to hydrolysis than NHS
esters.59 PFP-functional polymers have been successfully used in post-
polymerization functionalization reactions with both primary and secondary
amines.5' Conjugation of antibodies to PFP-acrylate polymer brushes was achieved
by Son et al., enabling capture and purification of target proteins.5? In the stepwise
compaction of N-substituted maleimide copolymers, the PFP-moiety was used as
intramolecular crosslinking reaction to prepare SCNPs.%3-% Furthermore, Palmans
and co-workers used poly(PFP-acrylate) to prepare polymer precursors for
intramolecular self-assembly of SCNPs.%%-57 Recently, PFP-polymers were also
modified with quaternary ammonium groups and catalytic centers to form SCNPs
with increased catalytic activity, even working inside HelLa cells.58-59

For many biomedical applications, NPs need to reach a specific organelle within the
cell to be effective, such as the nucleus®® or the mitochondria.®' Therefore, efficient
internalization of NPs and subsequent release from endosomal structures into the
cytosol is required for optimal activity. To facilitate cellular uptake of SCNPs, tertiary
amines can be employed, which have for example already found widespread
application in the field of gene delivery.52-64 Tertiary amines are partially protonated
at neutral pH,%%%¢ |eading to increased interactions with negatively charged cell
membranes and subsequent NP endocytosis. The decreased pH within the
endosome leads to an influx of protons and chloride counterions, resulting in osmotic
swelling and, combined with the increased charged repulsion of the protonated NPs,
rupturing of the endosome and release of its contents into the cytosol. This whole
process is referred to as the proton sponge effect, although the exact mechanism is
currently under heavy debate.7-68 However, positively charged particles can also
induce cytotoxic effects, indicating the delicate balance between cellular uptake and
cell death.5%7" Therefore, the charge density of the particles’ surface needs to be
carefully controlled and optimized for efficient cellular uptake.
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In this work, we report the preparation and characterization of PFP-functional SCNPs
via thiol-Michael addition crosslinking, and their use as a flexible platform to easily
modify and functionalize the surface of SCNPs, while maintaining the backbone
structure unaltered. We use this platform to systematically study the influence of the
surface density of protonatable amines and subsequent surface charge on the
particles’ subcellular location, by creating a range of SCNPs with increasing amounts
of protonatable tertiary amines. The SCNPs are evaluated for cytotoxic effects on
brain endothelial cells (bEND.3) and cellular uptake is studied by flow cytometry and
confocal microscopy.

2.2 Results and Discussion
Synthesis and characterization of PFP-SCNPs

Both monomers xanthate methacrylate (crosslinkable group, XMA) and PFPMA
(modifiable group) were synthesized according to a modified literature procedures
with comparable yields.43 5" RAFT Co-polymerizations of the two monomers (in a 9
to 1 ratio of PFPMA to XMA) were carried out and stopped after reaching
approximately 70% conversion, since higher conversions resulted in deviations from
first-order kinetics, to yield copolymers with PDI ~ 1.4 and a degree of polymerization
of ~230. Both monomers were consumed according to the feed ratio (Figure S2.1).

To yield the free reactive thiol, XMA was deprotected using ethanolamine (Scheme
2.1). Since XMA deprotection and the post-polymerization functionalization are not
fully orthogonal reactions, a certain amount of PFP conversion has to be accepted.
Therefore, preferably the deprotection agent is chosen in line with the subsequent
functionalization. Furthermore, the deprotected polymer needs to be isolated after
deprotection to halt further PFP-substitution before proceeding with the crosslinking
reaction. Full deprotection of the XMA moiety was achieved after 150 minutes,
determined by the disappearance of the '"H NMR C(=S)OCH.-CHj3 signal at & = 4.6
ppm and the appearance of a -OCH>-CH2SH signal at 5 = 4.1 ppm (see Figure S2.2),
with only 6% conversion of PFP moieties (data not shown). Intramolecular
crosslinking to form SCNPs was performed under continuous addition, where
deprotected polymer was slowly added to a solution of di-acrylate crosslinker and
phosphine initiator over 2 h (Scheme 2.1). After complete addition, the solution was
stirred during 2 h to ensure maximum degree of crosslinking. Particles were
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subsequently end-capped with methyl acrylate to quench residual thiols and prevent
intermolecular crosslinking in later stages.

Intramolecular

Deprotection Crosslinking

5707 SH 57""0" "Crosslink or endcap
i

Scheme 2.1. Deprotection of p(PFPMA-XMA) co-polymer, followed by intramolecular chain collapse into
pentafluorophenyl single-chain polymer nanoparticles (PFP-SCNPs). Reagents and conditions: (a)
ethanolamine, THF, Ny, r.t.; (b) 1) PBus, 1,4-butanediol diacrylate, DCM, THF, N, r.t.; 2) methyl acrylate,
overnight, r.t.

Successful thiol-Michael addition is observed in the 'H NMR spectrum by the
appearance of signals at 8 = 4.18 and 6 = 3.29 ppm (see Figure 2.1a) corresponding
to the newly formed thioether linkage. Successful end-capping is confirmed by the
appearance of a methoxy-signal at 3.62 ppm and the absence of alkene groups. The
F NMR spectrum shows the presence of pendant PFP groups in the ratio 2:1:2
(ortho : para : meta), confirming that no significant para-fluoro-substitution has taken
place (Figure S2.3a).7274 The signal corresponding to the ortho-fluoro atoms
displays a broadening upon crosslinking, which is not observed as strongly for the
meta- and para-fluoro peaks. (Figure S2.3b). This peak broadening might be a result
of increased crowding around the pentafluorophenyl rings upon chain compaction,
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leading to decreased T2 relaxation times and subsequent line broadening. However,
these results do not discriminate between inter- and intramolecular binding.
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Figure 2.1. Characterization of PFP-SCNPs. (a) '"H NMR spectra of p(PFPMA-XMA) and PFP-SCNP in
d-acetone; (b) SEC trace of precursor polymer and subsequent PFP-SCNP; (c) DLS spectrum in CHClIj;
(d) "H DOSY NMR spectrum in d-acetone comparing precursor polymer with collapsed PFP-SCNPs.

Size exclusion chromatography revealed a shift towards longer retention times upon
chain compaction, indicating a decrease in hydrodynamic radius, with an apparent
molecular weight decrease of 60% (Figure 2.1b). To account for possible size
decrease by partial substitution of the pentafluorophenyl side groups, a 7%
ethanolamine functionalized PFPMA homo-polymer was analyzed by SEC (Figure
S2.4), showing only a 12% decrease in apparent molecular weight, confirming the
significance of the measured size reduction upon collapse. DLS analysis showed a
single population of particles with a hydrodynamic radius of around 10 nm (based on
volume %) and without discernible multi-chain aggregates. Furthermore, 'H DOSY
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NMR spectroscopy revealed a decrease in hydrodynamic radius from 10.5 nmto 7.4
nm upon chain collapse (Figure 2.1c-d, Figure S2.5), together confirming successful
intramolecular chain collapse to form PFP-SCNPs.

Functionalization of PFP-SCNPs

Previously, we have shown that the PFP-SCNPs can be equipped with a wide variety
of different pendants, such as peptides and targeting moieties, ranging from
hydrophobic to hydrophilic.”® Here, a range of functional SCNPs was synthesized by
conjugating the PFP-SCNPs with different ratios of the protonatable tertiary amine
N,N-dimethylethylenediamine (DMEN) and 1-aminoglycerol to yield SCNP-0 to
SCNP-60, as depicted in Scheme 2.2.

Reuy gii .@; ’Eé&f;

1.x % " 0 % (SCNP-0) 15 % (SCNP-15) 30 % (SCNP-30)
—)
2. excess .
|lgN""(-]"“"‘nH
o 45% (SCNP-45) 60% (SCNP-60)

Scheme 2.2. Schematic representation of the functionalization of PFP-SCNPs with increasing amounts
of protonatable tertiary amine, followed by end-capping of remaining PFP-esters with 1-aminoglycerol.

The conjugation was conveniently followed by °F NMR spectroscopy, indicating full
conversion for all samples within 24 h (Figure S2.6). Remaining PFP groups were
end-capped with 1-aminoglycerol to render the SCNPs water-soluble. Incorporation
of the functional groups was further evidenced by '"H NMR spectroscopy, where
signals at 6 = 2.2 ppm, corresponding to the two methyl groups attached to the
tertiary amine and the adjacent methylene group increased at increasing
incorporation ratio, while the signals at 6 = 2.9, 8 = 3.5 and 5 = 4.5-5.0 ppm,
corresponding to the incorporation of 1-aminoglycerol diminished (see Figure 2.2).
The absence of signals in the 'F NMR spectra (data not shown) further indicates
successful functionalization of SCNPs with increasing amounts of tertiary amine
groups, while no reactive PFP groups remained.
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Figure 2.2. Overlayed 'H NMR spectra of tertiary amine functionalized SCNPs, indicating the increase
(green) and decrease (red) of respective functional groups at increasing tertiary amine incorporation.

The functionalized SCNPs were analyzed by SEC as shown in Figure 2.3a. The
elution profiles of SCNP-0 to SCNP-60 show a small shift towards lower molecular
mass upon higher degrees of substitution, indicating only a minor influence of the
substituents on the hydrodynamic volume of the particles (see also Table 2.1).
Additionally, DLS measurements show particles with comparable hydrodynamic
diameters of approximately 10 nm (based on volume %) (Figure 2.3b, Figure S2.7).
Surface charge of the particles was evaluated in HEPES buffer at pH 7.0 (Figure
2.3c). For 0% incorporation of tertiary amines, the alcohol-groups render the
particles negatively charged, but upon increasing the content of tertiary amines, the
SCNP surface becomes positively charged with an apparent plateau of +27 mV for
SCNP-60. TEM imaging on SCNP-0 confirmed SCNPs with an approximate (dry)
size of ~10 nm, with no large clustering present (Figure 2.3d). '"H NMR DOSY
experiments conducted in D20 reveal a hydrodynamic radius between 5-6 nm (Table
2.1).

For subsequent in vitro cell studies, the functionalized SCNPs were labelled with 5-
(4,6-dichlorotriazinyl) aminofluorescein (DTAF), which was confirmed by SEC
analysis, showing no significant residual free label present (Figure S2.8).
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Figure 2.3. Characterization of functionalized SCNPs. (a) overlayed GPC-traces in DMF; (b) overlayed
DLS-spectra in 5 wt% NaCl-solution; (c) zeta-potential measurements in 10 mM HEPES buffer pH 7.0;
(d) TEM-image of SCNP-0 with negative staining.
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Table 2.1. Overview of charge range of SCNPs: theoretical molecular weight, hydrodynamic radii at
different pH values and elution maximum.

Mo, 1o’ (KDa) Rh,(:g;sYb EIutiorzr:iena)k GPC
SCNP-0 39.8 5.8 8.82
SCNP-15 39.7 5.0 8.85
SCNP-30 39.5 5.0 8.95
SCNP-45 39.5 5.3 9.04
SCNP-60 394 5.3 9.18

(a) Determined by 'H NMR spectroscopy on the linear precursor for the PFP-SCNPs, followed by
molecular weight calculations based on ligand substitution as determined by 'F NMR spectroscopy; (b)
determined by 'H DOSY NMR in D,O.

Intracellular location of SCNPs

After successful functionalization of PFP-SCNP, thereby eliminating batch-to-batch
differences as the nanoparticle core remains unaltered, the effect of nanoparticle
surface charge on their subcellular fate can be systematically investigated. As a start,
possible cytotoxicity was studied, since cationic charges are known to induce
cytotoxic effects.897! Brain endothelial b.End3 cells were incubated with SCNP-0 to
SCNP-60 over a wide concentration range. The results in Figure S2.9a show that
SCNP-0 to SCNP-30 do not exert significant cytotoxicity. However, upon increasing
ligand density as well as nanoparticle concentration, cell viabilities decrease. SCNP-
45 only induces cytotoxic effects at a maximum tested concentration of 500 pg/mL,
whereas SCNP-60 already decreased cell viability from 200 pg/mL onwards. At low
concentrations however, the entire range of SCNPs is non-cytotoxic after 24 h of
incubation and can thus be used for studying the particles’ intracellular fate. To this
end, b.End3 cells were incubated with SCNP-0, SCNP-15 and SCNP-30 at 50 ug/mL
for 6 h and the cells were subsequently stained with membrane and nuclei stainings.
In Figure 2.4, a gradual decrease of green fluorescent signal from SCNP-0 to SCNP-
30 can be observed, confirming higher uptake of negatively charged SCNP-0 as
compared to SCNP-30, as also confirmed by flow cytometry (FACS) data (Figure
S2.9b). Furthermore, the fluorescent signal of the SCNPs is observed as vesicular
structures inside the cells. These results resemble the uptake behavior of glycerol-
SCNPs shown in previous work, indicating endosomal uptake.”®
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Nuclei

SCNP-15

SCNP-30

Figure 2.4. CLSM images of SCNP-0, SCNP-15 and SCNP-30 uptake in bEND.3 cells after 6 h incubation
at 50 pg/mL. Nuclei and membranes were stained blue, while a green fluorescent label was used on the
SCNPs, scale bars 10 ym.

Because of the high uptake rates for SCNP-45 and SCNP-60 (measured by FACS,
see Figure S2.9b), these particles were incubated for only 1 h at 50 yg/mL with
bEND.3 cells for confocal laser scanning microscopy (CLSM) purposes.
Subsequently, the cells were stained with membrane and nuclei stainings. In
contrast to SCNP-0 to SCNP-30, lower amounts of SCNPs are present in vesicle-
like structures in the case of SCNP-45. Instead, the signal of the SCNPs is observed
throughout the cell cytosol as shown in Figure 2.5. In gene’”7® and protein79-80
delivery, polymers with tertiary amines are utilized to form complexes with negatively
charged cargoes, to deliver the cargo in the cytosol of cells by exploiting the proton
sponge effect. In line with these studies, amine moieties on the SCNPs become
protonated at the relatively low endosomal/lysosomal pH increasing the internal
osmotic pressure after internalization. With increasing surface functionality of the
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SCNPs, the pressure increases, leading to lysing of the endosomes and endosomal
escape of SCNP-45. For SCNP-60, this cytosolic delivery is also observed, but
additional signals corresponding to aggregated SCNPs are also observed.

Nuclei SCNP-45

SCNP-60'.

Figure 2.5. CLSM images of SCNP-45 and SCNP-60 uptake in bEND.3 cells after 1 h incubation at 50
pg/mL. Nuclei and membranes were stained blue, while a green fluorescent label was used on the
SCNPs, scale bar 10 ym.

2.3 Conclusion

In this work, we demonstrate the development of pentafluorophenyl-based single-
chain polymer nanoparticles (PFP-SCNPs), based on covalent intramolecular chain
collapse and the subsequent modification of the surface of these nanoparticles
yielding highly modular functional SCNPs. The SCNPs were subsequently equipped
with a range of protonatable tertiary amines, from 0 to 60%.Significant differences in
uptake behavior were observed for SCNP-0 to 30 and SCNP-45 and 60. Confocal
microscopy and FACS-measurements revealed that SCNP-0 displays high cellular
uptake, but show localized fluorescence, indicating endosomal uptake. Increasing
the particles’ surface charge leads to decreased cellular uptake up to SCNP-30.
However, successful cytosolic delivery of SCNP-45 and SCNP-60 was observed.
The higher amounts of tertiary amines in SCNPs-45 and SCNP-60 were sufficient to
increase the ionic strength inside the endosome and rupture the membrane,
promoting endosomal escape. These versatile SCNPs provide a promising platform
for various drug delivery applications as the surface modification enables directing
the delivery to different subcellular targets, importantly including the cytosol.
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Being able to direct the SCNPs to reach the cytosol is crucial for many biomedical
applications, since that is where the majority of (protein-based) targets resides.®'
However, for crossing biological barriers, nanoparticles need to be endocytosed,
followed by intracellular trafficking and subsequently undergo exocytosis upon
reaching the other side of the cell.82-8 Premature escape from endosomes into the
cytosol clearly impedes this process and demonstrates the need for tailored
surfaces, depending on the application in mind. Therefore, the current charge range
can be further exploited to study the optimum surface potential for efficient
transcytosis, such as is needed for crossing the blood brain barrier. Furthermore, the
control and ease of functionalization contributes to the ability to rapidly adapt SCNPs
for therapeutic translation, since the platform allows for the consecutive addition of
different ligands. This will allow tailoring SCNPs towards specific needs, by
combining different functional ligands with controlled ligand density.

2.4 Materials and Methods

Potassium ethyl xanthogenate (96%), 2-bromoethanol (95%), methacryloyl chloride
(98%), methyl acrylate (99%), pentafluorophenol (99%), 1,4-butanediol diacrylate
(>90%), tri-n-butylphosphine (99%), triethylamine (TEA, 99%), ethanolamine
(>98%), 3-amino-1,2-propanediol (1-aminoglycerol, 97%), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPADB, >99%), N,N-
dimethylethylenediamine (DMEN, 95%), 1,4-dioxane (anhydrous, >99.8%), DMSO
(anhydrous, 99.9%), chloroform-d (99.8% atom % D) and DMSO-ds (99.9 atom %
D) and Dulbecco modified Eagles medium (DMEM), fetal bovine serum (FBS),
penicillin-streptomycin (containing 10.000 units penicillin, 10 mg streptomycin mL-"),
resazurin sodium salt (BioReagent), phosphate buffered saline (PBS, pH 7.4),
Hanks’ balanced salt solution (HBSS), Trypsin-EDTA solution (sterile filtered,
BioReagent) and 4,6-diamidino-2-phenylindole dihydrochloride (DAPI, 98%) were
purchased from Sigma-Aldrich. Propidium iodide (PI), fluorescent label 5-(4,6-
Dichlorotriazinyl) aminofluorescein (DTAF), and Lyso Tracker™ Deep Red and
SnakeSkin™ dialysis tubing (10K MWCO) were purchased from ThermoFisher
Scientific. CF® 405M Wheat Germ Agglutinin (WGA) was purchased from Biotium.
Cell culture bEND.3 cells were purchased from ATCC. Tetrahydrofuran (THF,
>99%), dichloromethane (DCM, >99%) and methanol (>99%) were purchased from
LPS B.V. N,N-dimethylformamide (DMF, >99.8%) was purchased from VWR.
Chloroform (>99.8%) was purchased from Merck. Monomers 2-(Ethyl xanthate) ethyl
methacrylate (XMA) and pentafluorophenyl methacrylate (PFPMA) were
synthesized according to modified literature procedures.*3 5! Disposable PD-10
desalting columns were purchased from GE healthcare All chemicals were used
without further purification unless stated otherwise. When stated as dry, solvents
were treated with molecular sieves (3 A) 24 h before usage and stored under
nitrogen.
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"H-NMR (400 MHz) and "*F-NMR (376 MHz) spectra were recorded on a Bruker 400
spectrometer. Size exclusion chromatography (SEC) analysis was performed on a
Waters €2695 Separations Module equipped with an Agilent PLgel 5 um MIXED-D
300x7.5 mm column and Waters photodiode array detector (PDA 2998),
fluorescence detector (FLR 2475) and refractive index detector (RI 2414).
Chloroform and DMF with 50 mM LiCl were employed as eluent with molecular
weights calibrated against linear polystyrene and PEO/PEG, respectively. Dynamic
light scattering (DLS) and zeta potential measurements were performed on a
Malvern Instruments Zetasizer ZS in chloroform, 5 wt% NaCl solution in milliQ or 10
mM Hepes Buffer pH 7.0. Samples for SEC and DLS were filtered using a GE
Healthcare Whatman SPARTAN 13/0.2 RC 0.2 um syringe filter prior to
measurements. Transmission Electron Microscopy (TEM) was performed on a
Philips CM300ST-FEG Transmission Electron Microscope 300 kV equipped with
GATAN Ultrascan1000 (2kx2k CCD camera) and GATAN Tridiem energy filter
(2Kx2K CCD camera). For the sample preparation, 5 pL of a 0.5 mg/mL solution in
milliQ was casted on copper grids and incubated for 30 seconds. Excess solution
was removed by filter paper. Subsequently, the sample was stained by adding 5 uL
of a 1% (w/v) uranyl acetate solution for 30 seconds, followed by removal of the
excess solution by filter paper.

p(PFPMA-XMA) co-polymer

Prior to polymerization, PFPMA and XMA was filtered over neutral alumina to
remove inhibitor. PFPMA and XMA were copolymerized in molar ratios of 9:1. In a
typical polymerization experiment, PFPMA (13.2 g, 52.2 mmol, 300 eq.), XMA (1.36
g, 5.8 mmol, 33.3 eq.), RAFT agent CPADB (48.6 mg, 0.17 mmol, 1 eq) and AIBN
(5.7 mg, 0.035 mmol, 0.2 eq.) were combined with 1,4-dioxane (14 mL) in a
polymerization flask fitted with a rubber septum. After purging for 30 minutes with
nitrogen, the flask was placed in a preheated oil bath at 80 °C. After reaching 70%
conversion, the flask was submerged in an ice bath and diluted with dichloromethane
(2 mL), followed by repeated precipitations in cold heptane to yield a pink powder
(8.5 g, 83% yield).

"H NMR (acetone-ds) 8n: 4.71-4.50 (br), 4.41-4.19 (br), 3.65-3.37 (br), 2.78-2.18
(br), 1.77-1.06 (br). '9F NMR (acetone-ds) 8r: =152.1 (br), =159.6 (br), —164.5 (br).

