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CHAPTER 5

Biodistribution of squaramide-based supramolecular polymer

nanoparticles in zebrafish embryos

This chapter was prepared as an original research paper: Victorio Saez Talens,
Gabriela Arias Alpizar, Jeroen Bussmann, Alexander Kros, Roxanne E. Kieltyka
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Chapter 5

5.1 Abstract

Supramolecular polymer biomaterials are attractive scaffolds to prepare
nanoparticles for drug delivery due to their easy fabrication, and tunable shape
and size. However, their exploitation as therapeutic nanocarriers until now has
been limited, and a clear in vivo picture of their biodistribution and uptake
remains challenging due to the opacity of the mammalian models used to study
these processes. Here, | prepare fluorescently-labeled squaramide-based
supramolecular polymer nanoparticles of varied shape, from fibrillar to spherical
aggregates, and size, from hundreds to tens of nanometers, and tracking their in
vivo biodistribution and uptake behavior once injected intravenously in a
zebrafish embryo model. In all cases, the supramolecular polymer nanoparticles
evaded macrophages, however they display distinct biodistribution consistent
with particle type: spherical aggregates tens of nanometers in diameter circulate
freely throughout the blood vessel lumen, whereas fibrillar aggregates several
hundred nanometers in length were found to associate with scavenger
endothelial cells that are functionally homologous to mammalian liver. Moreover,
endothelial scavenging of the high aspect ratio self-assemblies was mediated
largely through the Stabilin-2 transmembrane receptor as demonstrated
previously for isotropic anionic nanoparticles. By applying a supramolecular
approach based on squaramides for nanoparticle construction in combination
with the transparent zebrafish embryo model, | show a facile means to generate
cargo-loaded nanoparticles of various size and shape to establish such models as a
first-line approach to probe biodistribution and mechanistic aspects of cellular
uptake in the drug delivery community.
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5.2 Introduction

Much effort has been dedicated to design and synthesize nanoparticulate (less
than 500 nm in any dimension) carriers with precisely engineered physicochemical
properties for the targeted delivery of therapeutics. To this end, particles of varied
features including size, shape, surface charge, functionality, and elasticity have
been prepared.’™ Irrespective of their designs it has been demonstrated that
>99% of such particles are cleared by the liver, yet the cellular mechanisms by
which these processes occur remain unclear due to the inherent difficulty to
visualize them in mammalian models. A promising alternative to gain insight into
the routing of such particles in vivo at the cellular level is the zebrafish (Danio
rerio) embryo model system. This model system provides unparalleled
opportunities in comparison to first-line mouse models used to assess the
nanoparticle fate in vivo due their optical transparency, homology with 70% of
human disease genes, easy manipulation with its fast development and external
fertilization.’®12 Recently, we have demonstrated the use of the zebrafish caudal
vein to study processes related to nanoparticle uptake in the mammalian liver at
the molecular level.® The sequestration and uptake of isotropic anionic
nanoparticles was highly reliant on Stabilin-2, a transmembrane receptor on
scavenger endothelial cells resident in the caudal vein, using stab2 knockouts we
validated the importance of this receptor for nanoparticle clearance in the liver.

Supramolecular self-assembly can provide access to a wide range of soft
nanostructures, including those that are filamentous, through the polymerization
of designed monomers using non-covalent interactions, such as hydrogen-
bonding, aromatic interactions, electrostatic and/or hydrophobic effects.>*42! This
approach is of interest for applications in drug delivery because of its facile and
modular character, where functional monomers can be combined in a mix-and-
match fashion to prepare designed nanocarriers of varied physicochemical
properties against a specific therapeutic target.??%® Although most studies
involving supramolecular nanoparticles that are spherical or filamentous take

5,22,27,28

place in vitro, a number of in vivo studies have been executed in mouse

models. 232935 When their biodistribution is characterized, significant localization

of the carrier is observed in the liver3¢4°

7,42

as previously observed for inorganic
nanoparticles. However, it still remains unclear what physicochemical
parameters are necessary to reduce their clearance by the liver. By combining a

supramolecular approach to nanoparticle construction with the zebrafish embryo
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Chapter 5