PFP-SCNP formation

p(PFPMA-XMA) co-polymer (600 mg, 0.24 mmol XMA-units) was dissolved in THF
(12 mL) and purged with nitrogen for 15 minutes, followed by addition of
ethanolamine (87.0 uL, 1.92 mmol, 6 eq.), resulting in immediate loss of pink color.
The solution was stirred for 150 minutes, and full deprotection followed by
precipitation in cold methanol. After centrifugation (10 minutes x 10000 rpm), the
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deprotected polymer was redissolved in 11 mL of THF. The deprotected polymer
was filtered and under vigorous stirring slowly dropped into a nitrogen purged
dichloromethane solution (132 mL), containing 1,4-butanediol diacrylate (50.0 L,
0.24 mmol, 1 eq) and tributylphosphine (11.8 pL, 0.05 mmol, 0.2 eq.). The solution
was stirred for another 120 minutes, after which methyl acrylate (1 mL, 11 mmol, 46
eq.) was added. The solution was stirred overnight and concentrated under reduced
pressure. PFP-SCNPs were isolated by precipitation twice into cold methanol as a
white solid (310 mg, 55% vyield).

"H NMR (acetone-ds) 1: 7.66—7.04 (br), 4.53-3.99 (br), 3.75-3.48 (br), 3.45-3.15
(br), 2.70-2.25 (br), 1.79-1.00 (br). 9F NMR (acetone-ds) &r: —152.2 (br), —159.5
(br), —164.4 (br).

p(PFPMA) homopolymer

Prior to polymerization, PFPMA was filtered over neutral alumina to remove inhibitor.
PFPMA (2.16, 8.6 mmol, 300 eq.), RAFT agent CPADB (8.0 mg, 0.03 mmol, 1 eq.)
and AIBN (0.47 mg, 0.003 mmol, 0.1 eq) were combined with 1,4-dioxane (2 mL) in
a polymerization flask fitted with a rubber septum. After purging for 30 minutes with
nitrogen, the flask was placed in a preheated oil bath at 80 °C. After reaching 70%
conversion, the flask was submerged in an ice bath and diluted with dichloromethane
followed by repeated precipitations in cold heptane to yield a pink powder (1.1 g,
83% yield). The polymer was dissolved in 1,4-dioxane (11 mL) and AIBN (86 mg,
0.5 mmol, 28 eq.) was added. After purging for 30 minutes with nitrogen, the flask
was placed in a preheated oil bath at 80° C and stirred overnight. The 1,4-dioxane
was subsequently removed under reduced pressure and the polymer was
redissolved in DCM and purified by repeated precipitations in cold heptane to yield
a white powder (0.9 g, 82% yield).

H NMR (acetone-d6) 8u: 2.62—2.25 (br), 2.20—1.99 (br), 3.65-3.37 (br), 1.75-1.51
(br), 1.51-1.23 (br). "®F NMR (acetone-d6) &r: —-150.5 (br), -151.5 =157.0 (br),
-162.1 (br).

Pentafluorophenyl functionalized SCNPs

The range of differently positively charged was made from the same batch PFP-
SCNPs. As an example, for the 15% substituted SCNPs (SCNP-15), 50 mg of PFP-
SCNPs (0.17 mmol PFP, 1 eq.) was dissolved in 3 mL dry THF under nitrogen
atmosphere. Triethylamine was added (96 uL, 0.69 mmol, 4 eq.), followed by N,N-
dimethylethylenediamine (DMEN) (2.3 mg, 0.026 mmol, 0.15 eq, from a 5.0 wt%
stock solution in dry THF) and the solution was stirred for 24h at 45° C. Full
conversion was confirmed by °F NMR analysis, followed by the addition of 3-amino-
1,2,-propanediol (314 mg, 3.4 mmol, 20 eq., 10 wt% solution in DMF) to endcap the

remaining reactive PFP-groups. After stirring overnight at room temperature, the
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mixture was dialysed against 1 wt% NaCl for 24 hours, followed by another 48 hours
against demineralized water. The clear solutions were lyophilized to yield a white
powder (25 mg, 79% yield).

Fluorescent labelling

Functionalized SCNPs (10 mg) were dissolved in 2 mL of 0.1 M carbonate-
bicarbonate buffer (pH 9.7). 5-DTAF (0.02 eq. to alcohol groups, 10 mg/mL stock
solution in dry DMSO) was added and the solutions were stirred under ambient
conditions overnight, after which they were purified by elution with water from a PD-
10 column and subsequently lyophilized to yield yellow powders (9 mg, 90% yield).

Cell Culture

bEND.3 cells (p.25-30) were cultured in DMEM medium with 10% FBS, L-glutamine
and Pen/Strep.

Cytotoxicity

bEND.3 cells were seeded at 10x102 cells per well in 100 yL DMEM medium in 96
well plates and incubated overnight at 37 °C in humidified 5% CO2-containing
atmosphere. From a stock solution of 1 mg/mL SCNPs-0-60 sample solutions of 50,
100, 200 and 500 pg/mL were prepared. The medium was aspirated from the wells
and 50 pL of the sample solution was added per well in triplicates. In the reference
wells 50 uyL DMEM was added. The SCNPs were incubated for 24 h with the cells,
before the medium was aspirated and the cells were washed with PBS. A resazurin
assay was utilized to analyze the viability of the cells, 100 yL of the resazurin solution
was added per well and incubated with the cells for 4 h. Afterwards, the fluorescence
intensity was measured by an EnSpire plate reader at excitation and emission
wavelengths of 560/590 nm.

Cellular uptake by FACS

In 48 well plates bEND.3 cells were seeded at 30x10% cells per well in 300 yL
medium and incubated overnight. Sample solutions of each particle at 100 pug/mL
were prepared. The particles were incubated with the cells for 1, 3 and 6 h. Then,
the cells were washed with PBS and harvested using trypsin. Subsequently, the
samples were centrifuges at 1.5 g for 4 min and the supernatant was removed. The
cell pellet was resuspended in 300 uL PBS. During the flow cytometry the samples
were additionally incubated with a PI staining to analyze the cell viability. The FACS
analysis was performed using BD Bioscience FACS Aria Il with excitation and
emission filter of 488-530/30 and 630-660/30 nm.
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Confocal laser scanning microscopy

bEND.3 cells were incubated at 10x103 cells per well in 100 uL medium on a 96
senso plate overnight. Cells were incubated with sample solutions of SCNPs at 50
pg/mL for 1h (SCNP-45 and SCNP-60) or 6h (SCNP-0, 15 and 30). Afterwards, the
cells were fixated using a 4% PFA solution. CF®405 M WGA staining was used at
5 ug/mL for 15 min at 37 °C and a DAPI counter staining was added for 3 min at
room temperature. Subsequently, the cells were washed and stored in HANKS
buffer. The cells were examined using a Nikon confocal microscope A1, equipped
with the following laser wavelengths: 375, 488 and 561 nm.

2.5 Supplementary information
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Figure S2.1. Conversion plot of monomers units during p(PFPMA-XMA) polymerization.
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chemical shift (ppm)

Figure S2.2. Deprotection of p(PFPMA-XMA) by ethanolamine. After 150°, deprotection is complete,
indicated by the disappearance of the peak at & = 4.6 ppm and the appearance of a new peak at & = 4.1

ppm.
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Figure S2.3. "°F NMR spectra of (a) PFP-SCNP and (b) zoom-in on ortho position, indicating line
broadening for PFP-SCNPs compared to precursor.
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Figure S2.4. Overlayed GPC-traces of p(PFPMA) and partially deprotected p(PFPMA)
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Figure S2.5. Correlation curve of DLS-measurement of the precursor PFP-SCNP.
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Figure S2.7. Correlation curve of the DLS-measurements of the range of functionalization SCNPs.
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Figure S2.8. Fluorescent GPC-traces of functionalized SCNPs (excitation wavelength 492 nm, emission
wavelength 516 nm)
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Figure S2.9. a) Cell viability of bEND.3 cells after incubation with SCNPs after 24 h; b) Fluorescence
intensity of SCNPs in bEND.3 cells after 1, 3 and 6 h incubation measured by FACS.
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Chapter 3

Transport of single-chain polymer
nanoparticles across the blood-brain
barrier

The surface charge on nanoparticles has been shown to dramatically affect cellular
uptake behavior and intracellular pathways. In this work, we study the effect of
surface charge on the transcytosis of single-chain polymer nanoparticles (SCNPs)
across the blood-brain barrier (BBB). SCNPs are well-defined soft objects, formed
by exclusive intramolecular crosslinking of linear polymers, to form small
nanoparticles in a size range similar to that of proteins. The SCNPs are equipped
with increasing amounts of protonatable tertiary amines and their transcytosis is
studied on an in vitro BBB model. The set of SCNPs shows high transport rates
through the barrier (up to 30% after 18 h), with higher surface charge density leading
to higher cellular association, and subsequent lower transcytosis rates. Confocal
microscopy revealed endosomal escape for SCNPs with the highest number of
tertiary amines. This study highlights the importance of selecting the right surface
charge with the prospected application in mind.

Manuscript in preparation: J-W.D Paats, L. Ribovski, S. Michel-Souzy, J. M. J.
Paulusse*

* Corresponding author
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3.1 Introduction

Neurological disorders are currently recognized as one of the major causes of
functional impairments and mortality." In 2016, 276 million people worldwide suffered
from neurological disabilities, with 9 million deaths occurring each year. With the
increased aging of the population worldwide, these numbers are only expected to
grow in the coming years. Many of the neurological disorders, such as Alzheimer’s
disease and epilepsy are associated with the central nervous system (CNS), which
is tightly protected from the surroundings by several different barriers.2 One of these
is the blood-brain barrier (BBB), a specialized and highly selective set of
microvascular endothelial vessels, responsible for supplying nutrients to and
preventing harmful substances and pathogens from entering the brain, thereby
allowing precise control over the homeostasis of this part of the central nervous
system.®4 However, the tightly regulated entry is also a major drawback for the
delivery of therapeutics and diagnostics into the brain. Only small (<500 Da),
lipophilic molecules are able to passively pass the barrier paracellularly, whereas the
vast majority of other substances (e.g. glucose, amino acids and macromolecules)
require transport proteins, receptors or vesicle formation to enter the brain.5 To
circumvent the limitations imposed by the BBB, several strategies have emerged to
aid in transporting pharmaceutics into the brain. Invasive techniques have been
developed, such as the use of intracerebral implants®’ or convection-enhanced
infusing®*® for direct delivery to the target site. Using focused ultrasound, nowadays
the BBB can even be temporarily disrupted in a non-invasive manner, to allow for
increased brain delivery of therapeutics.'’® However, the widespread application of
these methods is hampered by the limited availability and the high costs.
Alternatively, pharmaceutics can be chemically converted into prodrugs by attaching
lipids to increase paracellular transport' or equipped with recognition groups to
make use of specific transporters and receptors.'2'® The downside is the
requirement of new conjugation and optimization strategies for every single drug,
severely complicating the synthetic feasibility. This stresses the urgent need for new
BBB-targeting strategies.'#'% To this end, nanoparticle (NP)-based delivery systems
have emerged as a promising tool to enhance targeted brain delivery.'620 NPs allow
careful control over size, while simultaneously allowing for incorporation of additional
functionality, higher drug loading, improved pharmacokinetics and biocompatibility.
Over the years, a plethora of different NPs have been investigated as potential
nanocarriers for crossing the BBB, ranging from small organic macrostructures such
as dendrimers, to larger-sized lipid-based vesicles and inorganic nanostructures.?'
24 However, despite promising preclinical results, only very scarce examples of NPs
exist that have been approved for clinical brain targeting (namely liposomes), with
no active clinical trials currently running.25-26
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Several NP properties have been proven to be critical for effective brain entry, such
as zeta potential, shape, surface functionalization and especially size.?3 27
Decreasing the NP size has been reported to result in superior transport efficiency
across in vitro BBB models and in in vivo mouse studies.?82° Tuning down the size
of polymeric micelles from 120 nm to 60 nm showed an increase in brain uptake, as
was shown by Meng et al.3° A similar trend was also observed for hard polystyrene
NPs of 100 nm and 50 nm in size.3' Furthermore, when studying a broad size range
of gold NPs, Sonavane et al. found 50 and 15 nm gold nanoparticles accumulating
in the brain (among other organs), whereas 200 nm NPs only showed minute
presence.32 Considering the large increase in surface to volume ratio, even smaller
size NPs are likely to display further enhanced brain transport. However, soft NPs in
the size range of proteins have so far not been studied for their ability to cross the
BBB, due to the still limited access to NPs in this size range.3?

Another crucial surface property of NPs for brain entry is surface charge.
Electrostatic interactions between positively charged NPs and the negatively
charged endothelial cell membrane can lead to increased adsorptive interactions
and possible endocytosis. Vesicles containing NPs can subsequently follow several
intracellular pathways, such as recycling back to the apical membrane, fusing with
endosomes for degradation or transcytosis to the basolateral side for release into
the brain.34-35 This adsorption mediated transcytosis pathway has been explored as
a means to improve BBB transcytosis.3¢-3% However, while cationic charges are
known to promote cellular uptake (or only mere adherence to the cell membrane),
this uptake is not necessarily followed by exocytosis to the basolateral side of the
barrier. Furthermore, NPs bearing cationic charges are generally associated with
cellular toxicity.#%-4! In contrast to neutral or anionic NPs, cationic NPs have also
been reported to alter the integrity of the BBB.#?> Consequently, finding the optimum
balance between cellular uptake and transcytosis, while avoiding toxicity, requires
careful alteration of the NP’s surface composition.

To create small (10 nm) and synthetically flexible NPs, one method is the
intramolecular crosslinking of individual polymer chains, resulting in so called single-
chain polymer nanoparticles (SCNPs). SCNPs are soft and semi-flexible
nanomaterials that have become of interest to a wide range of applications.*3-45
Furthermore, equipping the SCNPs with active pentafluorophenyl (PFP) esters
allows for careful tuning of surface properties (as described in Chapter 2)* and
introduction of binding ligands for optimizing BBB transport. In this work, we evaluate
the influence of surface charge, introduced in the form of tertiary amines, on the
transport of SCNPs across the BBB. Pentafluorophenyl-ester-functional SCNPs
were conjugated with tertiary amine groups to yield a set of five differently charged
SCNPs, ranging from moderately negatively to strongly positively charged. The
transport characteristics of this set of SCNPs was evaluated on a filter-free in vitro
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BBB model based on hCMEC/D3 human brain endothelial cells and the association
of SCNPs with the apical, cellular, and basolateral compartments was quantified.
Confocal microscopy was used to further elucidate the distinct intracellular trafficking
pathways of the different SCNPs.

3.2 Results and discussion

PFP-SCNPs were synthesized and conjugated with the desired amounts of N,N-
dimethylamino-ethylamine (DMEN) to introduce tertiary amines, after which
remaining active esters were conjugated with 1-aminoglycerol, to yield a set of
SCNPs with increasing surface potential, as also previously described in Chapter 2
(see Scheme 3.1 and Table 3.1).46-47 Since 1-aminoglycerol and DMEN have nearly
the same molecular weight, the range of SCNPs has very similar masses, close to
40 kDa. However, a shift towards smaller hydrodynamic volume is observed by size
exclusion chromatography (SEC) upon increased DMEN content. At 0%
incorporation of tertiary amines, the alcohol groups render the particle’s surface
negatively charged, while a plateau value of +24 mV is reached at the highest
incorporation ratio of DMEN. It is important to note that zeta potential is pH and ionic
strength dependent, however, the trend of increasing zeta potential is expected to
remain comparable under biological conditions (e.g. in medium).

o

1.x% ¥

2. Excess @ 0% (SCNP-0) 15 % (SCNP-15)
b >
I3

3. Fluorescein &
PFP-SCNP

30 % (SCNP-30) 45 % (SCNP-45) 60 % (SCNP-60)

Scheme 3.1. Schematic representation of the functionalization of PFP-SCNPs with increasing amounts
of protonatable tertiary amines, followed by conjugation of remaining PFP-esters with 1-aminoglycerol
and subsequent fluorescent labelling with fluorescein (DTAF).
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Table 3.1. Selected data for the charge range of SCNPs: theoretical molecular weight, number of
tertiary amine groups per particle, surface charge and elution time in SEC.

M, teo® (kDa) # tertiary amine Zeta potential® Elution p.eak
groups (mV) SEC (min)
SCNP-0 39.8 0 -27 8.82
SCNP-15 39.7 29 -5 8.85
SCNP-30 39.5 58 18 8.95
SCNP-45 39.5 87 24 9.04
SCNP-60 394 116 24 9.18

(a) Determined by 'H NMR spectroscopy on the linear precursor for the PFP-SCNPs, followed by
molecular weight calculations based on ligand substitution as determined by 'F NMR spectroscopy; (b)
measured in 10 mM HEPES buffer, pH 7.0.

SCNPs transcytosis in a BBB model

To elucidate the effect of surface charge on the transport of SCNPs across the BBB,
the range of SCNPs with increasing tertiary amine density was evaluated on a filter-
free in vitro BBB model (Figure 3.1a-b).#® Because positively charged NPs are
reported to induce damage to cells,*® as a start, the integrity of the barrier was
investigated. A monolayer of hCMEC/D3 cells was exposed to the set of SCNPs and
release of lactate dehydrogenase (LDH) was compared to untreated samples. No
significant increase in the percentage of LDH release was detected, indicating that
there is no evident damage to the plasma membrane of the cells that compose the
monolayer (Figure S3.1). This supports that the transport of the SCNPs across the
BBB is not altered due to damage to the BBB. Further validation of the integrity of
the BBB model was performed by comparing the permeability of short 4 kDa and
long 2000 kDa fluorescently-labelled dextran (Figure S3.2). The decreased
permeability for 2000 kDa dextran shows the size-dependency of the transport
through the barrier. Subsequently, SCNP-0 to SCNP-60 were incubated for 3, 6 and
18 h at the apical compartment, and afterwards the SCNP levels associated with the
apical, cellular and basolateral compartments were compared. The transport of the
whole set of SCNPs increased with incubation time, up to 32% after 18 h of
incubation, which is significantly higher than other NPs evaluated earlier on the same
model (i.e. 5-18% after 24 h).5%-51 Furthermore, a clear relation between the SCNP’s
association with the endothelial cells and transportation across the BBB can be
observed for all incubation times (Figure 3.1c-e) and correlates with the increase in
zeta potential. An increase in surface charge leads to higher cellular association, at
the cost of transport to the basolateral compartment. SCNP-60 accumulated in the
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cells to a greater extent than any of the other SCNPs, which is most apparent after
18 h (Figure 3.1e).

a) b) 0% 15% 30% 45% 60 %
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Figure 3.1. Impact of tertiary amine density on the transport properties of SCNPs across an in vitro BBB
model. (a) Schematic of BBB-model in wells-plate (b) Schematic representation of SCNP accumulation
in the BBB cells and transport across the BBB for (c) 3 h, (d) 6 h and (e) 18 h with monolayers of
hCMEC/D3. Fluorescence was measured for the apical, cell and basolateral fractions by fluorescence
spectroscopy. Significances are indicated by * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ***** p
< 0.00001.

To further validate the BBB model, the monolayer exposed to SCNPs for 18 h was
also tested for its apparent permeability (Papp) employing FITC-labelled dextran 4
kDa (Figure S3.3). No change in permeability was identified, demonstrating the
integrity of the barrier. Lastly, western blot analysis did reveal an upregulation of ZO-
1 when the model was exposed to SCNPs with the highest charges (SCNP-45 and
SCNP-60, Figure S3.4). Although no permeability changes were detected (as
already seen from the apparent permeability in Figure S3.3), the increase in ZO-1
expression may be associated with a cellular response to attenuate mild damage
and remains to be further investigated.52-%3

Intracellular location of SCNPs

The transport study indicated that an increase in positive charge (SCNP-45 and
SCNP-60) leads to stronger cell association and decreased transport across the
BBB. Previous work on the interaction of SCNPs with mouse brain endothelial
(bEnd.3) cells revealed that SCNP-45 and SCNP-60 are able to escape the
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endosome and accumulate in the cytosol,4” which would likely hamper exocytosis
on the basolaterial side.3* Therefore, we studied the intracellular location of the
SCNP-range in a BBB-monolayer. Confocal microscopy revealed a diffuse signal
throughout the cell for the samples incubated with SCNP-45 and SCNP-60,
confirming cytosolic entry (Figure 3.2). Concurrently, SCNP-0 to SCNP-30 display
punctuated patterns, which point towards entrapment of the nanoparticles within
endosomal structures.

SCNP45 SCNP30 SCNP15 SCNPO

SCNP60

Figure 3.2. Representative confocal stacks of SCNP-0, SCNP-15, SCNP-30, SCNP-45 and SCNP-60
distribution in a hCMEC/D3 monolayer. Nuclei were stained blue, lyso/endosomes were stained red,
while a green fluorescent label was used on the SCNPs. Scale bar: 20 pm.
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A proposed mechanism for endosomal escape and subsequent cytosolic delivery is
the ‘proton sponge effect’.34-55 After reaching the endosome, the protonatable groups
on the SCNPs buffer the protons pumped by ATPases, resulting in an increased
influx of chloride counterions, thereby increasing the endosomal osmotic pressure.
As a result, the osmotic imbalance is counteracted by an influx of water, leading to
an increased endosomal membrane tension and subsequent burst release of the
content. Additional swelling of the endosome is induced by the volumetric expansion
of the SCNPs upon protonation, caused by the electrostatic repulsion of neighboring
charged groups (as measured by 'H DOSY NMR, Table 3.2). This ‘umbrella effect’
additionally contributes to the swelling of the endosome.?® The effect is more
pronounced upon higher tertiary amine content, though still showing the same
plateau-behavior as observed earlier for the surface charge measurements (as
shown in Table 3.1). This plateau could be caused by the SCNP’s crosslinking, which
physically imposes a maximum swelling that can be attained.

Table 3.2. Hydrodynamic radii (R,) determined by 'H DOSY NMR in D,O at pH 7 and pH 4 and the
increase in R, and volume after acidification.

Rn, DOSY,pH7  R., DOSY, pH 4

(nm) (nm) AR, A Volume
SCNP-0 5.8 5.6 -5% -10%
SCNP-15 5.0 8.0 +60 % +300%
SCNP-30 5.0 10.5 +110 % +800%
SCNP-45 5.3 11.2 +110 % +800%
SCNP-60 5.3 12.0 +125 % +1000%

To shed more light on the effect of the endosomal pH on cytosolic delivery and
potentially lowering of transcytosis, we employed a bafilomycin A1 (BafA1) assay.
BafA1 is a V-ATPase inhibitor, preventing acidification of endosomes during
maturation and thus preventing the influx of protons and counter-ions.57-5 SCNP-45
was used as a model particle to analyze the effect of pH on the intracellular trafficking
of the SCNPs that displayed endosomal escape. After pre-incubation with BafA1,
the intracellular location of SCNP-45 was studied by confocal microscopy. With
BafA1 incubation, the green fluorescent pattern in the cells is more punctuated and
less diffuse, compared to non-incubated cells (Figure 3.3). This suggests that
neutralization of the pH of the endosomes reduces endosomal escape of SCNP-45.
However, although the diffuse pattern is considerably diminished in the +BafA1
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samples, it is not absent, suggesting that endosomal escape might occur through
multiple mechanisms.

SCNP45
- BafAl

SCNP45
+ BafAl

Figure 3.3. BafA1 analysis. Representative confocal stacks/images of hCMEC/D3 cells layer exposed
to SCNP-45 for 1 h in the (a) presence and (b) absence of BafA1. The distance between the stacked
images is 2 ym. Nuclei were stained blue, while a green fluorescent label was used on the SCNPs.
Scale bar: 50 ym.

In addition to the proton sponge effect, another possible mechanism for release of
NPs from the endo/lysosomes into the cytoplasm is damage or disruption of the
membrane triggered by the electrostatic interaction of the particle’s positive surface
charge and the anionic lipidic bilayer.5%-69 The interaction would destabilize and/or
induce endosomal pore formation, allowing NPs to escape.?'2 Majzoub et al.
showed for DNA-containing liposomes that the membrane charge density impacts
the particle’s intracellular pathways and endosomal escape.®® Liposomes with low
positive membrane charge favored Rab11-mediated recycling pathways, whereas
high positive membrane charge lead to increased endosomal escape (as evidenced
by increased transfection efficiency). A similar trend is observed in the transport
studies on our set of SCNPs (see Figure 3.1c-e). SCNP-0, SCNP-15 and SCNP-30
show lower retention in the endothelial cells as compared to SCNP-45 and SCNP-
60, but higher rates of transcytosis. Since Rab11-positive endosomes are associated
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with the recycling of intracellular content which can be transported to apical or
basolateral membranes to be released, this would explain the observed trend:
Endosomal trapping leads to higher transcytosis rates and high surface charge leads
to intracellular endosomal release, preventing the use of recycling pathways and
thus transcytosis.?+%” However, the exact mechanism of endosomal escape and the
role of positive surface charge on intracellular pathways and trafficking remains to
be further investigated.

3.3 Conclusion

In this study, we evaluated the transport properties of a set of SCNPs with increasing
tertiary amine content on an in vitro BBB model. Transcytosis rates up to 32 % after
18 h were observed, which is significantly higher than previously measured NPs on
the same BBB model. Increasing the amount of tertiary amines on the SCNPs results
in decreased transcytosis rates and increased endosomal escape into the cytosol.
However, it cannot be excluded that the current model is not capable of properly
discriminating between the different surface functionalities and that the small size is
the predominant factor in determining the transcytosis results. Studying a 10-200 nm
size range of homogenous NPs would help to discern between the influence of the
NP’s colloidal properties and surface functionalization on BBB transport.
Alternatively, transport can be studied in more advanced in vitro co-culture models
or in vivo to shed more light on the transport characteristics. Upon inhibiting
acidification of the endosomes, only partial reduction of cytosolic delivery is
observed. This shows that endosomal escape is not only governed by endosomal
swelling and bursting induced by the proton sponge effect, but a more complex
interplay between the particle’s surface charge and the endosomes is at hand.
Overall, these results indicate that the SCNP’s surface charge is an important factor
to consider for brain delivery, since the intracellular trafficking pathways and
subsequent transcytosis are influenced by the amount of protonatable amines on the
surface.

3.4 Materials and Methods

Fluorescently labelled dextrans and bafilomycin A1 (BafA1, >90%) were purchased
from Sigma-Aldrich. All chemicals were used without further purification unless
stated otherwise. Zeta potential measurements were performed on a Malvern
Instruments Zetasizer ZS in HEPES buffer (10 mM, no added NaCl, pH 7.0). '"H NMR
DOSY experiments were performed as described in chapter 3. Size exclusion
chromatography (SEC) analysis was performed on a Waters e2695 Separations
Module equipped with an Agilent PLgel 5 ym MIXED-D 300x7.5 mm column and
Waters photodiode array detector (PDA 2998), fluorescence detector (FLR 2475)
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and refractive index detector (Rl 2414). DMF with 50 mM LiCl was employed as
eluent.

For cell experiments, endothelial basal medium 2 (#190860, EBM-2) was purchased
from Lonza. The supplements fetal bovine serum (FBS), penicillin—streptomycin,
HEPES (Gibco #15630106), chemically defined lipid concentrate (Gibco, #11905-
031) and recombinant basic fibroblast growth factor (bFGF, #100-18B) from
Peprotech. Ascorbic acid (#A4544) and hydrocortisone (#H0888) were obtained
from Sigma. Collagen type-I from rat tail (#ALX-522-435, LOT 01031910 or LOT
04272115) was purchased from Enzo Life Sciences for preparing the collagen gels
for the filter free BBB model or coating cell culture flasks and plates. Collagen type-
| from rat tail from Sigma (#C3867, Batch Number SLCK5464) was employed
exclusively for coating cell culture flasks. 10x PBS (#70011044), NucRed™ Live 647
(#R37106), ZO-1 (#617300), Lysotracker Red DND-99 (#L12492) and CyQUANT™
LDH Cytotoxicity Assay (#662892) were obtained from ThermoFisher. Bafilomycin
A1 (#BML-CM110-0100) was also obtained from Enzo Life Sciences. 24-well
Sensoplates (#662892) were purchased from Greiner-Bio.

Synthesis of SCNPs with charge range

Fluorescent SCNP-0 to SCNP-60 were synthesized as previously described in
Chapter 2.

Cell culture

Human cerebral microvascular endothelial cell line (hCMEC/D3) were used between
passages 32 and 38. Endothelial basal medium 2 was supplemented with 5 %(v/v)
FBS, 1 %(v/v) penicillin—streptomycin, 10 mM HEPES, 1 ng/mL bFGF, 5 pg/ml
ascorbic acid, 1.4 yM hydrocortisone and 1:100 chemically defined lipid concentrate
(Gibco, #11905-031, LOT). Flasks were precoated with 150 ug/ml collagen type-I
from rat tail (Enzo Life Sciences, #ALX-522-435, LOT 01031910 or LOT 04272115,
or Sigma #C3867, Batch Number SLCK5464). Cells were subcultured every 3 days
and grown at 37 °C, 5% COz2 in humidified atmosphere.

LDH assay

LDH release in hCMEC/D3 cells incubated with 100 pl of 100 pg/ml of non-
fluorescent SCNPs with different tertiary amine densities for 24 h at 37 °C, 5% CO..

Transcytosis assay

The transport of SCNPs was evaluated using an in vitro filter free BBB model.42. 68
Collagen gels are prepared using rat tail collagen type-lin 0.02 N acetic acid solution
(Enzo Life Sciences, #ALX-522-435, LOT 01031910 or LOT 04272115) mixed with
1 M NaOH, ddH20 and 10x PBS. Collagen solution final concentration is 2 mg ml-!
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in 1xPBS at neutral conditions. Solution was kept on ice to slow down polymerization.
450 ul of solution were added per well on 24-well plates and incubated at 37 °C, 5%
COg2 for 1 h to allow polymerization. Gels were washed with 1xHBSS before use.
Cells are seeded on top of the gel at initial cell seeding density is 1x10% cells per
cm?2. Media is changed every second and fourth day after seeding, besides, on day
2, wells are washed with 1xHBSS before fresh medium is added. On the 5" day,
apical medium is removed and hCMEC/D3 monolayer is washed once with 1xHBSS.
After wash, 500 ul of prewarmed 100 pg ml-'* SCNPs in complete EBM-2 medium
were incubated with hCMEC/D3 monolayers at the apical compartment for 3, 6 and
18 h. 1 ul of 1 mg ml"' TexasRed-labelled dextran of 10 kDa was added per well one-
hour prior finishing incubation to track major variations in permeability. For 18 h
incubation, additional experiments with TexasRed-labelled dextran of 10 kDa at final
concentration of 370 ug ml-' were performed to evaluated apparent permeability
variations, however, those results were not considered for quantification of
percentage of transcytosis. Fluorescence was corrected in reference to controls
without treatment.
SCNPs fluorescence compartment

SCNPs (%) = 100
s (%) SCNPs total fluorescence X

Western-blot

hCMEC/D3 were seeded on collagen-coated 24-well plates (150 pg/mL) at initial
density of 1 x 105 cells per cm? and grown for 5 days. On the 5" day, cells were
exposed to 500 ul of 100 uyg/mL SCNP-0, SCNP-15, SCNP-30, SCNP-45 and SCNP-
60 in EBM-2 complete medium. Samples without treatment were used as control.
After 18 h, particles’ suspension was removed, cells were washed once with ice-cold
HBSS and 100 pl of Laemmli Buffer was added per well. Samples were collected
and stored at -20 °C until use. Samples were heated at 98° C for 10 min and 10 yl
of each lysate was loaded on SDS/PAGE with 15% acrylamide. Gels were
transferred to a nitrocellulose membrane (Biorad) and were incubated with the
primary antibodies ZO-1 polyclonal antibody (1:1000, ThermoFisher, #61-7300) in
PBS-Tween 0.1%-BSA 3% or monoclonal B-actin (1:2000, Sigma-Aldrich, #A5441)
for 1 h in PBS-Tween 0.1%-BSA 3%. The membranes were washed with PBS-
Tween 0.1% and incubated in in PBS-Tween 0.1%-BSA 3% with horseradish
peroxidase (HRP)-conjugated secondary anti-rabbit antibody anti-rabbit (1:2000,
CellSignalling, #7074S) or anti-mouse antibody (1:2000, Sigma) respectively. The
blots were revealed via a homemade enhanced chemiluminescence reagent and
scanned using FluorChem M machine (Proteinsimple).
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SCNPs endosomal escape and colocalization studies

Confocal microscopy was employed to analyze the intracellular trafficking of the
SCNPs, more specifically the colocalization between SCNPs and Lysotracker Red
DND-99 (#L12492, ThermoFisher) an endo-lysosomal staining. As previously
described, hCMEC/D3 cells were seeded in precoated 24-well Sensoplates at initial
seeding density of 1x105 cells per cm?2 and grown for 4-5 days. 500 ul of 100 pg/ml
DTAF-labelled SCNPs were incubated with the cell monolayer for 4 h. 100 nM
Lysotracker Red DND-99 was co-incubated for 1 h as well as 1 drop NucRed™ Live
647 ReadyProbes™ Reagent (ThermoFisher, #R37106) per well for 30 min. After 4
h, the SCNPs and dyes were removed, cells were washed twice with 1xHBSS
followed by incubation with 4% paraformaldehyde (PFA) for 5 min. PFA was
removed, cells were washed three times with 1xHBSS and PBS:Glycerol (50:50)
was added as mounting medium.

To evaluate the effect of pH on the endosomal escape, cell monolayers grown on
precoated Sensoplates were pre-exposed to 200 nM Bafilomycin A1 (BafA1), a V-
ATPase inhibitor, for 30 min, followed by co-incubation with SCNP-45 for 1 h. After
1 h, cells were washed, fixed with 4% PFA and stained with Hoechst.

Assessment of apparent permeability (Papp) of in vitro BBB model exposed to
SCNPs and FITC-dextran

BBB model was exposed to the labelled-SCNPs (SCNP-0, SCNP-15, SCNP-30,
SCNP-45 and SCNP-60) on its basolateral side for 18 h at 37° C. After 17 h
incubation, 10 kDa Dextran labelled with TexasRed was co-incubated with the
SCNPs for 1 h and Papp calculated as described previously.*8

Apparent permeability (P.pp) of the in vitro BBB model employing dextran 4
kDa and dextran 2000 kDa labelled with FITC

Papp was evaluated at the 5" day by incubating 500 ul of 1 mg/ml of fluorescent-
labelled dextran for 1 h.
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Figure S3.1. Percentage of LDH release in hCMEC/D3 cells incubated SCNP-0 to SCNP-60 and a
control.
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Figure S3.2. Apparent permeability (Papp) Of the in vitro BBB model employing dextran 4 kDa and
dextran 2000 kDa labelled with FITC (fluorescein). ***p < 0.001
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Figure S3.3. Evaluation of SCNPs influence on apparent permeability (Papp) of the in vitro BBB model.
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Figure S3.4. Effect of SCNPs with different densities of tertiary amines on the expression of ZO-1.
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Chapter 4

Controlled drug delivery by subcellular
targeting with single-chain polymer
nanoparticles

The intracellular location of therapeutics is key for optimal efficacy. Single-chain
polymer nanoparticles (SCNPs) are a promising class of nanocarriers to
systematically investigate the influence of surface groups on the subcellular location
of NPs. In this Chapter, a series of functional SCNPs, equipped with the anticancer
prodrug of atovaquone, is used to study how subcellular location affects the drug’s
efficiency. SCNPs were prepared with different quantities of protonatable tertiary
amines (i.e. 15% and 40%) on the surface, as well as SCNPs with 40% of
quaternized ammonium groups with a permanent positive charge. The nanocarriers
were evaluated on Hela cells and SCNPs were observed in lysosomes, the cytosol
or the extracellular cell membrane, depending on the type and extent of surface
functionalization on the SCNPs. The results show a strong decrease in cell viability
solely in the case of cytosolic delivery of atovaquone to the cancer cells, underlining
the advantages controlled subcellular delivery of therapeutics can offer.

Manuscript submitted: N.M. Hamelmannt, J-W.D Paatst, J. M. J. Paulusse

I These authors contributed equally.



Chapter 4

4.1 Introduction

The vast majority of drug targets resides within the cell, and being able to reach the
cell cytosol is therefore critical to achieve optimal efficacy in controlled drug delivery.
Nanoparticles (NPs) are commonly employed to improve delivery, since they can
provide suitable pharmacokinetics, increased drug loading and specific targeting. -3
However, directing the intracellular location of NPs is still frequently neglected.
Earlier work has shown that the intracellular fate of NPs can be controlled by
introducing protonatable surface groups. Using polymers with guanidium pendant
groups, proteins were encapsulated and successfully delivered into the cytosol.*®
Guanidium-functionalized dendrimers were used to deliver peptides intracellularly,®
whereas enzymes were successfully transported intracellularly by NPs with high of
amounts of permanently charged ammonium side-groups.” However, permanent
charges are associated with cellular toxicity® and furthermore, the enzymes
remained trapped in the endosomes.

One excellent candidate NP system for subcellular delivery of a therapeutic cargo
are single-chain polymer nanoparticles (SCNPs). SCNPs possess a unique size
range from 5-20 nm with low dispersity, combined with scalability and exquisite
control over their functionalization.®-'2 Their small size, in the range of proteins and
small viruses, has been shown to promote cellular uptake,'® while equipping the
SCNPs with active pentafluorophenyl (PFP) esters provides the possibility of facile
introduction of functional moieties.'* This allows for systematic evaluation of specific
parameters, such as intracellular location, while keeping the core nanoparticle
structure unaltered. In Chapter 2 we showed that carefully controlling the amounts
of tertiary amines can promote cytosolic delivery of NPs.'® The key advantages of
using this approach are avoidance of external methods for delivery (e.g.
electroporation'8), improved biocompatibility and the ease of incorporation of generic
targeting groups.

Atovaquone is a first line anti-malarial drug, often in combination with anti-malarial
agent proguanil.'”-'® Recently, atovaquone was found to be also effective in cancer
treatment. Atovaquone targets the mitochondrial complex IIl in breast cancer cells,
inhibiting further proliferation.® Furthermore, it was shown to have potential in the
treatment of gynecologic cancers by inhibiting oxidative phosphorylation,? as well
as the treatment of several forms of leukemia in vitro as well as in in vivo mouse
models.2' Since the targets of atovaquone reside within the cytosol, controlling the
intracellular targeting could improve the drug’s efficacy.Conjugating drug molecules
covalently to nanoparticles prevents drug leakage and burst-release of the cargo,
which is often observed for nanoparticles with encapsulated drugs.2>23 For efficient
conjugation, drug molecules can be converted into prodrugs by attaching a handle
for conjugation through a linker.24-26 After cleavage, the drug is released in its active
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form. Targeted release of therapeutics can even be controlled by modifying the type
of functional linker, to induce drug release at a specific trigger.2”-28 This concept has
been extensively used in the field of drug delivery, especially for anti-cancer
therapy.2®-3! Furthermore, atovaquone has already been synthetically modified into
a prodrug to modify bioavailability32-33 or connect it to other active pharmaceuticals,3*
35 for increased therapeutic effectiveness.

In this Chapter, we evaluate the potential of SCNPs to deliver therapeutics to cancer
cells (HeLa) and we investigate the influence of intracellular SCNP location on drug
efficacy. A set of SCNPs with increasing content of tertiary amines, as well as
quaternary ammonium moieties, is prepared and conjugated with an atovaquone
prodrug. SCNP uptake and intracellular location are studied and the efficacy of the
drug-conjugated SCNPs is evaluated to understand the influence of their
(sub)cellular location on apoptotic activity.

4.2 Results and discussion

PFP-SCNPs were synthesized as previously described in Chapter 2 and were
functionalized with 15 and 40 % tertiary amines to yield SCNP-15 and SCNP-40.
Remaining PFP-esters were end-capped with aminoglycerol to fully passivate the
SCNPs and further increase their water-solubility (Scheme 4.1, top). Furthermore,
SCNP-40Q with quaternized ammonium groups was synthesized by methylating the
tertiary amines. To circumvent O-methylation of the alcohol-groups, quaternization
of the tertiary amines was performed before end-capping the remaining PFP-esters
with 1-aminoglycerol (Scheme 4.1, bottom). Converting the tertiary amines into
quaternary ammonium groups allows us to differentiate between the effect of buffer
capacity and positive charge of the functional side groups on the cellular interactions.
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Scheme 4.1. Schematic representation of the functionalization of PFP-SCNPs with increasing amounts
of tertiary amines, followed by end-capping of remaining functional esters with 1-aminoglycerol. To
synthesize SCNP-40Q, quaternization was performed by methyl iodide before end-capping with 1-
aminoglycerol (followed by counter-anion exchange).

The set of three distinct SCNPs was characterized by 'H NMR spectroscopy. Upon
increasing the tertiary amine content, an increasing signal is observed at § 2.3 ppm,
which disappears after quaternization of the amines (Figure 4.1a). Instead, a new
downfield signal appears at & 3.1 ppm, indicative of the conversion into ammonium
groups. Subsequently, zeta-potential of the SCNPs was measured at different pH
values to carefully analyze the surface charge and take the protonation state of the
tertiary amines into account (Figure 4.1b). At pH 7.4, an increase in surface charge
from SCNP-15 to SCNP-40 was observed and only a minor increase between
SCNP-40 and SCNP-40Q. At pH 9.5 and 13.5, the difference in zeta-potential
between SCNP-40 and SCNP-40Q becomes more pronounced, as the tertiary
amines are increasingly deprotonated under these basic conditions, while
quaternized amines maintain their positive charge. Together with the '"H NMR data,
this confirms successful introduction of permanent charges on SCNP-40Q. To
enable in vitro analysis of the SCNPs, a fluorescent label (fluorescein derivative 5-
DTAF) was conjugated onto all SCNPs.
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Figure 4.1. Characterization of the set of SCNPs. (a) stacked 'H NMR spectra, indicating the presence
and disappearance of the tertiary amines (green band) and quaternary ammoniums (red band) and (b)
zeta potential measurements at different pH values.

To be able to function as a drug delivery system, the SCNPs need to be
biocompatible. Therefore, we first assessed cell viabilities for the entire set of SCNPs
on Hela cells, a model cancer human cell line. No significant decrease in cell viability
was observed, even at 500 yg/mL after a 24 h incubation period (Figure 4.2a).
Cellular uptake was investigated next and quantified by flow cytometry, as depicted
in Figure 4.2b. Similarly as described in Chapter 2, SCNP-40 shows a stronger
fluorescent signal than SCNP-15, which is also in line with early studies
demonstrating that positively charged nanoparticles promote cellular uptake. 15 36
Interestingly, cells incubated with SCNP-40Q display a significantly higher
fluorescent intensity as compared to SCNP-40. The permanent charge of the
quaternized amines promotes the interaction of SCNPs with the cell membrane more
strongly than the tertiary amines.
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Figure 4.2. (a) Viability of HeLa cells after 24 h incubation. (b) Fluorescence intensity per event of HeLa
cells after 1, 3 and 6 h incubation with SCNPs measured by flow cytometry. Asterisks indicate significant
higher uptake, * p<0.05, ** p<0.01 and *** p<0.001 (n=9).