model system, the door is opened to rapidly generate nanoparticle libraries to
visually screen the nanoparticle-biological interface in vivo to unveil new
opportunities to improve the systemic delivery of therapeutic payloads to their
intended target.
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Figure 5.1. Squaramide-based bolaamphiphiles used to prepare supramolecular polymer
nanoparticles for in vivo biodistribution studies. (a) Chemical structure of bolaamphiphile
monomers 1, 2 and 3 employed in the study to form fibrillar (1), mixed rod and spherical (2) or
spherical (3) nanoparticles, respectively, upon self-assembly. The fluorescently-labeled
squaramide-based monomer with a Sulfo-Cy3 dye (4) is used for tracking of the various
supramolecular polymer nanostructures, while the Sulfo-Cy5 dye (5) is used in combination for
fluorescence resonance energy transfer (FRET) experiments. (b) Schematic representation of the
morphology of the co-assembled native (1, 2 or 3) with dye-labeled monomer 4 (2 mol%) into
fluorescently-labeled squaramide-based supramolecular polymer nanoparticles prior to injection
into a zebrafish embryo model. Representative cryo-TEM images of co-assembled squaramide-
based supramolecular polymer nanoparticles from native monomers (c = 2mM) 1, 2 and 3 with 4
in water. Samples were prepared using the native squaramide-based bolaamphiphile monomer co-
assembled with 2 mol% of Sulfo-Cy3 labeled squaramide-based bolaamphiphile 4, displaying fiber-
like structures for 1, a mixture of spherical and rod-like structures for 2 and spherical aggregates
for 3. The scale bars represent 100 nm.
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Chapter 5

Earlier in our research group, we reported the self-assembly of a squaramide-
based bolaamphiphile, consisting of monomer 1 (Figure 5.1a) into a
supramolecular polymer nanoparticles in water.*>*® Squaramides are ditopic
hydrogen-bonding synthons that consist of a cyclobutenedione ring with two NH
hydrogen bond donors opposite two carbonyl hydrogen bond acceptors* that
benefit energetically from a gain in aromatic character upon self-assembly through
hydrogen-bonding and hydrophobic interactions.*>*>4¢ Classically, squaramides

47,48 49,50 an d

have been used in areas such as medicinal chemistry catalysis
bioconjugation,”>*> however their application in polymers is underexplored.
Recently, | have demonstrated the ability to tune the morphology of these
squaramide-based supramolecular polymer nanoparticles from fibrillar to
spherical by modulating the length of the oligo(ethylene glycol) (OEG) hydrophilic
domain of the monomer: from n =11 resulting in fiber-like objects, to spherical
aggregates with n = 36 (Figure 5.1a).% | herein report, the preparation of
fluorescently-labeled squaramide-based supramolecular polymer nanoparticles
with distinct shapes and sizes in aqueous media in order to tag and visually track
their in vivo biodistribution and clearance by the Stabilin-2 receptor in a zebrafish
embryo model to understand the range of this receptor in the clearance of

nanoparticulate carriers for future drug delivery applications.

5.3 Results and discussion

Synthesis and co-assembly of fluorescently-labeled supramolecular polymer
nanoparticles. The general molecular structure of the squaramide-based
bolaamphiphile consists of two squaramides located within the center of its
hydrophobic core surrounded by two hydrophilic oligo(ethylene glycol) oligomers
at its opposite ends (1, 2 and 3, Figure 5.1a). The two squaramide synthons are
separated by an alkyl chain of seven methylene units, while an additional chain of
ten methylene units are at the outer peripheries of the squaramide moieties. In
this work, hydrophilic oligo(ethylene glycol) oligomers (OEG) of increasing chain
length ((1) MW = 517 Da (n=11), (2) MW = 1089 Da (n=24) and (3) MW = 1617 Da
(n=36)) were used to flank the hydrophobic core to drive the formation of
supramolecular polymer nanoparticles of distinct shapes and sizes while providing
a means to maintain the same surface chemistry. To be able to tag and track the
various supramolecular polymer nanoparticles for their facile visualization in the
transparent zebrafish embryo model system, an asymmetrically labeled
squaramide-based bolaamphiphile, similar in molecular structure to 1, with either
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a fluorescent Sulfo-Cy3 (4) or a Sulfo-Cy5 (5) dye were synthesized. These
molecules are predicted to co-assemble the fluorescently-labeled squaramide-
based bolaamphiphiles because of their equally sized hydrophobic domains
compared to the various supramolecular polymer nanoparticles containing distinct
hydrophilic domains. Therefore, a single reporter monomer could be used for the
labeling of the various structures under study.