We further studied the cellular interactions by confocal microscopy. Due to the
considerable differences in cellular association measured by flow cytometry, the
incubation times for the different particles were adapted accordingly for the confocal
microscopy experiments. The images confirm the observed low cellular
internalization of SCNP-15, as barely any green fluorescent signal is visible (Figure
4.3, top row). As shown in Figure 4.3, middle row, cytosolic delivery of SCNP-40
occurs, as indicated by the diffuse green signal throughout the cell. Interestingly, the
quaternized SCNP-40Q shows strong cellular association, but the particles are only
found on the cell membranes (Figure 4.3, bottom row). These results indicate that
the permanent charge on SCNP-40Q causes strong adherence to the negatively
charged cell membrane due to electrostatic interaction, but does not promote
subsequent internalization. These findings were confirmed by employing a calcein
assay (Figure S4.1). Calcein is a membrane-impermeable fluorescein derivative,
that can be taken up by endosomes and only be released into the cytosol in the case
of membrane leakage.3” Whereas SCNP-15 and SCNP-40Q showed very little
calcein signal, SCNP-40 induced a diffuse calcein signal throughout the cell,
indicative of endosomal escape.
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Nuclei & membrane  SCNP 15

SCNP40
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Figure 4.3. Confocal microscopy images of HelLa cells incubated with either SCNP-15, 40 or 40Q for 4
h, 1 h or 30 min respectively. Cells were stained with nuclei and membrane staining in blue and the
SCNPs have a green fluorescent label (DTAF). The scale bar is 20 pm.

In order to study the SCNPs as a drug carrier system, we conjugated an atovaquone-
prodrug (ATO) to the PFP-SCNPs. The prodrug was synthesized by attaching an
acrylate group to the enol moiety (Scheme 4.2a). The prodrug was then added as
an end-capping agent directly after the intramolecular crosslinking of the parent PFP-
SCNPs, and before end-capping with methyl acrylate, to react with the remaining
free thiols in a thiol-Michael addition. The resulting PFP-ATO-SCNPs contained 1.3
wt% drug loading, as determined by "H NMR spectroscopy. The batch of precursor
SCNPs was split in three parts, to be subsequently functionalized in the same
manner as for the empty carriers to yield ATO-SCNP-15, ATO-SCNP-40 and ATO-
SCNP-40Q (Scheme 4.2b), all containing the same quantity of ATO. Size exclusion
chromatography analysis on the empty and loaded nanocarriers revealed similar
elution times, indicating that pro-drug conjugation does not markedly affect particle
size (Figure S4.2, quaternized SCNPs were not measured, due to incompatibility
with the eluent). Furthermore, the zeta potential of the ATO-SCNPs was measured
and the values are well in line with the results obtained for the empty nanocarriers
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(Figure S4.3). Lastly, confocal microscopy revealed no significant changes in the
cellular location of the SCNPs after ATO-conjugation (Figure S4.4)
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Scheme 4.2. (a) Synthesis of atovaquone-acrylate (ATAO) and (b) Schematic representation of the
atovaquone-functionalized SCNPs with different surface functionality.

Since the prodrug is conjugated through an ester linkage, release of atovaquone can
be triggered by acidic conditions, such as the lowered pH in endo/lysosomes.38-39 |n
order to explore atovaquone release, ATO-SCNP 40 was incubated under acidic
conditions for 24 h. In the HPLC traces given in Figure S4.5, the atovaquone release
from ATO-SCNP-40 is shown. Next, we studied the influence of subcellular targeting
upon the atovaquone efficiency via Annexin/PI staining. As a start, the set of empty
nanocarriers was evaluated on Hela cells. After 24 h incubation, no significant
toxicity was observed (Figure S4.6a). Furthermore, free atovaquone was also not
able to induce (early) apoptosis (Figure S4.6b, top left). Upon exposing HelLa cells
to ATO-loaded SCNPs, no significant increase in Annexin-V signal was visible for
ATO-SCNPs functionalized with 15% tertiary amines or 40% quaternary
ammoniums. However, when HelLa cells were incubated with ATO-SCNP-40, a
strong shift of the cell population towards early apoptosis is observed, which is
significant compared to the other nanocarriers (see Figure 4.4 and Figure S4.6b). To
validate specificity for cancer targeting, the empty and ATO-loaded SCNPs were
also incubated with NIH/3T3 mouse fibroblasts and uptake and apoptosis was
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studied. The uptake of ATO-SCNPs is shown in Figure S4.7, revealing a similar
cellular location as observed for the HelLa cells. Interestingly, apoptosis of NIH/3T3
cells after incubation with the set of ATO-SCNPs differs slightly (see Figure S4.8). A
shift of the NIH/3T3 cell population towards higher Annexin-V signal is presented for
nanocarrier ATO-SCNP-40, which is however also observed for unloaded SCNP-40.
This shift is most likely due to their entry into the cell cytosol. Therefore, NIH/3T3
cells are more sensitive to the carrier itself compared to HelLa cells. However,
addition of the atovaquone prodrug did not significantly increase early apoptosis in
these cells. Therefore, these results indicate a specificity of the ATO delivery strategy
for cancerous Hela cells.

Viable cells
100 4 Early apoptosis
] Late apoptosis

80 4
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40 4

HeLa cell population (%)
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04

Figure 4.4. flow cytometry plots of HeLa cell populations after incubation with ATO-SCNPs or free
atovaquone for 24 h and stained by annexin-V and propidium iodide. Percentages of viable or apoptotic
Hela populations with asterisks indicate significance, * p<0.05, ** p<0.01 and *** p<0.001.

4.3 Conclusions

In this work, we synthesized a set of functional single-chain polymer nanoparticles
from the same parent active ester precursor. The SCNPs were evaluated on HelLa
cells to probe the influence of the different type of surface charge on cellular
interactions. SCNPs with a low incorporation ratio of tertiary amines (SCNP-15) were
only sparingly taken up into the endosomes, whereas a higher content of tertiary
amines (SCNP-40) lead to higher cellular uptake and cytosolic release of SCNPs.
Interestingly, SCNPs with permanently charged quaternized ammonium side groups
(SCNP-40Q) exhibited high cellular associations, but remained on the cell
membranes. Therefore, we conclude that the tertiary amines induce high cellular
uptake and that protonatability is essential for cytosolic release. After pro-drug
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conjugation, only ATO-SCNP-40, which is released in the cytosol induced apoptosis
in HelLa cells. Cytosolic release is crucial for therapeutics that work in specific cell
organelles, and this work demonstrates efficient targeting of subcellular locations
with SCNPs, which may lead to improved drug efficacies in a variety of applications.

To further improve drug delivery, the current drug-loading strategy requires for
optimization. In this work, the ATO-SCNPs were conjugated with an ester linkage,
which can be hydrolyzed under acidic conditions, but the choice of linker can be
tailored towards a specific signal for release. For example, a valine-citrulline linker is
susceptible to cleavage by proteases, which would facilitate intracellular release, but
provides otherwise stability during blood circulation.“? An alternative is to use redox-
active linkers. Since the concentration of glutathione in cancer cells can be up to a
7-fold higher than in regular cells, the reductive environment can be used to induce
drug release.*' This has already been widely exploited for different carrier systems,+2
but is particularly interesting in our case because of the efficient intracellular delivery
of the SCNPs. However, disulfide-linkers are not compatible with this design, since
the SCNPs are crosslinked by thiol-chemistry. This could be circumvented by a
different reducible moiety, such as azo-compounds,*® or by using conjugating
through the PFP-groups. Overall, the versatility of the PFP-SCNP system can be
further exploited for the intracellular delivery of different drugs and release triggers.

4.4 Materials and methods

Tetrahydrofuran (THF, >99%), acetonitrile (ACN, >99%), heptane (>99%) and
methanol (>99%) were purchased from LPS b.v. N,N-dimethylformamide (DMF,
>99.8%) and dichloromethane (>99%) were purchased from VWR. Triethylamine
(TEA, 99%), N,N-dimethylethylenediamine (DMEN, 95%), 3-amino-1,2-propanediol
(1-aminoglycerol, 97%), DMSO (anhydrous, 99.9%), 1,4-butanediol diacrylate
(>90.0%), methyl acrylate (99%), tri-n-butylphosphine (97%), acryloyl chloride
(>97.0%), methyl iodide (99%), 1,3,5-trioxane (>99%), ethanolamine (>99.0%),
chloroform-d (99.8% atom % D), ds-acetone (99.9 atom % D) DMSO-ds (99.9 atom
% D), atovaquone (>98%), Dulbecco’s modified Eagles medium (DMEM), fetal
bovine serum (FBS), penicillin-streptomycin (containing 10.000 units penicillin, 10
mg streptomycin mL-'), phosphate buffered saline (PBS, pH 7.4), Hanks’ balanced
salt solution (HBSS), calcein, Trypsin-EDTA solution (sterile filtered, BioReagent)
and 4,6-diamidino-2-phenylindole dihydrochloride (DAPI, 98%) were purchased
from Sigma-Aldrich. Fluorescent label 5-(4,6-Dichlorotriazinyl) aminofluorescein
(DTAF) and Lyso Tracker™ Deep Red were purchased from ThermoFisher
Scientific. CF® 405M Wheat Germ Agglutinin (WGA) was purchased from Biotium.
Annexin V-DY-634/Pl Apoptosis detection kit was purchased from Abcam. All
chemicals were used without further purification unless stated otherwise. When
stated as dry, solvents were treated with molecular sieves (3 A) 24 h before usage
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and stored under nitrogen. SnakeSkin™ dialysis tubing (10 K MWCOQO) from
ThermoFisher was employed for dialysis and disposable PD-10 desalting columns
were purchased from GE healthcare.

"H-NMR (400 MHz), "®*F-NMR (376 MHz) and '*C-NMR (101 MHz) spectra were
recorded on a Bruker 400 spectrometer. Size exclusion chromatography (SEC)
analysis was performed on a Waters €2695 Separations Module equipped with an
Agilent PLgel 5 ym MIXED-D 300 x 7.5 mm column and Waters photodiode array
detector (PDA 2998) and refractive index detector (Rl 2414) and DMF was employed
as eluent. Zeta potential measurements were performed on a Malvern Instruments
Zetasizer ZS. Samples for SEC and DLS were filtered using a GE Healthcare
Whatman SPARTAN 13/0.2 RC 0.2 pym syringe filter prior to measurements. RP-
HPLC analysis was performed on a Waters 2535 Quaternary Gradient Module
equipped with a Waters XBridge C18, 5 um, 4.6 mm x 250 mm column and a Waters
photodiode array detector (PDA 2998), using a H20 + 0.1% TFA : acetonitrile
gradient (95:5 to 5:95). Mass spectra were obtained on an Advion Expression-L
Compact Mass Spectrometer featured with either electrospray ionization (ESI) or
Atmospheric Pressure Chemical lonization (APCI).

Synthesis of SCNPs with pentafluorophenyl active esters (PFP-SCNPs)

PFP-SCNPs were synthesized as previously reported'* utilizing a co-polymer (600
mg, DP=236, 0.24 mmol xanthate groups, 1 eq.), containing pentafluorophenyl and
xanthate pendant side-groups. The xanthate moieties were deprotected by
ethanolamine (87 pL, 1.44 mmol, 6 eq.) to obtain free thiols. After precipitation of the
polymer in MeOH (130 mL), the polymer was redissolved in THF (12 mL) and
intramolecularly crosslinked via a thiol-Michael addition, by slow addition of the co-
polymer to a solution of 1,4-butanediol diacrylate (47 mg, 0.24 mmol, 1 eq.) as
crosslinker and tri(n-butyl)phosphine (10 mg, 0.04 mmol, 0.2 eq) as initiator in DCM
(130 mL). After stirring for an additional 2 hours, the remaining thiols were end-
capped by methyl acrylate (1 mL, 12 mmol, 50 eq.). The SCNPs were obtained as a
white powder after repeated precipitations in MeOH (60 mL) (320 mg, 55% yield).
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Synthesis of SCNP-15 and SCNP-40

H 0.40 eq H
TEA, THF, 45°C, 2x on
OH OH E /N\ Sj

Crosslunk

Crosslink
e 1o WW
H
DMF, RT, 1x on
OH OH /N\ S
Crosslink

A particle set with different surface charges was obtained by functionalization of
PFP-SCNPs with either 15 or 40% tertiary amines following an earlier reported
method." In brief, for 15% substituted SCNPs, 50 mg of PFP-SCNPs (0.17 mmol
PFP, 1 eq) was dissolved in dry THF (3 mL) under nitrogen atmosphere. To the
solution triethylamine (96 pL, 0.069 mmol, 4 eq.) and N,N-dimethylethylenediamine
(DMEN) (2.3 mg, 0.026 mmol, 0.15 eq., from a 5.0 wt% stock solution in dry THF)
were added and the solution was stirred for 24 h at 45 °C. After confirmation of full
conversion by '®F NMR, 3-amino-1,2-propanediol (157 mg, 1.72 mmol, 10 eq., 10
wt% solution in DMF) was added to the solution to substitute all residual reactive
PFP-groups. The solution was left stirring overnight and was afterwards dialyzed
against 1 wt% NaCl for 24 h and then against demineralized water for 48 h. The
SCNPs were obtained via lyophilization yielding a white powder (25 mg, 79% yield).
For SCNP-40 double the amount of PFP-SCNP was functionalized (100 mg).

Synthesis of SCNP-40Q
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To circumvent O-methylation of alcohol moieties, SCNPs with tertiary amine side
groups were first quaternized and then remaining pentafluorophenyl esters were
reacted with aminoglycerol. PFP-SCNPs with and without atovaquone (50 mg, 0.173
mmol PFPMA, 1 eq.) were dissolved in 3.5 mL dry THF, followed by addition of TEA
(96 L, 0.67 mmol, 4 eq.) and DMEN (6.65 mg, 0.075 mmol, 0.45 eq.) dissolved in
200 pL dry THF. The mixture was stirred for 48 h at 45 °C. After determining
conversion by °F NMR, the temperature was lowered to 30 °C, and 3 mL dry DMF
was added, followed by methyl iodide (33.1 mg, 0.23 mmol, 3 eq.) dissolved in 150
pL dry THF and the mixture was stirred overnight. The particles were subsequently
reacted with aminoglycerol (393 mg, 4.3 mmol, 25 eq.) dissolved in 6 mL dry DMF.
After stirring overnight at room temperature, the mixture was dialyzed against 1 wt%
NaCl for 24 h, followed by another 48 h against demineralized water. The clear
solution was lyophilized to yield a white powder (non-atovaquone) or a faint yellow
powder (particles with atovaquone).

Fluorescent labeling of SCNPs

Each of the functionalized SCNPs (10 mg) was dissolved in carbonate-bicarbonate
buffer (2 mL, 0.1 M, pH 9.5) and 5-DTAF (0.02 eq. to alcohol groups, 10 mg/mL stock
solution in dry DMSO) was added and the solution was stirred overnight. Afterwards,
the SCNPs were purified on a PD10 column by elution with water and the SCNPs
were obtained after lyophilization yielding a yellow powder.

Synthesis of atovaquone-acrylate (ATOA)
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To a stirred solution of atovaquone (200 mg, 0.55 mmol) in dichloromethane (8 mL)
under nitrogen atmosphere, triethylamine (92 yL, 0.66 mmol) was added and the
solution was cooled on an ice bath. Acryloyl chloride (53 pL, 0.66 mmol) was added
dropwise and the solution was stirred overnight while warming up to room
temperature. The mixture was diluted with dichloromethane (15 mL) and washed
with water (2 x 5 mL) and brine (1 x 5 mL), dried over MgSO4 and concentrated
under reduced pressure. The residue was purified by flash column chromatography
(silica gel, heptane:dichloromethane 2:1) to give ATOA as yellow crystals in 140 mg
yield (60%).

o
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"H NMR (400 MHz, CDCl3): & (ppm) 8.08, 7.75, 7.28 and 7.16 (m, 8H, ArH), 6.74,
(d, 1H, CH2=CH) 6.45 (m, 1H, CH=CH2), 6.17 (d, 1H, CH2=CH), 3.11 (m, 1H, (CH2)2-
CH-PhClI), 2.58 (m, 1H, (CH2)2-CH-C=C), 1.98 (m, 4H, CH2-CH2-CH-PhCl), 1.85 (m,
2H, CH2-CH,-CH-C=C) and 1.55 (m, 2H, CH2-CH2-CH-C=C), 3C NMR (101 MHz,
CDCls) & (ppm) 184.6, 178.3, 163.4, 151.4, 145.7, 142.2, 134.7, 134.3, 133.9, 132.5,
131.8, 130.8, 128.6, 128.3, 127.1, 126.7, 126.7, 43.4 36.0, 34.3, 30.1.

ATO-SCNP preparation and functionalization

Atovaquone functionalized PFP-SCNPs were prepared as described for non-
functionalized PFP-SCNPs, with the extra addition of atovaquone as functional agent
by a thiol-Michael addition. After slow addition of the deprotected polymer to the
crosslinker solution and stirring for an additional 2 hours, the residual thiols were
reacted with atovaquone acrylate (40 mg, 0.1 mmol, 0.4 eq. to xanthate groups) and
stirred overnight, followed by end-capping with methyl acrylate (1 mL, 12 mmol, 50
eq.) and the SCNPs were obtained after repeated precipitation in methanol as a faint
yellow powder (319 mg, 55% yield).

The atovaquone drug loading was determined by 'H NMR spectroscopy. ATO-
SCNPs (Mn = 59 kDa, 7.45 mg, 1.26 x 104 mmol) were dissolved in de-acetone.
Trioxane was added from a stock solution as internal standard (0.026 mg, 2.9 x 10-
4 mmol). The ratio between the 6 trioxane protons and 4 of the atovaquone protons
was determined at 1:0.5, resulting in 2.3 x 10 mmol atovaquone in the sample,
which is a drug loading of approximately 2 atovaquone moieties per SCNP (1.3 wt%).

Cell culture

Hela cells (p.4-15) were cultured in DMEM medium with 10% FBS, L-glutamine and
Pen/Strep.

Cytotoxicity

Hela cells were seeded at 10x103 cells per well in 100 yL medium in 96-well plates
and incubated overnight at 37 °C in humidified 5% CO2-containing atmosphere.
Sample solutions containing SCNP 15, 40, and 40Q were prepared from 1 mg/mL
stock solution in medium to final concentrations of 50, 100, 200 and 500 pg/mL. The
medium in the 96-well plates was aspirated and 100 pL of the sample solutions were
added per well in triplicates. In the reference wells the medium was exchanged with
fresh medium. The SCNPs were incubated for 24 or 48 h, afterwards the cells were
washed with PBS. A resazurin assay was used to analyze the viability of the cells,
100 uL of the resazurin solution was added per well and incubated with the cells for
2 h. The fluorescence intensity was measured by an EnSpire plate reader at
excitation and emission wavelength of 560/590 nm.
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Cellular uptake by FACS

In 300 pL medium Hela cells were seeded at 30x103in 48-well plates and incubated
overnight. The SCNPs were added in sample solution of 100 ug/mL after removal of
the medium, the SCNPs were incubated for 1, 3 and 6 h. Afterwards, the cells were
washed with PBS and harvested with trypsin. In the preparation of the FACS
experiment Pl staining was added to the cell solutions to analyze the cell viability.
The FACS measurements were performed using a BD Bioscience FACS Aria Il with
excitation and emission filter of 488-530/30 and 630-660/30 nm.

Statistical analysis

Statistical analysis for in vitro results (n=9) was performed utilizing SPSS 22, via
One-way analysis of variance (ANOVA) with Tukey post hock analysis.
Classifications of the differences were reported as following: significant (p<0.05),
very significant (p<0.01) and extremely significant (p<0.001).

Confocal laser scanning microscopy

HelLa cells were cultured at 10x103 cells per well in 100 pL in 96-well plates and
incubated overnight. For HeLa cells SCNPs or ATO-SCNPs were incubated at 100
pg/mL for 4h, 1h or 30 min in the case of SCNP 15, SCNP 40 or SCNP 40Q
respectively. In the case of NIH/3T3 cells, ATO-SCNP 15 and ATO-SCNP 40 were
incubated for 5 h and ATO-SCNP 40Q was incubated for 30 min at 100 ug/mL. The
cells were washed and stained with lysostaining for 20 min before fixation with 4%
PFA. Afterwards, WGA and DAPI stainings were employed. The samples were
analyzed using a Nikon confocal microscope A1, equipped with the following laser
wavelengths: 375, 488 and 561 nm.

Calcein assay

Hela cells were seeded at 7.5x103 cells per well in 100 pL in 96-well plates and
incubated overnight. SCNPs (without DTAF label) were incubated at 100 ug/mL with
calcein (200 pM) in 100 pL medium for 3 h. Then the cells were washed with PBS
and fixated with 4% PFA. The cells were imaged using a fluorescent microscope
Olympus IX 71.

Drug release

ATO-SCNP-40 was incubated at 5 mg/mL in 1 M acetic acid and stirred for 24 h.
The sample was centrifuged at 12000 rpm for 20 min and the drug release was
measured by HPLC and compared to free atovaquone and SCNP-40.
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ATO-SCNP activity analysis

Hela cells were seeded at 30x103 cells in 300 uL in 48-well plates and incubated
overnight. Sample solutions of ATO-SCNPs and references of SCNPs, as well as
free ATO, were incubated with the cells at 100 ug/mL for the SCNPs and 5 pg/mL
for the free ATO. After 24 h incubation the cells were washed with PBS and
harvested with trypsin. The samples were prepared for FACS using an Annexin V-
DY-634/Pl Apoptosis detection kit. The ATO activity was analyzed using a BD
Bioscience FACS Aria Il with excitation and emission filter of 375-450/30, 488-
530/30 and 630-660/30 nm.

4.5 Supplementary information

Calcein assay

Endosomal Cytosolic Endosomal
delivery of delivery of delivery of
SCNP 15 SCNP 40 SCNP 40Q

Figure S4.1. Fluorescent microscopy images of calcein assay. Hela cells were incubated with SCNPs
and calcein for 3 h.
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Figure S4.2. Size exclusion chromatography traces of SCNP-15, SCNP-40 and ATO-SCNP-15 and
ATO-SCNP-40.
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Figure S4.3. Zeta-potential of ATO-SCNPs at different pH values.
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Nuclei & membrane  ATO-SCNP 15

ATO-SCNP40

ATO-SCNP 40Q

Figure S4.4. Confocal microscopy images of ATO-SCNPs in HelLa cells with nuclei and membrane in
blue and SCNPs signal in green. ATO-SCNP15 and SCNP 40 were incubated for 5h and SCNP 40Q
was incubated for 30 min. The scale bar is 20 pm.
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Figure S4.5. HPLC chromatogram of ATO-SCNP-40, free ATO and SCNP-40 at 282 nm.
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Figure S4.6. HelLa cell populations measured by flow cytometry after incubation with (a) empty (no
atovaquone) nanocarriers and (b) ATO-SCNPs (15, 40 and 40Q) or free atovaquone for 24 h and
stained by annexin-V and propidium iodide.
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Nuclei & membrane ATO-SCNP 15

ATO-SCNP 40

ATO-SCNP 40Q

Figure S4.7. CLSM images of ATO-SCNPs in NIH/3T3 cells with nuclei and membrane in blue and
SCNPs signal in green. ATO-SCNP-15 and ATO-SCNP-40 were incubated for 5h and ATO-SCNP-40Q
was incubated for 30 min. The scale bar is 20 pm.
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Figure S4.8. a) Representative flow cytometry dot plots of NIH/3T3 cell populations after incubation with
SCNPs, ATO-SCNPs or free atovaquone for 24 h and stained by Annexin V and Propidium lodide. b)
Percentages of viable and apoptotic NIH/3T3 cell populations, asterisks indicate significant lower cell
population in percentage relative to the reference, ** p<0.01 and *** p<0.001.
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Chapter 5

Dual-reactive single-chain polymer
nanoparticles for orthogonal
functionalization through active ester
and click chemistry

Glucose has been extensively studied as a targeting ligand for biomedical
nanoparticles. A promising nanocarrier platform are single-chain polymer
nanoparticles (SCNPs). SCNPs are well-defined 5-20 nm semi-flexible nano-objects,
formed by intramolecularly crosslinked linear polymers. Functionality can be
incorporated by introducing labile pentafluorophenyl (PFP) esters in the polymer
backbone, which can be readily substituted by functional amine-ligands. However,
not all ligands are compatible with PFP-chemistry, requiring different ligation
strategies for increasing the versatility of surface functionalization.

Here, we combine active PFP-ester chemistry with copper(l)-catalyzed azide alkyne
cycloaddition (CuAAC) click chemistry to yield dual-reactive SCNPs. First, the
SCNPs are functionalized with increasing amounts of amino-butyne groups through
PFP-chemistry, leading to a range of butyne-SCNPs with increasing terminal alkyne-
density. Subsequently, azido-propylglucose is conjugated through the glucose C1-
or C6-position by CUAAC click chemistry, yielding two sets of glyco-SCNPs. Cellular
uptake is evaluated in HeLa cancer cells, revealing increased uptake upon higher
glucose-surface density, with no apparent positional dependance. The general
conjugation strategy proposed here can be readily extended to incorporate a wide
variety of functional molecules to create vast libraries of multifunctional SCNPs.

Manuscript submitted: J-W.D Paats, N.M. Hamelmann, J.M.J. Paulusse.
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5.1 Introduction

Polymeric nanoparticles (NPs) are materials ranging from 1 to 100 nm, that have
gained significant attention in recent decades, due to their high surface to volume
ratio, modularity and biocompatibility.™* Owing to these favorable characteristics,
they have been widely explored in controlled drug delivery,5® imaging’® and as
antimicrobial agents.®10 To further tailor NPs towards specific applications, their
characteristics can be altered by incorporating additional ligands and modifying the
surface chemistry. For studying the influence of ligands on structural properties, a
straightforward way to introduce functionality, is by direct polymerization of functional
monomers. This is the most efficient strategy, omitting the need for additional
synthetic steps. However, direct incorporation requires compatibility between the
functional groups and the polymerization conditions. Although the introduction of
new polymerization techniques has resulted in greatly expanding the functional
group tolerance,!-'* a wide variety of ligands of interest still remains incompatible
with the currently available polymerization toolbox. Likewise, post-polymerization
modification (PPM) has emerged as an attractive alternative, circumventing the
limitations imposed by direct polymerization.'51® Expanding the concept of PPM to
polymeric nanoparticles, post-formation modification enables modification of a
particle’s exterior, without altering the nanoparticle backbone structure, thereby
dramatically reducing synthetic complexity by being able to start from the same
reactive precursor.

Over the years, a plethora of PPM techniques has been developed and utilized,
spanning a wide range of different chemistries, such as thiol-ene reactions,'”
epoxide ring openings' and Diels-Alder cyclo-additions.'® One particularly useful
PPM-methodology is using active pentafluorophenyl (PFP) esters, owing to their
facile substitution with primary amines forming stable amide linkages, their high
tolerance towards radical polymerizations and the ability to follow the reaction by
background-free '°F NMR spectroscopy.20-22 However, not every functional ligand is
compatible with active ester chemistry, and different conjugation strategies are still
needed. An alternative is to use copper(l)-catalyzed azide alkyne cycloaddition
(CuAAC), one of the most versatile reactions in “click chemistry”. Since the first
reports in 2002,23-24 the reaction has been exploited in the synthesis of functional
macromolecules, such as dendrimers,?®> polymers,?® micelles?” and protein-
conjugates,?® with many ligands of interest already (commercially) available.
Although the reaction conditions are mild and tolerant towards a wide range of
conditions, the ligation requires incorporation of an azide- or alkyne-moiety on the
backbone of the macromolecule. Especially for biomolecules, incorporation of a
precise number of azide or alkyne-moieties is often not feasible, nor is the
incorporation easily quantified.
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Besides surface functionalization, many other NP characteristics are important to
consider for biomedical applications, such as stiffness,?° shape?®® and especially their
size.31-32 Bai et al. demonstrated an inverse relationship between polymeric NP size
and cellular uptake, with 7 nm NPs showing a 3-fold higher uptake than 40 nm NPs.33
This underlines the value of scaling down particle size to promote endocytosis.
However, only limited synthetic strategies are available to synthesize NPs in this size
range. One elegant way towards sub-20 nm particles is to use single-chain polymer
nanoparticles (SCNPs). SCNPs are formed from polymer-precursors through
exclusive intramolecular crosslinks, forming soft and semi-flexible NPs with excellent
control over size and dispersity.34-3 SCNPs have found widespread application in
for example cellular targeting,37-39 catalysis,*%-42 and imaging.#3-*5> We have recently
shown that we can equip SCNPs with active PFP-esters for quantitative
functionalization with primary amines.#64” However, incorporation is not
straightforward, since not every functional moiety is compatible with an amine group.
Therefore, the possibility of combining PFP-chemistry with CUAAC is very appealing,
since it further increases the modularity regarding choice of ligand, solvent polarity,
and provides excellent control over ligand density, all starting from the same scaffold.
This would allow for the systematic investigation of a wide range of surface
functionalities.

Molecular interactions between sugars and sugar-binding proteins (lectins) are
essential for many recognition events in the human body, which is the start for
numerous biological processes.*84° This makes glucose a highly interesting surface
ligand for investigating cellular interactions. Furthermore, since glucose is the main
energy source in living systems, cell surfaces are decorated with a variety of glucose-
transporters (GLUTs) for enabling efficient uptake.®® Since GLUTs are often
upregulated in tissues with a high metabolic activity (e.g. cancer cells or brain
endothelial cells), it is not surprising that decorating NPs with sugar-moieties has
become a popular strategy to achieve efficient cellular targeting.5'-52 Simple
monovalent sugars generally display low affinity constants for binding with cellular
receptors. However, by using glyco-macrostructures, multiple binding events
between cell surfaces and NPs can be induced. This enhanced activity through
multivalency, coined the “cluster glycoside effect”, can therefore be exploited to
circumvent the inherent weak binding limitations by single saccharide-units and still
offer strong interactions.® However, increasing overall binding strengths does not
necessarily lead to higher cellular uptake and often hampers selectivity.5*
Furthermore, when using NPs for crossing barriers, very strong NP binding to cellular
receptors can even be detrimental to transcytosis.%® This stresses the need for ligand
density optimization with respect to the prospected biological targets.

An important additional parameter is the position through which glucose is
conjugated. Binding studies on erythrocytes revealed hydrogen bonding between
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C1-0, C3-0, C4-OH and C6-0 of glucose and the glucose transporter (GLUT1).56
Furthermore, alkyl substitutions on the C-6 position even increased the affinity of
GLUT1 for glucose, whereas a propyl-group at B-C1-O rendered the
glucopyranoside with no ability to any longer compete with native glucose on the
outside of cells.57%8 This suggests that modification at the C6-position with a
(hydrophobic) linker is a good starting point for effective glucose-binding on cell
surfaces, a strategy which has been adopted for other glucose-decorated
nanocarriers.5%6" Similarly, galactose-containing self-assembled NPs revealed a
positional dependence (C1 vs C6) on intracellular pathways, reaching different endo-
and lysosomal structures depending on the conjugation position.52 However,
modification at the C1-position with a short alkyl linker is synthetically more
convenient than at the C6-position, because of its anomeric reactivity. Furthermore,
studies in a different GLUT1-upregulated cell-line (HeLa cancer cells) suggested
little difference between C1 and C6-modification for the amount of cellular uptake of
glucose-decorated platinum-conjugates.63-64

To this end, we combine here active PFP ester chemistry with CUAAC click chemistry
to develop a range of SCNPs with increasing alkyne-ligand density from the same
precursor SCNP. To shed more light on the positional dependency of the conjugation
site, the SCNPs are subsequently ligated with D-glucose through an azidopropyl-
linker at two different positions (C1 and C6) and at different ligand densities to arrive
at a set of glyco-SCNPs. The SCNPs are characterized by "H NMR spectroscopy
and size exclusion chromatography, and lectin binding assays are performed. The
positional dependence, as well as the influence of ligand density are finally evaluated
by cellular uptake studies in HeLa cancer cells.

5.2 Results and discussion
Synthesis of glucose-ligands

In order to evaluate the positional dependence of cell-nanoparticle interactions,
glucose-ligands were designed with the same spacer for conjugation, only differing
in the conjugation position. Modification at the C1-position is fairly straightforward,
by exploiting the Lewis acid catalyzed reactivity of the OAc-group at the anomeric
position. Subsequent azidation and Zemplén deacetylation yielded target
compound 1 (see Scheme 5.1).
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Scheme 5.1. Synthesis of azide-functional glucose via the 1-position. Reagents and conditions: (a) 1) 3-
bromo-1-propanol, BFs-Et,0, DCM, N,, 0° C —r.t., overnight; (b) 1) NaNs;, DMF, 50° C, argon, overnight;
2) 20 mM NaOMe in MeOH, r.t., overnight.

For modification at the C6-position, a new synthetic route had to be established
(Scheme 5.2). Starting from D-glucose, compound 4 was synthesized according to
a literature procedure with comparable yield.%5 Chain extension by allyl bromide,
followed by hydroboration, yielded compound 6, as well as compound 4 as a
deprotection product.%* Converting the alcohol into a bromide by an Appel reaction
resulted in 10% loss of the halogen upon the subsequent hydrogenation. Although
the by-product would be inert, compound 6 was tosylated, followed by subsequent
Zemplén deacetylation, hydrogenation and azidation, to yield target compound 9 in
11% overall isolated yield (characterization data can be found in Figure S5.1 and
Figure S5.2).

OH OBn OAc OH
HO O —2 > BnO Q — b o o 0 —C% > Bno O
HO OH BnO OBn OBn OBn
OH 0Bn OBn 0Bn
2 3 4

Hoﬁ« Hoﬁu Overall yield: 11%
Ho Ho
8 0

Scheme 5.2. Synthesis of azide-functional glucose via the 6-position. Reagents and conditions: (a) 1)
NaH, DMF, Ny; 2) BnBr, Np, 0° C —r.t., overnight; (b) AcOH:Ac,0 1:5, ZnCl,, 2.5h, r.t.; (c) 25 mM NaOMe
in MeOH, r.t., 5h; (d) 1) NaH, DMF, Ny; 2) allyl-Br, N, 0° C —r.t., overnight; (e) 1) NaBH,, BFs-Et,O, THF,
N, r.t. overnight; 2) H,O, 4 M NaOH, H,0, 30%, 0° C —r.t., 3h; (f) p-TsCl, pyridine, DCM, Np, 0° C —r.t.,
overnight; (g) Hz 8 bar, Pd/C 10%, MeOH, EtOAc, r.t., overnight; (h) NaNs, DMF, N,, 50° C, overnight.
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Synthesis and characterization of butyne-SCNPs

Conjugation of glucose-ligands onto the SCNPs through copper-catalyzed azide-
alkyne cycloaddition (CuAAC) first requires introduction of alkyne moieties on the
nanoparticles. To this end, active-ester PFP-SCNPs were prepared as previously
described,*6 to subsequently conjugate an amino-alkyne onto the SCNPs. However,
this conjugation was severely hampered. The use of commercially available alkyne-
PEG4-amine resulted in crosslinking between particles, as observed by size
exclusion chromatography (SEC) (see Figure S5.3). This is possibly a result of
intermolecular Glaser coupling taking place. Although Glaser couplings are normally
catalyzed by copper,% metal-free variants have also been reported.67-68 Since the
conjugation was performed at elevated temperature for 24 h in the presence of a
base, it is not unlikely that alkyne-alkyne dimerization occurred. Since the
prospected number of alkyne groups on a single nanoparticle can be well above 100
moieties, and the flexible tetraethylene glycol linker ensures accessibility of these
moieties, minor intermolecular coupling would already result in multi-chain
aggregates, as evidenced by increased crosslinking upon increased alkyne-
incorporation. Therefore, conjugation of different amino-alkynes was investigated as
well. Conjugation of propargylamine, however, resulted in very low incorporation
ratios, whereas propargyl-terminated 4-amino-butan-1-ol seemed to lead only to
partial hydrolysis, since the incorporation ratio was low and largely independent of
the concentration of amino-alkyne (see Figure S5.3). Furthermore, no evidence of
conjugation was observed in the 'H NMR spectra (data not shown). Incorporation of
1-amino-3-butyne was attempted next, which did result in appreciable conjugation.
Although the conjugation was relatively sluggish as compared to earlier investigated
functional amines, the amino-alkyne could be titrated towards the desired ligand
density (Table S5.1). After determining the conversion by 'F NMR (Figure S5.4),
remaining reactive PFP-esters were endcapped with a large excess of 1-
aminoglycerol, quenching the reaction and increasing the particles’ water solubility
(Scheme 5.3).

88



Dual-reactive single-chain polymer nanoparticles for orthogonal
functionalization through active ester and click chemistry

I

H kY B o)
: =t 5 o
- N/\// i X HO

Pk H ., OH"OH
K ! ", 6-Nj-glucose .+

.,

n efile e ede
% 3
2. excess. @ w CuAAC conditions . w

§ : 0% - 9% - 18% SCNP-C1-0 to 49
PFP-SCNPs FrNT o 32% - 49% SCNP-C6-0 to 49

Scheme 5.3. Schematic representation of the functionalization of PFP-SCNPs with increasing amounts
of 1-amino-3-butyne, followed by endcapping of remaining functional esters with 1-aminoglycerol. The
range was conjugated with either 1-N;-glucose or 6-Ns-glucoseforming a set of 2x4 particles, as well as
a 100% 1-aminoglycerol version (SCNP-0).

The range of 3-butynamide-SCNPs was studied by 'H NMR spectroscopy.
Successful incorporation of alkyne-groups is observed in the '"H NMR spectra as
shown in Figure 5.1a. Signals corresponding to the 3-butynamide groups, i.e. the
terminal alkyne proton at & = 2.8 ppm and the adjacent methylene group at 6 = 2.3
ppm, increased with increasing ligand density, whereas the signals for 1-
aminoglycerol incorporation, observed at 6 = 4.9-4.4, 3.5 and 3.0 ppm, diminished
in intensity. The absence of signals in the '°F NMR spectra (data not shown) further
indicates successful functionalization of SCNPs with increasing amounts of alkyne-
ligands, while no reactive PFP groups remained. SEC-analysis showed a
monomodal trace with a slight shift towards shorter elution times upon higher alkyne-
content, indicative of a slightly increased hydrodynamic radius, but importantly
without discernible dimerization of nanoparticles (Figure 5.1b).
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Figure 5.1. (a) Overlayed NMR-spectra of 1-amino-3-butyne functionalized SCNPs, indicating the
increase (green) and decrease (red) of respective functional groups with increasing alkyne incorporation.
(b) SEC-trace of functionalized SCNPs.

Synthesis and Characterization of glyco-SCNPs

The range of butynamide-SCNPs was subsequently conjugated with either 1-
azidopropylglucoside or 6-azidopropylglucoside (Scheme 5.3). Conjugation was
performed on the same SCNP parent precursor, eliminating batch-to-batch
differences. The CUAAC ligation was conducted with an excess of azido-glucose, in
the presence of a base and without any additional copper-chelating agent.
Successful incorporation of glucose is observed by 'H NMR spectroscopy. The
resonances associated with the alkyne-moiety disappeared after conjugation (Figure
S5.5). For the 1-position, an shift of the anomeric proton signal to & = 4.1 ppm can
be observed, as well as an increasing signal corresponding to the triazole ring at &
=7.9 ppm (Figure 5.2a), upon increased glucose-content. Similarly for the 6-position,
an increased triazole resonance is observed at & = 7.9 ppm. Furthermore, because
ring-opening is not blocked in this glucoside, the anomeric proton is seen at 6 = 6.6
ppm and & = 6.3 ppm, for 3- and a-glucose respectively, in approximately 2:1 ratio
(Figure 5.2b). However, conjugation of 6-azido-glucose onto the highest substituted
alkyne-SCNP (SCNP-C6-49) proved unsuccessful, resulting in insoluble material.
Furthermore, 'H NMR analysis indicated a distinctly different structure than the lower
substituted versions, and it was therefore omitted from further analysis (data not
shown).
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chemical shift (ppm)

Figure 5.2. Overlayed NMR-spectra of (a) 1-azidopropylglucoside functionalized SCNPs and (b) 6-
azidopropylglucoside functionalized SCNPs, normalized by backbone intensity, indicating the increase
(green) of respective functional groups with increasing glucose conjugation.

SEC-analysis on both sets of glyco-SCNPs revealed the appearance of higher
molecular weight species upon increasing the ligand density (Figure 5.3a and b).
This effect is more pronounced for glyco-SCNPs conjugated through the C6-
position. Most likely, alkyne-dimerization occurs under the applied CuAAC-
conditions, resulting in crosslinking between SCNPs. Since Glaser-couplings also
require Cu(l) and a base,® this would explain the observed dimerization (and
possibly even larger structures) in the SEC-traces. Furthermore, by in situ reduction
of Cu(ll) to Cu(l) by sodium ascorbate, reactive oxygen species are generated which
are potentially harmful for biomacromolecules.?®72 This would be more severe for 6-
azido-glucose, since it is still a reducing sugar compared to 1-azido-glucose, and
this may lead to more undefined structures by being oxidized. For future
experiments, the conjugation should be conducted with a Cu(l)-binding ligand
present,’® more azido-sugar, less sodium ascorbate and at lower temperatures.
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Figure 5.3 Overlayed SEC-traces of (a) SCNP-C1-0 to 49 and (b) SCNP-C6-0 to 32.
Lectin binding study

To probe the availability of the glucose ligands on the SCNP surfaces for lectin
binding, we employed a quantitative precipitation assay using the model lectin
concanavalin A (Con A). Con A exists as a tetramer at neutral pH, with 4 identical
binding sites for glucose.”>7¢ Upon binding between Con A and glyco-SCNPs,
aggregates can form, which can be quantified by UV-Vis spectroscopy and are an
indication of the accessibility of the glucose ligands. Figure 5.4 shows increased Con
A binding for glyco-SCNPs conjugated through the C1-position, upon increased
ligand density. For the C6-range, SCNP-C6-32 is omitted, since it did not yield a
clear solution at the required concentration. No Con A precipitation was observed for
SCNP-C6-9 and SCNP-C6-18, which is in line with previous work on C6-glucose
modified SCNPs from our group.”” This result shows the importance of including a
non-substituted glucose primary alcohol (C6) in the Con A binding assay.
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Figure 5.4. Con A precipitation assay for C1 and C6-functionalized glyco-SCNPs with increasing ligand
density

Cell studies

However, the complexation behavior of glyco-SCNPs with the model lectin Con A
is not representative for the immense complexity of biological systems. Therefore,
the influence of position and ligand-density was further studied in cell culture models.
SCNP-C6-32 is omitted to arrive at a more fair comparison, since these
nanoparticles showed significant inter-particle crosslinking as compared to its C1-
counterpart (Figure S5.6). The two series of glyco-SCNPs were fluorescently
labelled with 5-(4,6-dichlorotriazinyl) aminofluorescein (DTAF) for subsequent
biological evaluations. SEC-analysis indicated no free dye present, which could
interfere with subsequent cell experiments (Figure S5.7).

Evaluation on cancer cells

Since glucose-decorated nanoparticles have found widespread application in cancer
treatment,”8-8! we further assessed the applicability of our range of glyco-SCNPs on
Hela cells. HeLa cells overexpress GLUT1 and are therefore expected to display
enhanced binding interactions with glucose-decorated SCNPs.8 A resazurin assay
revealed no apparent cytotoxicity after 24 h of incubation, even at the highest
concentrations of SCNPs (Figure S5.8). Next, cellular uptake was studied by flow
cytometry (see Figure 5.5). No significant increases in uptake are observed for
SCNPs C1-9 and C6-9 with the lowest ligand densities, as compared to SCNP-0.
However, both C1-18 and C6-18 show significantly higher uptake, already after 3 h
of incubation. Interestingly, in contrast to the strong influence of ligand density, no
positional dependency is observed between C1-18 and C6-18. Although examined
on different GLUT1 overexpressing cancer cell lines, this is also in line with earlier
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work on platinum-conjugated sugars through alkyl-linkages, where no difference in
uptake was observed between the two conjugation positions.®® On the other hand,
Kroger et al. showed superior uptake for C6-conjugated glyco-SCNPs as compared
to the C1-position in HeLa cells.”” An important difference, however, is the employed
short linker in this earlier study, and the apparent positional dependency may thus
have a different origin.