Sulfonated variants of cyanine dyes were coupled to the monomers because of
their increased solubility and introduced asymmetrically into the bolaamphiphile
to reduce the potential for disruption of the formed supramolecular polymers or
aggregation. The synthesis of the asymmetrically fluorescently-labeled
squaramide-based bolaamphiphile was performed in a convergent manner,
starting with the catalytic hydrogenation of O-(2-azidoethyl)undecaethylene glycol
followed by Boc protection of the resulting amine group in situ using Boc-
anhydride (see supporting information, section 5.6.4). Subsequently, the hydroxyl
group of the heterobifunctional oligo(ethylene glycol) was activated using 1,1’-
carbonyldiimidazole (CDI) and further reacted with N-Cbz-1,10-decanediamine and
purified by reverse phase chromatography with a yield of 51%. Subsequently,
catalytic hydrogenation of the Cbz protecting group led to the coupling of the
amphiphile to 3,4-dibutoxy-3-cyclobutene-1,2-dione to provide a monosubstituted
squaramide with a vyield of 61% after purification by reverse-phase
chromatography. The squaramide-based amphiphile with a Boc-protected amine
at the OEG terminus was coupled to a second squaramide-based amphiphile with
an internal C7-alkyl mono-Boc protected diamine chain and methoxy group at the
OEG terminus on its periphery. The internal C7-alkyl mono-Boc protected diamine
was deprotected under acidic conditions and then ligated to the squaramide-
based amphiphiles with a Boc-protected amine under basic conditions with
heating and purified by reverse-phase chromatography to vyield the
heterobifunctional squaramide-based bolaamphiphile in 36% yield. The sulfonated
dyes were subsequently coupled to the squaramide-based bolaamphiphiles by
Boc-deprotection of the terminal amine group and its reaction with the
corresponding Sulfo-Cy3 or Sulfo-Cy5 NHS ester under basic conditions to yield 4
or 5 after HPLC, in a yield of 40-45%.
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Figure 5.2. Spectroscopic studies of the self-assembled squaramide-based supramolecular polymer
nanoparticles (c= 30 uM). (a) UV-Vis spectra of 1 (blue line), 2 (red line), and 3 (green line) co-assembled
with 4 (2 mol%). (b) Static measurements of 1 and 3 with an equimolar amount of 4 and 5 (2 mol% total
of the dye-labeled monomers); FRET signal observed at 670 nm (c) Dynamic measurements of 1, 2 and 3
co-assembled with 4 or 5 (2 mol% of each dye labeled monomer) independently and then mixed together

in an equimolar ratio. FRET ratios are compared over time (6 h) for 1 (blue line), 2 (red line), and 3 (green
line).
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The fluorescently-labeled supramolecular polymer nanoparticles were prepared
through co-dissolution of native squaramide-based bolaamphiphile (1, 2 or 3) co-
assembled with the Sulfo-Cy3 or Sulfo-Cy5 dye labeled squaramide-based
bolaamphiphile (4 or 5, 2 mol%) in DMSO at experiment-specific concentrations.
The samples were then lyophilized, reconstituted in water at room temperature
and left to stand 24 hours prior to subsequent measurements. This facile mix-and-
match preparation protocol involving monomer co-assembly can be used to
prepare a library of supramolecular polymer nanoparticles with various
physicochemical properties for applications in drug delivery.

Using a combination of microscopic and spectroscopic techniques, we first
examined the potential of using a single, fluorescently-labeled monomer 4 for
tagging of self-assemblies 1-3 with identical hydrophobic core lengths, but
distinctly sized hydrophilic domains. In cryo-TEM measurements, highly disperse,
fibrillar objects on the order of 282 + 85 nm in length with a diameter of 6 £ 1 nm
were observed for the co-assembly of 1 and 4 (Figure 5.1b, and Figure S5.7). The
co-assembly of monomer 2 and 4 displayed a mixture of sphere and rod-like
aggregate structures, similar to self-assembly of 2 on its own, with a diameter of 6
+ 1 nm, and comparable to the co-assembly of monomers 1 and 4 (Figure 5.1b and
Figure S5.9). Conversely, supramolecular polymer nanoparticles of 3 and 4
displayed spherical objects in solution with a diameter of 9 + 2 nm (Figure 5.1b
and Figure S5.10). Surprisingly, monomer 4 also self-assembled on its own at the
concentration used for co-assembly with 1, 2, or 3, forming fibrillar aggregates
with a length of 387 + 194 nm. Remarkably, these fibrillar structures are not
observed when monomer 4 is co-assembled with compounds 2 or 3, suggesting
that the dye-labeled monomers are likely inserted into the various self-assemblies.
Moreover, the measured dimensions of the supramolecular polymer nanoparticles
with the dye-labeled monomers are on par with cryo-TEM measurements of the
self-assembled native monomers 1, 2, and 3, indicating that they are unaffected by
the incorporation of the dye-labeled monomer.>