SCNP-0
1000 - . .c1-9

kg c1-18
C6-9
C6-18

800 4

600

400+

Fluorescence intensity

200 4

04

Incubation time (h)

Figure 5.5. Cellular uptake in HeLa cells at different timepoints measured by flow cytometry. ***
indicates p < 0.001

To further confirm cellular uptake and gain insights into the mode of cellular entry,
uptake was further evaluated by confocal microscopy (see Figure 5.6). In agreement
with the flow cytometry results, the SCNPs were observed inside the cells.
Furthermore, the green fluorescence of the SCNPs co-localizes well with vesicular
structures, indicating endosomal uptake, and resembling previous observations by
our group for glycerol- and glycoside-modified SCNPs.37- 77 Overall, these results
suggest glucose-conjugation through the C1-position would suffice for effective
targeting, while ligand density is the determining factor for efficient cellular uptake in
Hela cells.
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Figure 5.6. Confocal microscopy images of glyco-SCNPs and SCNP-0. Nuclei are stained in blue,
lysosomes in red and SCNPs are labeled green fluorescent. Scale bar is 20 pm.

5.3 Conclusion

In this work, single-chain polymer nanoparticles were decorated with increasing
amounts of terminal alkynes for subsequent copper(l)-catalyzed alkyne-azide
cycloaddition. Although incorporation was slow, the required ligand density could be
reached by choosing the right amino-alkyne moiety. Two different azido-glucose-
ligands (functionalization on C1 and C6) were synthesized and subsequently
conjugated under CuAAC-conditions. The click reaction revealed the importance of
choosing the right conditions to prevent Glaser couplings and other oxidative side-
reactions. The resulting glyco-SCNPs exhibited no discernible cytotoxicity in cancer
cells (HeLa). Uptake in cancer cells did increase substantially upon increasing the

95



Chapter 5

density of glucose-ligands on the particle surface, but proved largely independent of
conjugation position. This could indicate that ligand-density is more important than
conjugation position for cellular uptake, although a wider range of ligand density, as
well as incubation conditions should be studied to substantiate this.

The general synthetic strategy proposed here can be readily extended to incorporate
a wide variety of functional molecules. By combining active ester chemistry and click
chemistry, multifunctional nanoparticles can be synthesized with precise control over
ligand type and ligand density, which would otherwise remain synthetically
unattainable due to incompatibilities with polymerization conditions or non-
orthogonal post-polymerization modification. Moreover, since one can start from the
same precursor SCNP, vast libraries can be readily created, having the same
macromolecular template. This could provide a powerful combinatorial approach to
study complex structure-activity relationships, in which different types of azido-
sugars are employed, through linkers of different lengths and polarity, and even
combined with additional surface functionality, such as charges or peptides.

5.4 Materials and Methods

BF3-Et20 (46% BF3), 3-bromo-1-propanol (97%), D-(+)-glucose (>99.5%), 3-amino-
1,2-propanediol benzyl bromide (98%), NaH 60% in mineral oil, acetic acid (AcOH,
>99%), acetic anhydride (Ac20, >98%), ZnCl2 (anhydrous, >98%), allyl bromide
(99%), NaBH4 (99%), NaOH (>98%), H202 30% in H20, p-toluenesulfonyl chloride
(p-TsCl, >99%), pyridine (>99.0%), 1-amino-3-butyne (95%), 4-amino-1-butanol
(98%), di-tert-butyl dicarbonate (Boc20, >98%), propargyl bromide (80 wt% in
toluene), 3-amino-1,2-propanediol (1-aminoglycerol, 97%), Pd/C 10%, NaOMe in
MeOH 25 wt%, NaNs (>99.5%), CuSOs (>99%), sodium ascorbate (>98%),
Amberlyst® A21 free base, ftrifluoroacetic acid (TFA, 99%), Concanavalin A
from Canavalia ensiformis (Type VI), N,N-diisopropylethylamine (DIPEA, >99%),
chloroform-d (CDCls, 99.8% atom % D), acetone-ds (99.9% atom % D), D20 (99.9
atom % D) and DMSO-ds (99.9 atom % D), fetal bovine serum (FBS), Dulbecco
modified Eagles medium (DMEM), penicillin-streptomycin (containing 10.000 units
penicillin, 10 mg streptomycin mL-1), resazurin sodium salt (BioReagent), phosphate
buffered saline (PBS, pH 7.4), Trypsin-EDTA solution (sterile filtered, BioReagent),
4,6-diamidino-2-phenylindole  dihydrochloride (DAPI, 98%), hydrocortisone
(#H0888) and ascorbic acid were purchased from Sigma-Aldrich. EBM-2 was
purchased from Lonza. Collagen | rat tail was purchased from Enzo Life Sciences.
CD lipid concentrate (#11905-031), Hanks’ Balanced Salt Solution (HBSS) and
HEPES (#15630080) were purchased from Gibco/Thermo. Alkyne-PEG4-Amine
was purchased from Lumiprobe. Fluorescent label 5-(4,6-dichlorotriazinyl)
aminofluorescein (DTAF), propidium iodide, Lyso TrackerTM Deep Red and
SnakeSkin™ dialysis tubing (10K MWCO) were purchased from ThermoFisher
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Scientific. Human FGF-basic (#100-10B) was purchased from Prepotech.
Tetrahydrofuran (THF, >99%), ethyl acetate (EtOAc, >99%), dichloromethane
(DCM, >99%) and methanol (>99%) were purchased from LPS B.V. N,N-
dimethylformamide (DMF, >99.8%) was purchased from VWR. Chloroform (>99.8%)
was purchased from Merck. Disposable PD-10 desalting columns were purchased
from GE healthcare All chemicals were used without further purification unless stated
otherwise. When stated as dry, solvents were treated with molecular sieves (3 A) 24
h before usage and stored under nitrogen.

"H-NMR (400 MHz), 3C-NMR (101 MHz) and "®F-NMR (376 MHz) spectra were
recorded on a Bruker 400 spectrometer. Size exclusion chromatography (SEC)
analysis was performed on a Waters e2695 Separations Module equipped with an
Agilent PLgel 5 ym MIXED-D 300x7.5 mm column and Waters photodiode array
detector (PDA 2998), fluorescence detector (FLR 2475) and refractive index detector
(RI12414). Chloroform and DMF with 50 mM LiCl were employed as eluent. Samples
for SEC were filtered using a GE Healthcare Whatman SPARTAN 13/0.2 RC 0.2 um
syringe filter prior to measurements. UV-measurements were performed on a
Shimadzu 1 UV-2401PC UV-VIS Recording Spectrophotometer. Mass spectra were
obtained on a Advion Expression-L Compact Mass Spectrometer featured with either
electrospray ionization (ESI) or Atmospheric Pressure Chemical lonization (APCI).

Synthesis of glucose-ligands

Compound 1. A 250 mL three neck flask was charged with 3-bromo-1-propanol
OAc (1.43 g, 10.2 mmol, 2.0 eq.) and brought under
o nitrogen. Dry dichloromethane (80 mL) was added,
A?\%O/&/ followed by the addition of B-D-glucose-pentaacetate
\/\/Br (2.0 g, 5.1 mmol, 1.0 eq.). After dissolving, BFs-Et20
(46%, 1.8 mL, 14.6 mmol, 2.9 eq.) was added
dropwise by syringe in 5 min. The mixture was stirred overnight, after which the light
yellow solution was diluted with 300 mL DCM, transferred to a 2 L beaker and sat.
NaHCOs (400 mL) was slowly added over 30 min. The organic layer was separated,
dried over MgSO, filtered and concentrated under reduced pressure. Flash
chromatography (SiO2, 20% — 50% EtOAc in heptane) yielded a colorless oil, which
slowly solidified to an off-white waxy solid (yield: 1.25g, 52%). '"H NMR (CDCl3) &
5.21 (td, J=9.4, 1.9 Hz, 1H), 5.08 (td, J = 9.8, 2.0 Hz, 1H), 5.05 - 4.93 (m, 1H), 4.51
(dd, J=8.0, 1.9 Hz, 1H), 4.34 —4.21 (m, 1H), 4.21 — 4.06 (m, 1H), 4.00 (m, 1H), 3.70
(m, 2H), 3.52 — 3.39 (m, 2H), 2.28 — 1.93 (m, 14H). 3C NMR (CDCIs) d 170.69,
170.27, 169.42, 101.07, 72.74, 71.84, 71.28, 68.41, 67.36, 61.93, 32.26, 30.09,
20.75, 20.71, 20.62, 20.60. ESI- MS (positive detection mode): m/z [M+Na]* =492.3,
calculated [M+Na]* = 492.3
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OAc A 100 mL three neck flask was charged brominated
AcO’é&/ tetra-acetylglucose intermediate (1.25 g, 2.6 mmol, 1
AcO O eq.), brought under nitrogen and dissolved in 13 mL
\/\/Ns dry DMF. NaNs (0.85g, 13.0 mmol, 5 eq.) was added
and the mixture was stirred overnight at 50° C. DMF was removed under reduced
pressure and the residue was dissolved in 50 mL ethyl acetate. The mixture was
washed consecutively with 2 x 20 mL H20, 5 x 20 mL 10% NH4CI, 20 mL brine, dried
over MgSOq, filtered and concentrated under reduced pressure to yield a colorless
oil (yield: 1.23 g, 98%). '"H NMR (CDCls) 8 5.21 (m, 1H), 5.08 (m, 1H), 4.99 (m, 1H),
450 (d, J=7.9, 1H), 4.26 (m, 1H), 4.19 — 4.09 (m, 1H), 4.00 — 3.89 (m, 1H), 3.70
(m, 1H), 3.60 (m, 1H), 3.37 (m, 2H), 2.09 — 1.98 (m, 12H), 1.85 (m, 2H). '*C NMR
(CDCI3)5170.67,170.27, 169.41, 169.33, 100.84, 72.79,71.85, 71.28, 68.40, 66.48,
61.92, 47.93, 28.97, 20.62 (m). ESI- MS (positive detection mode): m/z [M+Na]* =
454 .3, calculated [M+Na]* = 454.4

OH A 100 mL flask was charged with azido-tetra-
HO 0 acetylglucose intermediate (0.50 g, 1.16 mmol) and
HoO dissolved in 20 mL 20 mM NaOMe in MeOH and

\/\/Ne, stirred overnight. The mixture was neutralized with
Amberlyst 15 (H), filtered, rinsed with MeOH and concentrated under reduced
pressure to a sticky colorless solid (yield: 0.3 g, quant). '"H NMR (D20) 6 4.44 (d, J =
8.0 Hz, 1H), 3.98 (m, 1H), 3.90 (d, J =12.4, 1H), 3.73 (m, 2H), 3.51 — 3.41 (m, 4H),
3.37 (d, J = 9.6 Hz, 1H), 3.29-3.19 (m, 1H), 1.90 (m, 2H). 3C NMR (D20) & 102.28,
75.91, 75.73, 73.11, 69.65, 67.32, 60.74, 48.85, 47.88, 28.23. APCI- MS (positive
detection mode): m/z [M+H N21]* = 236.0, calculated [M+H N21]* = 236.1.

Compound 2. A 500 mL three neck flask was charged with D-glucose (9.0 g, 50.0
OBn mmol, 1 eq) and brought under nitrogen. The glucose was

o dissolved in 250 mL of dry DMF, followed by the addition of
nggé@,ogn NaH (60% in mineral oil, 6.0 g, 150 mmol, 3 eq). The
OBn suspension was stirred for 30 min and subsequently cooled on

an ice bath. Benzyl bromide (29.9 g, 175 mmol, 3.5 eq.) was added by dropping
funnel over 15 min, stirred for 10 min, after which the suspension was warmed to
room temperature. After stirring for 150 min, a second portion of NaH (60% in mineral
oil, 6.0 g, 150 mmol, 3 eq.) was added, The suspension was stirred for 30 min and
subsequently cooled on an ice bath. Benzyl bromide (29.9 g, 175 mmol, 3.5 eq.) was
added by dropping funnel over 15 min, stirred for 10 min, after which the suspension
was warmed to room temperature. After stirring for 150 min, a third portion of NaH
(60% in mineral oil, 4.0 g, 100 mmol, 2 eq.) was added, The suspension was stirred
for 30 min and subsequently cooled on an ice bath. Benzyl bromide (17.1 g, 100
mmol, 2 eq.) was added by dropping funnel over 15 min, stirred for 10 min, after
which the suspension was warmed to room temperature and stirred overnight.
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MeOH (10 mL) was added slowly to quench the excess NaH and the suspension
was concentrated under reduced pressure. The residue was dissolved in 250 mL
DCM and washed consecutively with 3 x 125 mL water and 1 x 125 mL brine, dried
over MgSOyq, filtered and concentrated to a dark red oil. Flash chromatography (SiOz2,
10% — 40% EtOAc in heptane) yielded a white powder (yield: 22.3 g, 71%). '"H NMR
(CDCI3) 8 7.43 — 7.09 (m, 25H), 5.08 — 4.47 (m, 11H), 3.87 — 3.41 (m, 6H).

Compound 3. A 250 mL flask was charged with ZnCl. (5.48 g, 40.2 mmol, 5.2 eq.).

OAG The ZnClz was fused under high vacuum, 30 mL 5:1 Ac20 /

AcOH was added and the suspension was cooled on an ice

B%%g&/OBn bath. Compound 2 (4.88 g, 7.7 mmol, 1 eq.) was dissolved in

OBn 30 mL 5:1 Ac20 / AcOH and added to the ZnCl2 suspension

over 30 min by dropping funnel. The ice bath was removed

and the suspension was stirred for 150 min at r.t. and then poured in 200 mL ice

water. The white precipitate was filtered and washed with ice cold water and dried in

the back of the fume hood. The product was used as such for the next step without

further purification (yield: 4.1 g, 91%). 'H NMR (400 MHz, CDCl3) & 7.46 — 7.12 (m,

20H), 5.07 — 4.43 (m, 9H), 4.37 (dd, J=12.0, 2.1 Hz, 1H), 4.24 (dd, J = 11.9, 4.7 Hz,
1H), 3.78 — 3.59 (m, 1H), 3.61 — 3.35 (m, 3H), 2.06 (s, 3H).

Compound 4. A 250 mL flask was charged with compound 3 (4.1g, 7.0 mmol, 1 eq.)
and NaOMe in MeOH (60 mL, 25 mM) was added to give a
OH white suspension and the mixture was stirred for 5 h,
Bno’é:i, becoming a yellow clear solution. The solution was poured
BnO OBN  in 240 mL ice water, filtered and washed with sat. NaHCO3
and water to form a white sticky powder. Flash
chromatography (SiO2, 10% — 60% EtOAc in heptane) yielded a white powder
(yield: 2.1 g, 55%). '"H NMR (400 MHz, Chloroform-d) 8 7.40 — 7.22 (m, 20H), 5.07
—4.51 (m, 9H), 3.87 (dd, J = 11.9, 2.7 Hz, 1H), 3.80 — 3.61 (m, 2H), 3.57 (t, J=9.3
Hz, 1H), 3.49 (t, J = 8.4 Hz, 1H), 3.37 (m, 1H).

OBn

Compound 5. A 50 mL three neck flask was charged with NaH (60% in mineral oil,
\ 0.50 g, 12.5 mmol, 2 eq.) and brought under nitrogen,

followed by the addition of 5 mL dry DMF, stirred for 15 min

) and subsequently cooled on an ice bath. Compound 4 (3.38

0 g, 6.3 mmol, 1 eq.) was brought under nitrogen, dissolved
Bno/ﬁ&/ in 7 mL DMF and dropwise added to the NaH suspension
BnO OBn by cannula. The ice bath was removed and the mixture was
stirred for 60 min, after which it was cooled again on an ice

bath. Allyl bromide (1.13 g, 9.4 mmol, 1.5 eq.) was added dropwise and the mixture

was stirred overnight at room temperature. The mixture was quenched with
saturated NH4Cl solution (80 mL), extracted with EtOAc (125 mL) and the organic

OBn
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layer was washed consecutively 3 x 30 mL saturated NH4CI solution, 40 mL H20, 20
mL brine, dried over MgSOs, filtered and concentrated under reduced pressure to
yield a white solid (yield: 3.55 g, 98%). '"H NMR (CDCl3) 6 7.40 — 7.21 (m, 20H), 5.92
(ddd, J=11.7,10.4, 5.2 Hz, 1H), 5.29 (dq, J = 17.3, 1.7 Hz, 1H), 5.18 (dq, J = 10.4,
1.5 Hz, 1H), 5.05 — 4.58 (m, 8H), 4.50 (d, J = 7.8 Hz, 1H), 4.05 (ddt, J = 11.2, 5.6,
1.5 Hz, 2H), 3.82 — 3.36 (m, 6H).

Compound 6. A 250 mL three neck flask was charged with compound 5 (3.2 g, 5.5

OH mmol, 1 eq.), brought under nitrogen and dry THF (40 mL)

was added. was added to form a suspension and the mixture

was stirred for 45 min, followed by the addition of BF3-Et20

(2.8 g, 19.8 mmol, 3.6 eq.). The cloudy mixture was stirred

o overnight, placed on an ice bath and H20 (3.5 mL) was slowly

B%o/é&/ added, followed by the addition of 4M NaOH solution (14 mL)

ho OBNn  and 30% H202 in water (10.6 mL). The mixture was stirred

60 min on the ice bath, then the ice bath was removed and

the mixture was stirred for another 2 h and subsequently transferred to a separatory

funnel. The water layer was extracted with EtOAc (1x 175 mL and 1 x 50 mL). The

combined organic layers were washed with 3 x 100 mL water and 1 x 25 mL brine,

dried over MgSO;, filtered and concentrated under reduced pressure to a dark oil.

Flash chromatography (SiO2, 10% — 60% EtOAc in heptane) yielded a white powder

(yield: 2.2 g, 66%). '"H NMR (CDCl3) d 7.41 — 7.23 (m, 20H), 5.07 — 4.42 (m, 9H),

3.93 — 3.40 (m, 10H), 2.43 (t, J = 5.7 Hz, 1H), 1.84 (d, J = 6.7 Hz, 2H). Compound 3
(0.6 g, yield: 20%) was isolated as well.

OBn

Compound 7. A 100 mL three neck flask was charged with compound 6 (0.60 g, 1.0

OTs mmol, 1 eq.), brought under nitrogen and dissolved in dry

DCM (20 mL). was added, followed by pyridine (566 L, 7.0

J mmol, 7 eq.) and the mixture was stirred overnight. Saturated

NH4ClI solution (6 mL) was added, stirred for 2 h and the

0 mixture was brought into a separatory funnel. The organic

BE%M-/OBn layer was washed consecutively with 3 x 5 mL 1M HCI, 1 x 5

mL 5% NaHCOs, 1 x 5mL brine, dried over MgSOy4, filtered

and concentrated under reduced pressure. Flash

chromatography (SiO2, 5% — 40% EtOAc in heptane) yielded a white powder (yield:

0.48 g, 66%). '"H NMR (CDCl3) 6 7.75 (d, J = 8.3 Hz, 2H), 7.51 — 7.19 (m, 22H), 5.04

—4.40 (m, 9H), 4.14 (t, J = 6.3 Hz, 2H), 3.73 — 3.31 (m, 8H), 2.38 (s, 3H), 1.92 (id, J
=6.2, 3.0 Hz, 2H).

OBn
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Compound 8. A 100 mL flask was charged with compound 7 (0.47 g, 0.63 mmol),
OTs 12 mL MeOH and 4 mL EtOAc. The solution was purged with

nitrogen for 15 min, followed by addition 100 mg Pd/C 10 wt%.
The flask was placed in an autoclave and filled with 8 bar H2 and
0 stirred overnight. Next, the solution was purged with nitrogen for

o ﬂ 15 min and filtered over Celite S, rinsed with MeOH and
HO concentrated to yield a transparent solid (yield: 0.25 g, 100%).
OH 'OH 14 NMR (D20) 5 7.85 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 8.1 Hz,

2H), 5.16 (d, J = 3.7 Hz, 1H, H1-a), 4.56 (d, J = 7.9 Hz, 1H, H1-B), 4.21 (t, J = 6.3

Hz, 2H), 3.86 — 3.18 (m, 8H), 2.46 (s, 3H), 1.90 (m, 2H).

Compound 9. A 100 mL three neck flask was charged with compound 8 (0.25 g,

Nj 0.63 mmol, 1 eq.), brought under nitrogen and 12 mL dry DMF

was added. NaN3 (0.13 g, 1.9 mmol, 3 eq.) was added and the

suspension was stirred overnight at 60° C. The excess NaN3

was quenched by the addition of ethyl-4-bromobutyrate (0.27

mL, 1.9 mmol, 3 eq.) and the solution was stirred overnight. The

Hoé&“ solvent was removed under reduced pressure to yield a white

o OH "OH powder, which was redissolved in 25 mL water. The water layer

was washed with 3 x 10 mL diethyl ether and lyophilized to yield

a sticky white powder. Flash chromatography (SiO2, 10% MeOH in DCM) yielded a

white powder (yield: 0.12 g, 72%). '"H NMR (D20) & 5.12 (d, J = 3.7 Hz, 1H, H1-q),

4.53 (d, J = 7.8 Hz, 1H, H1-B), 3.89 — 3.06 (m, 10H), 1.79 (q, J = 6.4 Hz, 2H). 3C

NMR (D20) & 95.9, 92.0, 75.6, 74.7, 74.0, 72.7, 71.4, 70.2, 69.8, 69.5, 69.3, 68.4,

68.3, 48.1, 27.9. ESI- MS (negative detection mode): m/z [M-H] = 262.1, calculated
[M-HJ = 262.1

Synthesis of alkyne-linker

/ /

/ /

N P A R N N
10 1 12

Compound 10. A 250 mL three neck flask was charged with 4-amino-1-butanol
(5.3g, 59 mmol, 1 eq.) and dry DCM (70 mL) and cooled down on an ice bath. Boc20
was dissolved in DCM (40 mL) and added dropwise over 30 min. Triethylamine (7.2g,
71 mmol, 1.2 eq.) was added and the solution was slowly warmed to r.t. and stirred
overnight. The solution was concentrated under reduced pressure to a yellow oil and
used as such without additional purification (yield: 11.0 g, 98%). '"H NMR (CDCls) &
3.67 (m, 2H), 3.14 (m, 2H), 1.57 (m, 4H), 1.44 (s, 9H).