UV-Vis spectroscopy measurements further supported the lack of disruption of
the supramolecular polymer architecture at the molecular level upon co-assembly
of 4 with the various native monomers (Figure 5.2a). Co-assembly of 1 and 4,
showed UV-Vis spectra comparable to native fibrillar self-assemblies of 1 with
bands at 255 and 329 nm corresponding to the HOMO — (LUMO+1) and HOMO
— LUMO transitions of the squaramide,*? respectively (Figure 5.1a, and Figures
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S5.2 and S5.3). Similar spectral traces were recorded for molecules 2 with 4 and 3
with 4 at the same molar ratio, with a lesser degree of blue- and red-shifting of the
HOMO — (LUMO+1) and HOMO — LUMO bands when compared against 1 with
4. This result highlights a likely difference in packing of the squaramide-based
monomers within the self-assembled structures with increasing oligo(ethylene
glycol) length. The spectral data for 2 and 3 with 4 are on par with those obtained
for the native monomers that showed a decrease or absence of the band at 329
nm and a shoulder at 255 nm, yet self-assembly was observed.>® Collectively, these
results suggest that introduction of the fluorescent monomer into the prepared
supramolecular polymer nanoparticles do not interfere with self-assembly of the
native monomer.

Fluorescence resonance energy transfer (FRET) measurements were used to study
incorporation of dye-labeled monomers into the supramolecular polymer
nanoparticles (static measurements) and the rate of monomer exchange between
nanoparticles (dynamic measurements). Static measurements were performed to
measure the co-localization of monomers labeled with a Sulfo-Cy3 dye (molecule
4, FRET donor) and those with a Sulfo-Cy5 dye (molecule 5, FRET acceptor) at 1
mol% each with native monomers 1 or 3. The co-assembly of monomers 1 or 3
with 4 and 5 resulted in an intermediate degree of FRET efficiency in comparison
to other supramolecular polymers?:>* by examining the acceptor emission at Aem =
670 nm (Figure 5.2b) against the fluorescence intensity of the donor emission Aem
= 570 nm. However, a slightly higher degree of FRET efficiency was found for fibers
of 1 in comparison to spherical aggregates of 3 and is consistent with their
morphological differences. Overall, these results indicate that incorporation of
both dye-labeled molecules into the supramolecular polymer nanoparticles occurs
despite the distinct size of the hydrophobic domains presented by 1 or 3.

Dynamic experiments were subsequently performed to understand the rate of
monomer exchange between the supramolecular polymer nanoparticles. In these
experiments, fluorescently-labeled supramolecular polymer nanoparticles were
first prepared by the co-assembly of the native monomers 1, 2 or 3 with 2 mol% of
4 or 5. Subsequently, the distinctly labeled fluorescent nanoparticles with Sulfo-
Cy3 or Sulfo-Cy5 were mixed and monomer co-localization within the fibers was
measured by the evolution in FRET intensity over time. Monomer exchange
between assemblies of 1, 2 or 3 with 4 (Sulfo-Cy3) and assemblies (1, 2 or 3)
labeled with reporter molecule 5 (Sulfo-Cy5) were observed with different kinetic
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profiles. Assemblies of 3 appeared to reach a plateau after 1 hour suggesting that
the sample attained an equilibrium state in its exchange, whereas for 1 a plateau
was still not reached after 6 hours. (Figure 5.2c) Qualitatively, the curves show a
faster exchange of monomers in the case of the spherical aggregates (green line)
composed of 3 compared to the fibrillar objects composed of 1 (blue line) (Figure
5.1c). However, in all cases the significantly lower FRET ratios observed in dynamic
compared to the static measurements suggest that slow dynamics or a partial
exchange of monomers® occurs within the fibers, but FRET experiments show the
effective labeling of the supramolecular polymer nanoparticles by the Sulfo-Cy
monomers.
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Figure 3. Colocalization studies of the fluorescently-labeled squaramide-based supramolecular
polymer nanoparticles with macrophages in the zebrafish. a) Whole-embryo view after 1 hour
injection in the Duct of Cuvier of 1 (c = 2 mM) co-assembled with 4 (2 mol%) in an embryonic
zebrafish (mpegl:GFP) at 54 hpf. In the boxed region, a zoom in of the caudal vein showing the
dorsal aorta (DA), caudal hematopoietic tissue (CHT) and the caudal veins (CV). b) Fluorescently-
labeled squaramide-based supramolecular polymer nanoparticles 1 hour post-injection in a
transgenic zebrafish co-expressing GFP in macrophages. On the left panel, schematic representation
of 1 (top), 2 (middle) and 3 (bottom) (c = 2 mM) with 4 (2 mol%). On the right panel, images of the
CV area showing the in vivo distribution of each fluorescently-labeled squaramide-based
supramolecular polymer nanoparticle tested.
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Because the sulfonated-cyanine dyes used to fluorescently tag and track the
supramolecular polymer nanoparticles bear a -1 formal charge, T-potential
measurements were performed to estimate their surface charge in water. Negative
(-potential values of -32.1 = 7.1 mV were recorded for 4 that showed a fibrillar
morphology (c = 40 uM) in cryo-TEM measurements on its own and used at this
concentration for co-assembly experiments. Conversely, the co-assembly of native
monomers 1, 2, or 3 with 4 (2 mol%), resulted in near-neutral {-potential values of
-49 +£52mV, -12.3 + 4.7 mV and -11.1 £ 4.5 mV, respectively. As a control, the
native monomer 1 (c = 2 mM) on its own showed similar Z-potential values of -
7.32 £+ 5.5 mV and thus indicated that its co-assembly with monomer 4 was
comparable in surface charge from the native self-assembled constructs. Hence,
all investigated supramolecular polymer nanoparticles co-assembled with an
anionic dye-labeled monomer were near-neutral in surface charge in comparison
to 4 on its own that was negative.

Cumulatively, we demonstrate the co-assembly between a single sulfonated-
cyanine (3 or 5) labeled fluorescent bolaamphiphile (4) and various native
squaramide-based bolaamphiphiles of increasing OEG hydrophilic side chain
lengths (1, n = 11; 2, n = 24; and 3, n= 36) to prepare fluorescently tagged
supramolecular polymer nanoparticle self-assemblies. This mix-and-match
strategy considerably reduces the synthetic effort to obtain libraries of functional
assemblies by using a single cargo-loaded molecule that co-assembles with a
variety of monomers.

In vivo evaluation of squaramide-based supramolecular polymer nanoparticles.
To establish the squaramide-based nanoparticles as potential drug carriers in vivo,
zebrafish embryos were used between 52-56 hpf (hours post-injection). At this
stage, blood circulation is robust and most organs, including liver and kidney have
emerged. The stability of the supramolecular polymer nanoparticles was first
assessed in biological media by monitoring their morphology in the presence of
increasing concentration of carp serum (CS) concentration. Carp serum was used
as the closest practical approximation to zebrafish serum. Diluted concentrations
of CS, ranging from 1 to 25 v/v%, were probed to enable differentiation of the
supramolecular polymer nanoparticles from the high background imposed by the
serum components in cryo-TEM (Figure S5.7) measurements. Even in the presence
of increasing CS concentrations, the supramolecular polymer nanoparticles
consisting of 1 and 4 retained their respective morphologies and sizes relative to
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Figure 5.4. Biodistribution of the fluorescently-labeled squaramide-based supramolecular polymer
nanoparticles in the zebrafish. a) Whole-embryo view 1 hour post-injection in the Duct of Cuvier of 1
(c = 2 mM) with 4 (2 mol%) in an embryonic zebrafish (kdrl:GFP) at 54 hpf. In the boxed region, the
caudal vein showing the dorsal aorta (DA), caudal hematopoietic tissue (CHT) and the caudal veins
(CV), zoomed in. b) Biodistribution of the three different fluorescently-labeled squaramide-based
supramolecular polymer nanoparticles 1 hour post-injection. On the left panel, schematic
representation of 1 (top) 2 (middle) and 3 (bottom) (c = 2 mM) with 4 (2 mol%). On the right panel,
images of the CV area showing the distribution of each fluorescently-labeled squaramide-based
supramolecular polymer nanoparticles. c) Biodistribution of 1 (top) 2 (middle) and 3 (bottom) (c = 2
mM) with 4 (2 mol%) in the zebrafish embryos lacking the stab2 receptor (stab27").
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self-assemblies of the native monomer 1 (around several hundreds of nanometers
in fiber length and a width between 5-6 nm by cryo-TEM), indicating that the
serum components do not affect the formed co-assemblies (see Figure S5.11-
S5.14). This result can be expected due to the high density of oligo(ethylene
glycol)s on the periphery of the supramolecular polymer nanoparticles and the
known use of such polymers to increase circulation time by reducing the
interaction of nanoparticles with blood proteins.>®® However, samples of 2 or 3
with carp serum solutions of varied concentration could not be discriminated from
the serum background due to their similar size and contrast.