Compound 11. A 250 mL three neck flask was charged with compound 10 (2.2 g,
11.7 mmol, 1 eq.), brought under nitrogen and 30 mL dry THF and 30 mL dry DMF
were added. The solution was cooled on an ice bath, NaH (60% in mineral oil, 1.1 g,
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28.2 mmol, 2.4 eq.) was added and the suspension was stirred for 2h. Propargyl
bromide (80 wt% in toluene, 2.6 g, 17.6 mmol, 1.5 eq.) was diluted in dry THF (10
mL), added slowly by dropping funnel and the mixture was stirred at r.t. overnight.
The mixture was quenched with 75 mL H20, the organic solvents were removed
under reduced pressure and the water layer was extracted with diethyl ether (4 x 50
mL). The combined organic layers were washed with 10 wt% NH4CI (5 x 50 mL),
brine (1 x 50 mL brine), dried over MgSQu, filtered and concentrated under reduced
pressure to a brown oil. Flash chromatography (SiO2, 30% EtOAc in heptane)
yielded a yellow oil (yield: 0.3 g, 11%). '"H NMR (400 MHz, CDCl3) 6 4.57 (s, 1H),
413 (d, J = 2.4 Hz, 2H), 3.53 (t, J = 6.1 Hz, 2H), 3.14 (d, J = 6.5 Hz, 2H), 2.42 (t, J
= 2.4 Hz, 1H), 1.82 — 1.55 (m, 4H), 1.44 (s, 9H).

Compound 12. A 100 mL three neck flask was charged with compound 11 (0.3 g,
1.3 mmol, 1 eq.) was brought under argon, dissolved in 14 mL dry DCM and cooled
on an ice bath. TFA was added (4 mL) and the solution was warmed up to r.t. and
stirred overnight. Saturated NaHCOs (15 mL) was added and the water layer was
extracted with diethyl ether (15 mL) and ethyl acetate (15 mL). The combined organic
layers were washed with brine (1 x 15 mL), dried over MgSOs, filtered and
concentrated under reduced pressure. The orange oil was dissolved in DCM (10
mL), Amberlyst A21 was added (6.4 mL, 8.3 mmol amines, 10 eq.), stirred for 60
min, filtered and concentrated under reduced pressure to a yellow oil (0.12 g, 72%
yield). "H NMR (CDCl3) 5 4.16 (d, J = 2.3 Hz, 2H), 3.58 (td, J = 6.8 Hz, 2H), 3.01 (t,
J=6.8 Hz, 2H), 2.47 (t, J = 2.3 Hz, 1H), 1.87 — 1.69 (m, 4H).

Alkyne functionalized SCNPs

The range of SCNPs with increasing alkyne density was made from the same batch
PFP-SCNPs. The actual amounts per sample are listed in Table S5.1. Conversion
was not quantitative and was therefore titrated towards the desired conversion For
example, for the 18% substituted SCNPs (SCNP-18), 60 mg of PFP-SCNPs (0.21
mmol PFP, 1 eq.) was dissolved in 6 mL dry THF under nitrogen atmosphere.
Triethylamine was added 116 pL, 0.83 mmol, 4 eq.), followed by 1-amino-3-butyne
(10.0 mg, 0.145 mmol, 0.7 eq.) from a 66 mg/mL stock solution in dry THF. The
solution was stirred for 72h at 45° C. Conversion was determined by 'F NMR
analysis, followed by the addition of 3-amino-1,2,-propanediol (566 mg, 6.2 mmol,
30 eq., 10 wt% solution in DMF) to endcap the remaining reactive PFP-groups. After
stirring overnight at room temperature, the mixture was dialyzed against 1 wt% NaCl
for 24 hours, followed by another 48 hours against demineralized water. The clear
solutions were lyophilized to yield a white powder (40 mg, 98% yield).
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Table S5.1. Overview of equivalents, conversion and final incorporation ratio of 1-amino-3-butyne.

Eq. Conversion # alkyne-moieties
SCNP-9 0.28 9% 19
SCNP-18 0.7 18% 38
SCNP-32 1.5 32% 68
SCNP-49 3.25 49% 104

Copper(l)-catalyzed Azide-Alkyne Cycloaddition (CuAAC)

The CuAAC click reaction was performed in a mixture of DMF and H20. For example,
for the 18% alkyne-substituted SCNPs (SCNP-18-1) with 1-azido-aminoglucose
(compound 1), 18 mg SCNP-18 (0.024 mmol alkynes, 1 eq.) was dissolved in 2 mL
DMF under argon atmosphere. DIPEA (43 uL, 0.24 mmol, 10 eq.), CuSQOa4 (12.4 mg,
0.048 mmol, 2 eq., from 50 mg/mL stock solution in H20), sodium ascorbate (49.1
mg, 0.24 mmol, 10 eq., from a 100 mg/mL stock solution in H20 and azido-glucose
(compound 1) (19.6 mg, 0.072 mmol, 3 eq., from a 19 mg/mL stock solution in DMF
were added and the mixture was stirred for 72h under argon atmosphere, followed
by dialysis against 1 wt% NaCl for 24 hours, followed by another 48 hours against
demineralized water. The clear solutions were lyophilized to yield a white powder (20
mg, 94% yield).

Table S$5.2. Overview of molecular weight and number of glucose ligands of Glyco-SCNPs and
SCNP-0.

Molecular weight (kDa) # glucose-moieties
SCNP-0 39.8 0
SCNP-9 (C1 and C6) 42.7 19
SCNP-18 (C1 and C6) 48.8 38
SCNP-32 (C1 and C6) 55.5 68
SCNP-49 (C1 and C6) 66.6 104
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Concanavalin A precipitation assay

Concanavalin A (Con A) was dissolved in HEPES Buffer pH 7.4 (140 mM NaCl, 20
mM HEPES, 1.0 mM MgClz, 2.5 mM KCI, 1.8 mM CaClz2 and 1 mM MnClz) to reach
a 60 mM concentration (assuming tetramers of 104 kDa). Glyco-SCNPs were
dissolved in the buffer to reach 17 uM concentrations. Equal volumes (150 uL) of
SCNP-solution and Con A were thoroughly mixed and incubated for 20h atr.t at 500
rom. The samples were centrifuged (15 min x 7000 rpm) and the supernatant was
carefully removed. The pellets were washed with 200 uL cold buffer, followed by
centrifugation (15 min x 7000 rpm). The supernatant was carefully removed and the
washing step was repeated. The pellets were dissolved in 600 uL 100 mM methyl a-
D-mannopyranoside to help dissolving the aggregates, incubated for 2h atr.t at 1400
rpm, diluted with 500 uL buffer and the UV-absorbance was measured at 285 nm
(Amax). Measurements are the average of 3 experiments with 2 scans performed for
each data point.

Fluorescent labelling

Glyco-SCNPs (between 7-9 mg) were dissolved in 2 mL of 0.1 M carbonate-
bicarbonate buffer (pH 9.7). 5-DTAF (0.02 eq. to SCNPs, 10 mg/mL stock solution
in dry DMSO) was added and the solutions were stirred under ambient conditions
overnight, after which they were purified by elution with water from a PD10 column
and subsequently lyophilized to yield yellow powders (90% vyield).

Cytotoxicity of SCNPs on HelLa cells

HeLa cells were seeded in 100 yL medium at 10.000 cells per well in 96 well plates
and incubated at 37 °C in humidified 5% COz2-containing atmosphere overnight.
Sample solutions of SCNPs were prepared with concentrations of 1, 3, 6 and 9 uM.
The medium was aspirated from the cells and the SCNPs were added in the sample
solutions in 100 pL and 100 yL medium was added to reference cells. The cells were
incubated for 24 h with the SCNPs, then the medium was aspirated and a resazurin
assay solution (44 uM) was added in fresh medium to the cells. The fluorescence
intensity was measured by an Enspire plate reader at excitation and emission
wavelength of 560/590 nm.

Cellular uptake of SCNPs in HeLa cells by flow cytometry

Hel a cells were seeded at 30.000 cells per well in 300 pL medium in 24 well plates
and incubated overnight. SCNP sample solutions were prepared at 3 yM and
incubated with the cells for 3, 6 and 24 h. Then, the cells were harvested with trypsin
and resuspended in PBS. For the flow cytometry measurement Pl staining was
added to the sample solutions, to detect dead cells. The flow cytometry
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measurements were performed on a BD Bioscience FACS Aria Il with excitation and
emission filter of 488-530/30 and 630-660/30 nm.

Statistical analysis

Statistical analysis for flow cytometry data was performed utilizing SPSS 22, via One-
way analysis of variance (ANOVA) and Tukey post hock analysis. Classifications of
the differences were noted as following: (p<0.05), very significant (p<0.01) and
extremely significant (p<0.001).

Confocal microscopy of SCNP uptake in HeLa cells

In 100 pL medium Hela cells were seeded at 10.000 cells per well in 96 well plate
and incubated overnight. The SCNPs were incubated with the HelLa cells at 3 uM for
3 h. Afterwards, the cells were washed with PBS and incubated with lysosome
staining for 20 min before fixation using 4% PFA. Then DAPI staining was used to
stain the cell nuclei. The cells were analyzed using a Nikon confocal microscope A1,
equipped with the following laser wavelengths: 375, 488 and 561 nm.
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5.5 Supplementary information

Characterization compound 9
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Figure $5.1. (a) '"H NMR and (b) "*C NMR spectra of compound 9 in D,O.
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Figure $5.2. (a) Mass spectrum in negative ionization mode and (b) FTIR spectrum of compound 9.
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Figure S5.3. Conjugation strategies with amino-alkynes on PFP-SCNPs that did not yield satisfactory
results.
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Figure S5.4. Conversion of active PFP-esters quantified by "°F NMR-spectroscopy.
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Figure $5.5. Comparison between SCNP with 49% 1-amino-3-butyne, before and after CUAAC-
reaction, indicating disappearance of the triple bond.
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Figure S$5.6. SEC-traces comparing butyne-functionalized SCNPs with the subsequent glucose-clicked
SCNPs. SCNP-C6-49 was omitted from analysis since it was not adequately soluble for SEC analysis.
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Figure S5.7. SEC-traces of fluorescent glyco-SCNPs, excitation at 492 nm, emission at 516 nm,
indicating no free dye present.
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Figure S5.8. Resazurin assay on Hela cells for different concentrations after 24 h incubation.
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Chapter 6

Future outlook and additional findings

The PFP-SCNP platform developed and described in this thesis provides ample
opportunities for rapid and precise functionalization and evaluation of SCNPs in
biomedical applications. However, to further explore the possibilities, a wider range
of functional SCNPs is needed. In this final chapter, we provide an outlook on
methods for upscaling SCNP synthesis and for water-compatible functionalization
strategies, to ensure a wider range of functional SCNPs can be synthesized and
rapidly tested in in vitro assays. Furthermore, we performed an initial biodistribution
study with the charged particle set from Chapter 2 to better understand the particle
behavior in vivo. Despite their small size, SCNPs were still observed in the mice after
24 h. An increase in liver, kidney and spleen accumulation was found upon
increasing the surface charge density on the particles. Overall, the results prompt
the exploration of a wider range of functional SCNPs, which can be tested in in vivo
models.



Chapter 6

6.1 Introduction

In this thesis, we studied the influence of the surface functionalization of single-chain
polymeric nanoparticles (SCNPs) on their cellular interactions. To this end, we
developed pentafluorophenyl (PFP)-equipped SCNPs for facile incorporation of
functional ligands, as described in Chapter 2. We modified the surface with
protonatable tertiary amines to create a range of differently charged SCNPs (ranging
from negative to positive zeta potential). We used this set to study cellular uptake in
endothelial cells (Chapter 2), where we found that the surface charge dictated the
intracellular fate of the SCNPs, as well as for transcytosis in a blood-brain barrier
(BBB) model (Chapter 3). All SCNPs showed very high transcytosis rates, slightly
diminishing upon increasing the surface charge. We further explored the potential
for controlled drug delivery by attaching an anti-cancer drug atovaquone in Chapter
4 to achieve intracellular delivery to cancer cells. Selective killing of cancer cells was
achieved, only upon cytosolic delivery of the nanoparticles. In Chapter 5, SCNPs
were functionalized with increasing amounts of alkyne groups, which were
subsequently used to conjugate different azidopropyl-glucose moieties through
Cu(l)-catalyzed Alkyne-Azide Cycloaddition (CuAAC) click chemistry. The new
series allowed us to study the positional dependence of glucose-ligands on uptake
in cancer (HelLa) cells.

Combination of active ester and click chemistry already dramatically expands the
range of ligands that can be incorporated and studied. Sets of SCNPs were
developed by gradually increasing ligand density, which enabled systematic
investigation into structure-activity relationships. Furthermore, the incorporation of
functional ligands could be (indirectly) monitored and quantified in real-time through
F NMR spectroscopy. By drawing inspiration from the field of polymer chemistry,
we transferred the concept of post-polymerization modification to modifying
nanoparticles post-formation, thereby leaving the colloidal structure largely intact.!
Starting from the same parent PFP-decorated precursors, we ensured decoupling of
the particle’s colloidal features from the functionalization step, which allowed for
studying the relationship between functional surface groups and biological activity.
Employing post-formation modification of NPs is a big step forward compared to
traditional synthetic methods, where every functional NP requires a new specific
precursor and likewise requires careful characterization to ensure the nanostructures
are still comparable.?® However, to be able to optimize ligand density towards a
specific application, more resolution in surface modification is needed. As seen for
example in Chapter 2, increasing the ligand density already dramatically influences
the biological interactions, where a 15% increase (from 30 to 45% tertiary amines)
led to completely different cellular interactions. Therefore, the step-size in
functionalization degree needs to be decreased to better discern changes. When
looking at the synthesis of liposomes and solid lipid nanoparticles, vast libraries of
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vesicles with gradually changing components can be created by simply adjusting the
feed ratio of lipids and additives, although arguably, the nanostructures may still vary
considerably in size, composition and morphology.®4

Transferring this combinatorial approach to the synthesis of functional SCNPs, would
require several improvements on the current synthesis routes. First, scale up of the
reactive precursor-SCNP is required, to accommodate for the synthesis of a wide
range of functional nanoparticles and to have sufficient material available for larger
biological studies, for example in vivo. Additionally, this would allow studying the
macroscopic properties of SCNPs. Compared to non-crosslinked linear polymer
chains, SCNPs have shown interesting bulk properties, caused by the changed
dynamics between the polymer chains.'1¢ Yet, widespread application is hampered
by the lack of sufficient available material. Secondly, rapid functionalization and
subsequent reaction validation methods are required, which, in view of future
biomedical applications, require the process to be carried out in water. Although
active PFP-ester chemistry is versatile and mild, it does require organic solvents. To
conduct large-scale structure-activity relationship studies, a water-compatible drop-
in functionalization method is needed, as well as straightforward purification
methods. Lastly, efficient screening of biological activity is needed, with many
techniques having been developed by the pharmaceutical industry.'7-18

6.2 Scale up of SCNP production

So far, production of SCNPs on 10-100 g scale has not yet been achieved. To
prevent intermolecular crosslinking and gelation, generally ultra-dilute conditions are
employed, but these conditions also impede scale up. Since the intramolecular chain
collapse competes with the intermolecular crosslinking reaction, often
concentrations as low as 20 mg per L (~0.002 wt%) are required,'® which means 500
L of solvent is needed to synthesize 10 g of SCNPs. For obvious reasons, this
severely hampers commercialization and widespread macro-scale use of SCNPs.
Recently, progress has been made by using flow chemistry for synthesis of SCNPs.
Although a continuous process is synthetically convenient for large-scale production,
still 20 L of solvent is required for the production of 10 g of SCNPs (~0.05 wt%).20
Therefore, economically viable alternatives are required.

When turning to the PFP-SCNP crosslinking chemistry (the crosslinking concept
which was initially explored by the Hawker group and adapted in Chapter 2 with thiol
chemistry?'), intramolecular crosslinking is performed under continuous addition of
thiol-reactive polymer to a solution of bi-functional (di-acrylate) crosslinker (Figure
6.1). Because of the slow addition, the concentration of reactive polymers is kept at
a minimum to prevent intermolecular reactions. Upon the first attachment of one side
of the crosslinker to the polymer, the local concentration of reactive thiol-groups on
the same backbone increases compared to thiols on different chains, favoring
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intramolecular chain collapse. Previous work in our group showed that the majority
of the free thiols had reacted within 30 minutes.?2 After SCNP formation, the
polymers do not participate in further crosslinking reactions and can be considered
inert. Though, it should be noted that end-capping (with a large excess of
monofunctional acrylate) still occurs, as evidenced by 'H NMR spectroscopy. This
indicates that there are still some reactive thiol-groups present, although presumably
inaccessible for bulkier chemical moieties than the end-capping agent.
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Figure 6.1. Schematic representation of intramolecular chain collapse using continuous addition of
reactive polymer to a solution of bi-functional crosslinker. After crosslinking, the SCNPs are considered
inert.

The SCNP’s inertness is a huge advantage compared to attempting the
simultaneous collapse of all polymer chains in one batch, which requires ultra-dilute
conditions. However, in the current method, the total amount of crosslinker is already
present in the solution at the start (see Figure 6.2a). When scaling up the reaction
under these conditions, the ratio between crosslinker and added reactive polymer
would therefore increase. Initial experiments showed that this leads predominantly
to end-capping of the reactive polymers by one side of the di-acrylate crosslinker,
because of the increased crosslinker concentration, especially in the beginning of
the reaction. Therefore, the current process needs to be improved.

One method to circumvent the end-capping by the crosslinker is by controlled
continuous addition of not only reactive polymer, but of reactive polymer and
crosslinker to the same reaction mixture (Figure 6.2b). By careful controlling the flow,
the composition of the reactive components in the reaction mixture can be kept within
a specified range, allowing for the same ratio between crosslinker and reactive
polymer throughout the entire reaction. Since the formed SCNPs are practically inert
after crosslinking, the reaction concentration can therefore be dramatically
increased, resulting in the synthesis of commercially interesting quantities of SCNPs.
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If able to reach a 5 wt % reaction mixture, 100 mL of solvent would suffice to create
5 g of SCNPs. Since functionalization of 50 mg of SCNPs is more than enough for
being able to perform characterization and biological assays, this amount would
allow the creation of a library of 100 differently functionalized SCNPs from one batch
(see 6.3 and 6.4 for methods to create such vast libraries). Furthermore, since the
thiol-Michael addition is a very fast (click) reaction,?? the chain collapse is swift and
thus the rate of addition can be appropriately quick.
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——— Reactive polymer ——— Reactive polymer
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I §
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Figure 6.2. Concentration profiles of crosslinker, reactive thiol-polymer and formed inert SCNPs by
continuous addition by a) only polymer and b) polymer and crosslinker.

6.3 Alternative functionalization strategies

Following the upscaling of the SCNPs, broader ranges of SCNPs with different
surface functionality can be tested. A parent batch of reactive SCNPs could be
functionalized and characterized by techniques from high throughput screening
(HTS) to perform combinatorial chemistry. For example, the step-size for a specific
parameter (e.g. surface charge, ligand density, drug loading) can be decreased, but
also particles with combinations of different ligands can be developed, spanning a
wider composition range. Such a combinatorial approach closely resembles the
synthetic methods available for liposomes and other (solid) lipid nanoparticles, but
with the benefit of keeping the colloidal structure constant and largely independent
of the added surface ligands. Furthermore, characterization of self-assembled
nanoparticles is generally done only by examining the morphology, whereas PFP-
SCNP functionalization can be quantified by NMR spectroscopy, while the
nanoparticle molecular weight is known. For rapid development of the library, water-
soluble and oxygen-tolerant drop-in functionalization technology is needed, as well
as a facile purification method. The current PFP-active ester system requires organic
solvents and therefore a solvent switch from apolar to polar, and it releases
persistent perfluorinated by-products, so a more polar and benign functionalization
chemistry is desirable. Within the realm of active ester chemistry, there are several
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water-soluble and/or less cytotoxic alternatives available (see Figure 6.3). Salicylic
acid acrylate (SAA) has been employed for post-polymerization modification with
primary and secondary amines.?* Although the reaction kinetics are slower than for
PFP-chemistry, full conversion could still be obtained within reasonable time periods.
Cytotoxicity assays revealed substantially increased cell viability for SAA-derived
polymers during post-polymerization functionalization as compared to PFP-
polymers. Although less toxic, SAA is still poses limitations regarding water-
solubility. An alternative option is the acrylate-version of the well-known sulfo-NHS
(N-acryloxysulfosuccinimide, NASS).25 NASS has been co-polymerized with
different acrylates and successfully employed in the subsequent post-polymerization
modification reactions. Although NHS is less hydrolytically stable than PFP,26 the by-
products are more innocuous and highly water-soluble. Another alternative is a
sulfonated variant of PFP (2,3,5,6-tetrafluoro-4-sulfophenol, STFP). To the best of
our knowledge, STFP has never been polymerized, but has been used for facile
attachment of fluorophores to biomolecules.?’22 Even though post-formation
modification would yield fluorinated by-products, quantification of conversion through
9F NMR is very convenient and straightforward. The choice for these alternative
functionalization chemistries depends on the required scale and fidelity of the
prospected final applications of the nanoparticles.
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Figure 6.3. Alternative more benign and/or water-soluble activated esters for post-formation modification
of SCNPs.