Zebrafish embryos were first used to study macrophage uptake, since it is well
established that this cell type plays an important role processing nanoparticles in
an in vivo environment often hindering drug delivery through particle
clearance.’®**® Thus, transgenic zebrafish Tg(mpeg:EGFP)??> embryos in which
GFP is expressed in macrophages were used, where colocalization indicates uptake
of or binding to macrophages of the squaramide-based supramolecular polymer
nanoparticles after intravenous injection. Remarkably, no significant co-
localization of the supramolecular polymer nanoparticles and macrophages in the
injected zebrafish was observed. This result can be explained by the dense
presentation of oligo(ethylene glycol)s (MW ranging from 517 to 1617 Da) on the
nanoparticle surface that may decrease protein absorption (Figure 5.3 and Figure
S5.16). Hence, low protein absorption results in the evasion of macrophages by
the squaramide-based supramolecular polymer nanoparticles.

Still, most of the supramolecular assemblies were rapidly removed from
circulation (Figure 5.4). Most strikingly, the elongated fibrillar objects composed of
the co-assembly of 1 and 4 showed limited free circulation with a preference for
accumulation in a subset of venous endothelial cells (Figure 5.4a, 5.4b and Figure
S5.15). Recently, we have shown that these cells in the zebrafish embryo are
functionally homologous to the liver sinusoidal endothelial cells in mammals. In
both zebrafish and mammals, these cells are specialized in endocytosis of
macromolecular and nanoparticulate waste from circulation. Within these cells,
the transmembrane scavenger receptor Stabilin-2 (stab2) plays a major role in
mediating nanoparticle uptake from circulation,36%61

When we analyzed the nanoparticle distribution of the co-assembled
supramolecular polymer nanoparticles composed of 1 and 4 in embryos lacking
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the stab2 receptor (stab2”"), their uptake by scavenger endothelial cells was
largely abrogated. Similar results were observed for supramolecular polymer
nanoparticles consisting of 2 and 4, although this structure already displayed
reduced uptake and increased circulation time relative to a co-assembly of 1 and 4
in control embryos. Interestingly, for the co-assembly of 3 and 4 only a slight
accumulation in scavenger endothelial cells was observed in the knockout
embryos, and uptake therefore appeared independent of stab2 function (Figure
5.4b). Taken together, these results show that stab2-mediated nanoparticle
uptake by scavenger endothelial cells is highly influenced by nanoparticle shape
and/or size. Previously, shape-dependent circulation and distribution were
reported for several nanoparticles,®*> but were mainly ascribed to differences in
their hydrodynamic properties. By simultaneously exploiting the fluorescent
labeling of the squaramide-based supramolecular polymer nanoparticles and the
transparency of the zebrafish embryo model, we explore a mechanism for uptake
of supramolecular polymer nanoparticles and show a major role for the sinusoidal
scavenger receptor stab2 that can be found analogously in the mammalian liver.
This study shows for the first time the potential to track various supramolecular
polymer architectures within the zebrafish embryo model to gain understanding
of the molecular mechanisms governing the clearance of the nanoparticulate
carriers of varied size and shape by liver sinusoidal endothelial cells.

5.4 Conclusions

In conclusion, a mix-and-match approach was used between native squaramide-
based bolaamphiphiles of increasing hydrophilic chain lengths and a single
asymmetrically-labeled fluorescent bolaamphiphile to prepare fluorescently
tagged supramolecular polymer nanoparticles of distinct size and shape for their
visual tracking in vivo in a zebrafish embryo model. These supramolecular polymer
nanoparticles retained their shape and size after co-assembly with the fluorescent
monomer in comparison to their native monomers, showed dynamic monomer
exchange in FRET experiments, had near-neutral surface charge, and remained
self-assembled in the presence of complex biological media such as carp serum.
Additionally, the unique in vivo biodistribution of these variable aspect ratio
squaramide-based supramolecular polymer nanoparticles were demonstrated in
in zebrafish embryos. Fibrillar morphologies displayed a low circulation time with
rapid venous attachment, whereas spherical morphologies demonstrated
significantly greater mobility with longer circulation times and improved
distribution over the zebrafish. These observations were rationalized by the
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clearance of the particles by the scavenger endothelial cells through interaction
with stabilin-2. Additionally, it was found that these supramolecular polymer
nanoparticles also evaded macrophages. These results demonstrated that the
nanocarrier shape and size, even at very high aspect ratios, plays an important
role in nanoparticle clearance by scavenger endothelial cells through the Stabilin-
2 receptor. The in vivo biodistribution behavior could be readily visualized in a
zebrafish embryo model for the first time by simple fluorescent tagging using a co-
assembly approach of functional monomers providing a synthetically efficient
approach. It is anticipated that by understanding the in vivo routing of such
fibrillar nanoparticles at the cellular level new chemical and/or biological
strategies can be developed to improve payload delivery to a particular target.
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5.6 Supporting Information

5.6.1 Materials and methods

All reagents and chemicals were purchased from commercial sources and used
without further purification. Sulfo-Cy3 and Sulfo-Cy5 dyes were obtained from
Lumiprobe, while oligo(ethylene glycols) of various chain lengths (n= 11, 24, 36)
were purchased from Broadpharm. Monomers 1, 2 and 3 were synthesized as
previously reported.>® The synthetic protocol for the Sulfo-Cy3 and Sulfo-Cy5
squaramide-based bolaamphiphiles 4 and 5, respectively, can be found in the
Supporting Information. MilliQ water was used for all experiments. {-potential
measurements were performed on a Zetasizer Nano ZS (Malvern). UV-Vis
measurements were carried out on a Cary 300 UV-Vis spectrophotometer using a
quartz cuvette with a path length of 1 cm. Fluorescence experiments were
executed on an Infinite M1000 Pro Tecan plate reader using 96-well plate with a
black background.

Preparation protocol of co-assembled sulfonated cyanine-labeled squaramide-
based supramolecular polymer nanoparticles. Stock solutions of 1, 2 or 3 were
prepared at a concentration of 5.8 mM in DMSO, while stock solutions of 4 or 5
were prepared at a concentration of 0.2 mM in the same solvent. The native (1, 2
or 3) and dye-labeled monomers (4 or 5) were mixed in a glass vial at the
appropriate mol ratios (1 or 2 mol%). The solvent was lyophilized and the
bolaamphiphile mixture was reconstituted in water at the desired concentration.
The resulting clear solutions were left to stand for 24 hours prior to any
measurement.

Cryogenic transmission electron microscopy (Cryo-TEM). Samples in water
consisting of 1, 2 or 3 (c = 2 mM) co-assembled with reporter molecule 4 (2
mol%), were prepared according to the co-assembly protocol above. The samples
were left to stand for 24 hours before deposition on a glow discharged grid.
Samples of 1 co-assembled with 4 (2 mol%) with increasing concentration of carp
serum were prepared following a similar protocol. Instead of adding fresh water
after removal of DMSO by lyophilization, a freshly prepared carp serum solution in
water was added in the desired v/v% (ranging from 1 to 25 v/v%) to provide a final
concentration of 2 mM of the fluorescently-labeled supramolecular polymer
nanoparticle and left to stand 24 hours before deposition on a glow discharged
grid. Cryo-TEM samples were prepared by depositing the sample (3 pL) on a glow
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discharged Lacey Carbon Film (300 mesh Cu grids). The excess sample was
removed by blotting for 1 second at room temperature with 95 % humidity
(Whatman No.4 filter paper) and the resulting films were vitrified at -183 2C using
a Leica EMGP. Imaging of the samples was recorded with a Tecnai F20 FEG (FEl),
equipped with a field emission gun at 200 kEV using a Gatan UltraScan camera
with a defocus between -3 and -10 um.

UV-Vis spectroscopy. UV-Vis samples in water consisting of 1, 2 or 3 (c = 30 uM)
co-assembled with 4 (2 mol%) were prepared according to the co-assembly
protocol described above. The samples were left to stand for 24 hours before UV-
Vis measurements.

Fluorescence spectroscopy (FRET measurements). The dye-labeled
supramolecular polymers nanoparticles were prepared according to the co-
assembly protocol mixing 1, 2 or 3 (c = 30 uM) with 4 and/or 5 in different
concentrations depending on the experiment. For static measurements: 4 and 5
(300 nM each) were mixed together in an equimolar ratio with native monomer (1
or 3) to obtain a total of 2 mol% of the fluorescently-labeled molecules in DMSO
prior to lyophilization. After the reconstituted samples in water were left to stand
overnight, they were loaded in a fluorimeter and excited at 550 nm (Sulfo-Cy3)
and their fluorescence emission was measured from 570 to 800 nm (Sulfo-Cy5) at
room temperature. Samples were measured in triplicate. For dynamic
measurements: 4 or 5 (600 nM each) were mixed individually with the native
monomer (1, 2 or 3) to obtain mixtures of 2 mol% of the fluorescently-labeled
molecule in DMSO prior to lyophilization. The equilibrated samples of the Sulfo-
Cy3 and Sulfo-Cy5-labeled squaramide-based supramolecular polymer
nanoparticles were mixed in a 1:1 ratio (100 puL each) in a 96-well plate by
pipetting (2-3 x) with the acquisition of fluorescence data immediately after
mixing at room temperature using excitation at 550 nm (Sulfo-Cy3) and measuring
fluorescence emission from 570 to 800 nm (Sulfo-Cy5). The FRET ratio is the
relative fluorescence intensity of the peaks at 670/570 nm. Experiments were run
in triplicate to ensure reproducibility. Raw fluorescence data is provided in Figures
S5.4 and S5.5 in the Supplementary Information.