6.4 Combinatorial synthesis of libraries of SCNPs

Since SCNP functionalization is generally not quantitative when using more complex
ligands (see Chapter 5), the incorporation of such ligands requires titration towards
the desired degree of functionalization. Therefore, during functionalization, quick
analysis is required. NMR spectroscopy has already proven to be a suitable method
on multiple occasions, especially for fluorinated compounds. Furthermore, phenyl-
moieties, as well as NHS-esters, both display well-resolved resonance signals in
NMR spectroscopy, which allows for easy quantification of the incorporation of
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functional groups.2* 2% Alternatively, the release of (sulfo-)NHS can be followed by
HPLC to determine the degree of functionalization.3® The information can be
immediately used as a feedback to monitor and control the amount of incorporation
(see Figure 6.4).
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Figure 6.4. Flow scheme for rapid synthesis, characterization and screening of a library of functional
SCNPs.

Since SCNPs are in the size range of proteins, purification can be easily performed
by (disposable) size exclusion chromatography. This would separate the relatively
large-sized functional SCNP from the small molecule cleaved off by-products and
allow for qualitative analysis of the degree of functionalization. Following an
appropriate method of modification to be able to perform the subsequent analysis,
such as fluorescent labelling or using DNA barcoding,?' the library can be
investigated in quick biological assays and analysis, such as cytotoxicity, cellular
uptake, antimicrobial activity, hydrophilicity or size.'” The acquired data set can
subsequently be used for rational design of functional SCNPs, by finding optimum
combinations of different surface ligands and gaining insights into structure-property
relationships.32

Employing active ester chemistry requires (primary) amine-terminated ligands, which
restricts the flexibility in choice somewhat. In Chapter 5, we circumvented these
limitations through a two-step functionalization: first alkyne (1-amino-3-butyne)
groups were introduced at increasing density, following a CuAAC (Copper(l)-
catalyzed Azide-Alkyne Cycloaddition) click conjugation to ligate azide-terminated
glucose-moieties. However, the alkyne-decorated SCNPs were not water-soluble
and attempts using PEGylated amino-alkynes resulted in large, insoluble
agglomerates. As an alternative water-soluble azide-alkyne cycloaddition reagent,
7-membered rings containing a strained triple bond and a sulfoximine group have
recently been developed.®® These moieties showed improved reaction kinetics and
lower log P values compared to the conventional strain-promoted click reagent
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DBCO. However, whether conjugation of these moieties to SCNPs using active ester
chemistry is feasible and whether the reactive groups are subsequently still
accessible, remains to be explored.

6.5 In vivo studies

Although the potential of SCNPs has been demonstrated in in vitro assays on
multiple occasions, in this thesis and by others, only scarce reports exist of SCNPs
used in vivo.3+3 We therefore examined the pharmacokinetic properties of the
particle set from Chapter 2, containing increasing amounts of tertiary amines, in a
mouse model. To this end, the SCNPs were conjugated with a near-infrared Cy7 dye
for fluorescent imaging. The mice were injected intravenously with equal
concentrations of SCNP-0, SCNP-15, SCNP-45, SCNP-60 or PBS and imaged after
30 min, 2 hours, 4 hours and 24 hours. SCNP-30 was omitted, since it showed
similar, but slightly diminished interactions in the in vitro assays as SCNP-15.
Representative imaging of the mice is shown in Figure 6.5.

30 min 2h 4h 24 h

SCNP-0

SCNP-15

SCNP-45

SCNP-60

Figure 6.5. In vivo near-IR imaging of representative mice with the set of differently charged SCNPs from
Chapter 2 at four different timepoints.

Visual inspection of the fluorescence images after 30 minutes already revealed
strong accumulation in the liver, irrespective of the type of surface functionalization.
After 24 h, the whole set of SCNPs is still present to certain extents in the liver.
Accumulation in the bladder and kidneys is also observed, which indicates
elimination of the SCNPs via the urine. After 24 h, the mice were sacrificed and the
fluorescence intensity in the different organs was measured, corrected for the mass
of the organ and intrinsic fluorescence of the injected SCNPs (Figure 6.6).
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Figure 6.6. Ex vivo tissue distribution, n = 4 per type of SCNP (or PBS). Fluorescence intensity corrected
for mass and intrinsic fluorescence. * indicates p < 0.05.

Increasing the surface charge leads to an increased fluorescent signal in the spleen
and liver, organs of the reticuloendothelial system (RES), compared to fully amino-
glycerol terminated SCNP-0 (Figure 6.6a and c). Furthermore, the highest charged
SCNP-60 also shows the highest uptake in the lungs (Figure 6.6e). These results
are in line with earlier in vivo studies with charged nanoparticles. Larger sized
positively charged micelles and chitosan NPs both revealed increased uptake in the
RES-organs upon increasing surface charge.3¢-3 Similarly as can be seen for our
SCNPs in Figure 6.6a and c, lowering the surface charge on ~40 nm block
copolymer micelles resulted in lower accumulation in spleen and liver3® High
accumulation in RES-organs is indicative of opsonization. This is a result of the NPs
attracting complement proteins, which renders them susceptible to phagocytosis.
The amount of opsonization of NPs is dependent on the surface charge and
hydrophobicity.3® A small increase in brain uptake is observed for SCNP-45 as
compared to the PBS-control (Figure 6.6d). However, due to fluorescence
quenching, scattering and signal saturation, the fluorescent imaging is at best semi-
quantitative, and the results should be validated by different means, such as
radiolabeling.40-41
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6.6 Conclusion

Scaling up the synthesis of SCNPs in combination with water-compatible
functionalization chemistry will dramatically expand the library of functional SCNPs
for screening in controlled biomedical applications. Furthermore, despite their small
size being close to the renal excretion limit,*2 the SCNPs are still present in the
murine body after 24 h. Even though polyglycerol has been shown to be display anti-
fouling properties,*3-#44 high uptake in the RES-organs is still observed, possibly
indicating the formation of complement proteins around the SCNPs. This prompts
further research into the interactions of SCNPs with serum proteins, as well as the
in vivo behavior of differently functionalized SCNPs. Overall, functional SCNPs
provide ample opportunities for a plethora of biomedical applications, ranging from
targeting cancer cells, to crossing the blood-brain barrier and imaging.
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6.8 Materials and Methods

Tetrahydrofuran (THF, >99%) was purchased from LPS B.V. N,N-
dimethylformamide (DMF, >99.8%) was purchased from VWR. Triethylamine (TEA,
99%), N,N-dimethylethylenediamine (DMEN, 95%), 3-amino-1,2-propanediol (1-
aminoglycerol, 97%) and DMSO (anhydrous, 99.9%) were purchased from Sigma-
Aldrich. Fluorescent label Cyanine7 (Cy7) amine was purchased from Lumiprobe.
All chemicals were used without further purification unless stated otherwise. When
stated as dry, solvents were treated with molecular sieves (3 A) 24 h before usage
and stored under nitrogen. Disposable PD-10 desalting columns were purchased
from Sigma-Aldrich. '*F-NMR (376 MHz) spectra were recorded on a Bruker 400
spectrometer. Size exclusion chromatography (SEC) analysis was performed on a
Waters €2695 Separations Module equipped with an Agilent PLgel 5 ym MIXED-D
300 x 7.5 mm column and Waters photodiode array detector (PDA 2998),
fluorescence detector (FLR 2475) and refractive index detector (RI 2414). DMF with
50 mM LiCl was employed as eluent. Samples for SEC were filtered using a GE
Healthcare Whatman SPARTAN 13/0.2 RC 0.2 pm syringe filter prior to
measurements.

Synthesis of near-IR SCNPs with charge range

The range of differently positively charged was prepared from a single batch of PFP-
SCNPs. As an example, for the 15% substituted SCNPs (SCNP-15), 40 mg of PFP-
SCNPs (0.14 mmol PFP, 1 eq.) was dissolved in 3 mL dry THF under nitrogen
atmosphere. Triethylamine was added (77 pL, 0.55 mmol, 4 eq.), followed by Cy7-
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amine (1.5 mg, 0.002 mmol, 0.01 eq, from a 1.0 wt% stock solution in dry DMF) and
the solution was stirred for 24 h at room temperature. N,N-dimethylethylenediamine
(DMEN) (2.8 mg, 0.02 mmol, 0.15 eq, from a 5.0 wt% stock solution in dry THF) was
added and the solution was stirred for 24 h at 45° C. Full conversion was confirmed
by °F NMR analysis, followed by the addition of 3-amino-1,2,-propanediol (340 mg,
3.7 mmol, 27 eq., 10 wt% solution in DMF) to endcap the remaining reactive PFP-
groups. After stirring overnight at room temperature, the mixture was dialyzed
against 1 wt% NaCl for 24 hours, followed by another 48 hours against demineralized
water. The clear solutions were lyophilized to yield an off-white powder (22 mg, 77%
yield). Further purification was performed by (repeated) elution(s) with water from a
PD-10 column, until SEC analysis showed no remaining free dye left.

Animals and ethical approval

About 6- to 8-week-old C57BL/6 male mice weighing 18-20 g were obtained from
Harlan. All the animal experiments in this study were performed in strict accordance
with the guidelines and regulations for the Care and Use of Laboratory Animals,
Utrecht University, The Netherlands and comply with the guidelines of ARRIVE and
the National Institutes of Health. The animal experimental protocols were approved
by the Institutional Animal Ethics Committee of the University of Twente, the
Netherlands. Animals were housed in a standard animal housing facility under the
conditions of constant temperature of (21 £ 2°C) and humidity (60 £5), a 12 h
light/12 h dark cycles with ad libitum low-fluorescence diet. Animals were allowed to
acclimatize for 2 weeks before the experiment.

In vivo and ex vivo fluorescence imaging of SCNP injected mice

The animals were injected with either PBS, SCNP-0, SCNP-15, SCNP-45 or SCNP-
60 with 4 animals per group. Per mouse, 100 yL of a 0.2 mg/mL SCNP solution in
PBS (or 100 yL PBS) was intravenously injected via the tail vein. The mice were
imaged in the Cy7-mode and white light (body mode) after 30 min, 2 h, 4 h and 24 h
using a LI-COR Pearl Trilogy (LI-COR Biosciences) animals imager. After that, the
mice were sacrificed, and the organs were imaged. Images were processed using
Image Studio Lite 5.2. The regions of interest (ROI's) were kept the same for all
different animals and timepoints. For the ex vivo imaging, the fluorescence per organ
was corrected for the fluorescence intensity of the injected SCNP and the mass of
the organ. One-way analysis of variance (ANOVA), followed by Tukey’s post hoc test
to account for multiple comparisons, was used for data analysis using Origin 2017.P-
values < 0.05 were considered as statistically significant.
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Samenvatting

Onderzoek in de afgelopen 20 jaar heeft aangetoond dat middels het
intramoleculair koppelen van polymeren goed gedefiniéerde enkel-keten polymeer
nanodeeltjes (Engels: Single-Chain polymer Nanoparticles, SCNPs) gevormd
kunnen worden. Deze deeltjes hebben een grootte van rond de 10 nm, wat
vergelijkbaar is eiwitten. SCNPs kunnen worden uitgerust met een grote
verscheidenheid aan functionaliteiten, hoewel de functionalisatiestap, en
voornamelijk de kwantificatie ervan niet evident is. Dit proefschrift beschrijft een
methode voor het vormen van SCNPs met gemakkeliik modificeerbare
opperviaktegroepen, om zo reeksen van functionele nanodeelties te kunnen
maken en bestuderen voor biomedische toepassingen. Als eerste in Hoofdstuk 1
beschrijven we de huidige methoden die er zijn om het oppervliak van SCNPs te
modificeren.

In Hoofdstuk 2 beschrijven we de synthese van SCNPs met actieve ester groepen
(pentafluorophenyl esters, PFP). Deze actieve esters kunnen op milde en
kwantitatieve wijze worden gesubstitueerd door functionele liganden met een
amine-groep. In dit hoofdstuk wordt een reeks van SCNPs beschreven met
toenemende incorporatie van een protoneerbare tertiaire amine, om zo tot een set
SCNPs te komen met een zeta potentiaal die loopt van negatief tot positief. Deze
set werd onderzocht op endotheelcellen, waarbij geen significante toxiciteit werd
gemeten bij gangbare concentraties, zelfs niet voor de deelties met grootste
hoeveelheid tertiaire amines. Door middel van flow cytometrie werd aangetoond
dat de cellulaire opname sterk afhankelijk is van de oppervlaktefunctionalisatie.
SCNPs met een kleine hoeveelheid tertiaire amines vertoonden lage cellulaire
opname, met als cellulaire eindbestemming het lysosoom. Deeltjes met een hogere
hoeveelheid tertiaire amines vertoonden significant hogere cellulaire opname,
waarbij confocale microscopie uitwees dat deze deeltjes terecht kwamen in het
cytosol.

De set van SCNPs met toenemende hoeveelheid tertiaire amines wordt in
Hoofdstuk 3 onderzocht in een bloed-hersenbarriere model. Alle SCNPs
vertoonden een zeer hoge mate van transcytose, vergeleken met een andere
nanostructuren, getest op een vergelijkbaar model. Zoals al beschreven in
Hoofdstuk 2, vertoonden de deeltjes met de hoogste oppervlakte-lading tevens
opname in het cytosol. Deze opname ging ten koste van de transcytose, die licht
afneemt naarmate het aantal tertiaire amines op het opperviak toeneemt. Een
gangbare hypothese voor het bereiken van het cytosol door nanostructuren is het
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‘proton sponge effect’. Na opname in het endosoom ontstaat een influx van
protonen in het endosoom, wat zorgt voor een cascade aan instroom van andere
ionen. Hierdoor barst het endosoom ten gevolge van de toegenomen osmotische
druk en komen de nanostructuren vrij. Om dit te testen, werd de initiéle influx van
protonen geblokkeerd. Deze blokkade zorgde voor een vermindering van SCNPs
in het cytosol, maar volledig voorkomen werd dit niet, wat aangeeft dat het ‘proton
sponge effect’ slechts een deel van de cytosolische afgifte verklaart.

In Hoofdstuk 4 wordt de functionalisatiestrategie uit Hoofdstuk 2 gecombineerd
met gecontroleerde medicijnafgifte. Hiervoor werd het anti-kanker middel
atovaquone geconjugeerd aan de SCNPs en het oppervilak gefunctionaliseerd met
15 of 40% tertiaire amines, alsmede met 40% quaternaire ammoniumgroepen.
Daar waar de deeltjes met 15 % tertiaire amines een lage mate van cellulaire
opname (in HeLa cellen) vertoonden, met co-localisatie in het endosoom, bereikten
de 40 % deeltjies het cytosol, zoals al gezien in de Hoofdstukken 2 en 3.
Interessant genoeg, hoewel de SCNPs met 40 % quaternaire ammonium groepen
zeer hoge cel-associatie vertoonden, bleek uit microscopie experimenten dat deze
deeltjes vast zaten in het celmembraan en zich dus niet intracellulair bevonden.
Daarnaast lieten louter de SCNPs met 40 % tertiaire amines op het opperviak
afname zien van de hoeveelheid HelLa kankercellen. Dit toont duidelijk aan hoe
belangrijk de intracellulaire locatie is voor de effectiviteit van anti-kanker middelen.

In Hoofdstuk 5 hebben we de functionalisatiestrategie uitgebreid door actieve
ester chemie te combineren met de koper-gekatalyseerde azide-alkyn-Huisgen-
cycloadditie (klikchemie). Hiertoe werden de deeltjes gefunctionaliseerd met een
toenemende hoeveelheid amino-alkynen, welke vervolgens werden geconjugeerd
met een azido-glucose via twee verschillende posities. Toename van alkynen op
het oppervlak leidde tot toegenomen hoeveelheid verknoping, wat aangeeft dat de
reactiecondities goed gecontroleerd moeten worden. Studies met een model
lectine (Concanavaline A) toonden aan dat de conjugatiepositie bepaalt of er
associatie kan plaatsvinden met het lectine. Opnamestudies op kankercellen
(HeLa) lieten zien dat er geen onderscheid is tussen de conjugatiepositie, maar dat
de dichtheid bepalend is voor de hoeveelheid opname.

In Hoofdstuk 6 beschrijven we manieren om de SCNP productie op te schalen en
nieuwe potentiéle functionalisatie methodes, om zo grotere sets van deeltjes met
uitgebreidere functionalisatiegraden te kunnen synthetiseren. Als laatste
beschrijven we een in vivo studie, waarbij de deeltjes uit Hoofdstuk 2 hebben
onderzocht in een muismodel. Hieruit bleek dat ondanks de geringe grootte, de
deeltjes na 24 uur nog steeds te vinden waren in het lichaam. Toename van de
opperviaktelading leidde tot een verhoogde opname in de lever en milt, wat een
indicatie is dat er opsonisatie door macrofagen plaatsvindt.
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Summary

Research over the past 20 years has shown that by intramolecularly crosslinking of
polymers, well-defined single-chain polymer nanopatrticles (SCNPs) can be formed.
These particles have a size of around 10 nm, which is similar to proteins. SCNPs
can be equipped with a wide variety of functionalities, although the functionalization
step, and mainly its quantification, is not straightforward. This thesis describes a
method for creating SCNPs with easily modifiable surface groups, to synthesize
and study sets of functional nanoparticles for biomedical applications. In Chapter
1, we first describe the current methods available for modifying the surface of
SCNPs.

In Chapter 2, we describe the synthesis of SCNPs with active ester groups
(pentafluorophenyl esters, PFP). These active esters can be substituted by
functional ligands with an amine group in a mild and quantitative manner. In this
chapter, a series of SCNPs is described with increasing incorporation of a
protonatable tertiary amine, resulting in a set of SCNPs with a zeta potential
ranging from negative to positive. This set was studied in endothelial cells, where
no significant toxicity was observed at common concentrations, even for particles
with the highest amount of tertiary amines. Flow cytometry showed that cellular
uptake is strongly dependent on surface functionalization. SCNPs with a small
amount of tertiary amines exhibited low cellular uptake, with their cellular fate being
the lysosome. Particles with a higher amount of tertiary amines showed
significantly higher cellular uptake, and confocal microscopy revealed that these
particles reached the cytosol.

Chapter 3 investigates the set of SCNPs with increasing amounts of tertiary
amines in a blood-brain barrier model. All SCNPs showed a very high degree of
transcytosis compared to other nanostructures tested on a similar model. As
described in Chapter 2, particles with the highest surface charge also exhibited
cytosolic uptake. This uptake however is at the expense of transcytosis, which is
slightly reduced upon increasing the number of tertiary amines on the surface. The
"proton sponge effect" is a common hypothesis for nanostructures entering the
cytosol. After uptake into the endosome, there is an influx of protons, leading to
increased osmotic pressure and endosome rupture, releasing the nanostructures.
To test this, the initial proton influx was blocked, resulting in a reduction of SCNPs
in the cytosol, but complete prevention was not achieved, suggesting that the
"proton sponge effect” only partly explains cytosolic delivery.
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Chapter 4 combines the functionalization strategy from Chapter 2 with controlled
drug delivery. The anticancer drug atovaquone was conjugated to the SCNPs, and
the surface was functionalized with 15% or 40% tertiary amines and 40%
guaternary ammonium groups. While particles with 15% tertiary amines showed
low cellular uptake (in HelLa cells) with endosomal co-localization, the 40%
particles reached the cytosol, as seen in Chapters 2 and 3. Interestingly, despite
the high cell association of SCNPs with 40% quaternary ammonium groups,
microscopy experiments showed that these particles were trapped in the cell
membrane and did not reside intracellularly. Furthermore, only SCNPs with 40%
tertiary amines on the surface exhibited a decrease in the number of HeLa cancer
cells. This clearly demonstrates the importance of intracellular location for the
effectiveness of anticancer drugs.

In Chapter 5, we expanded the functionalization strategy by combining active ester
chemistry with copper-catalyzed azide-alkyne Huisgen cycloaddition (click
chemistry). The particles were functionalized with an increasing amount of amino-
alkynes, which were then conjugated with azido-glucose via two different positions.
Increasing alkynes on the surface led to an increased amount of crosslinking,
indicating the need for well-controlled reaction conditions. Studies with a model
lectin (Concanavalin A) showed that the conjugation position determined whether
association with the lectin could occur. Uptake studies on cancer cells (HelLa)
showed no distinction between conjugation positions, but that the density
determined the amount of uptake.

Chapter 6 describes ways to scale up SCNP production and explore new potential
functionalization methods, allowing for the synthesis of larger sets of particles with
more extensive degrees of functionalization. Finally, we describe an in vivo study in
which the particles from Chapter 2 were investigated in a mouse model. Despite
their small size, the particles were still present in the body after 24 hours.
Increasing surface charge led to increased uptake in the liver and spleen,
indicating opsonization by macrophages.
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vandaag naast mij willen staan en zitten.

Niens, bedankt voor het ontwerpen van een fantastische cover op basis van mijn
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Mijn ganse proefschrift bestaat uit samenwerkingen met Naomi en ik had geen
betere partner kunnen bedenken. Vijf jaar lang back-to-back in lab 4; ik heb er erg
van genoten. Sorry voor alle overlast van de slechte Nederlandstalige muziek
(hoewel ik daar ook wel last van had). En nog steeds onder de indruk van de
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Enimie, never realizing (of course not) this would eventually lead to this thesis.
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muzieksmaak van Oost-Nederland. Was lachen, met toch wel als hoogtepunten
Mainz, Schweinshaxe en een avondje onderwerelt. En de formule op mach 10 door
lab 4 blazen. Min, was nice having you around, hope you are doing well, although |
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