{-potential measurements. Samples for electrophoretic mobility experiments
were prepared from 1 or 1, 2 or 3 (c = 2 mM) co-assembled with 4 (2 mol%) as
outlined in the co-assembly protocol above. The samples were then transferred to
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a reusable C-potential dip cell prior to measurement. The samples were left to
stand for 24 hours before {-potential measurements.

Zebrafish husbandry and injections. Zebrafish (Danio rerio) were maintained and
handled according to the guidelines from the Zebrafish Model Organism Database
(http://zfin.org) and in compliance with the directives of the local animal welfare
committee of Leiden University. Transgenic Tg(kdrl:EGFP)**,*3 Tg(mpeg:EGFP)?%?
13 and stab2®? zebrafish’® were used. Fertilization was performed by natural
spawning at the beginning of the light period and eggs were collected and raised
at 28.5 2C in egg water (60 pug/mL Instant Ocean see salts). Pigment cell formation
was suppressed by adding 1-phenyl-2-thiourea (PTU) to the egg water in 1-day old
zebrafish (24-28 hpf).

Fluorescently-labeled squaramide-based supramolecular polymer nanoparticles
were injected into 2-day old zebrafish embryos (52-56 hpf) using a modified
microangraphy protocol described previously.’®> Embryos were anesthetized in
0.01% tricaine and embedded in 0.4% agarose containing tricaine before injection.
Calibrated 1 nL volumes of squaramide-based supramolecular polymer
nanoparticles consisting of native monomer 1, 2 or 3 (c = 2 mM) co-assembled
with 4 (2 mol%) were injected with a microneedle into the Duct of Cuvier.
Successfully injected embryos were identified (damaged-yolk ball embryo
excluded) and imaged using a Leica TCS SPE confocal microscope. Confocal
micrographs (Z-stacks) for the whole embryo where generated using the 10x air
objective (HCX PL FLUOTAR) and overlapping 3 images to cover the complete
embryo, or a caudal vein by using 40x water-immersion objective (HCX APO L) to
compare distribution of injected molecules. Images were processed using the Fiji,
Image J Software and brightness/contrast adjusted.

5.6.2 Characterization methods

The reaction intermediates obtained in the synthesis of the squaramide-based
bolaamphiphiles were purified using a Grace Reveleris X1 flash chromatography
system equipped with a C18 column, while the final sulfonated cyanine-labeled
squaramide-based bolaamphiphiles (4 and 5) were purified by RP-HPLC with a
Vydac C18 reversed phase column. *H NMR and *C NMR spectra were acquired
on a Bruker AV-III-600 MHz at 298K. LC-MS analysis was performed with a TSQ
Quantum Access MAX system equipped with a Gemini 3 um C18 110 A 50x4.60
mm column (UV detection at 214 nm and 254 nm).
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5.6.3 Synthetic route

The synthetic procedure for the sulfonated cyanine-labeled squaramide-based
bolaamphiphiles is shown below. Squaramide-based bolaamphiphiles 1, 2 and 3,
and intermediates 6 and 7 were reported elsewhere.!
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Scheme S5.1. Synthetic route for sulfonated cyanine-labeled monomers 4 and 5.
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Synthesis of 8

N-Boc-1,7-diaminoheptane (41.4 mg, 0.18 mmol) (synthesis reported elsewhere?)
was added to a stirred mixture of 7 (106.0 mg, 0.12 mmol) and DIPEA (105.0 uL,
0.60mmol) in CHCI; (10 mL) refluxed overnight. The resulting compound was
purified by reversed-phase C18 silica column using a gradient of 10-90%
CH3CN/H,0 over 45 minutes. The product was concentrated by evaporation and
lyophilized to obtain a white solid.

Yield: 70.1 mg, 56.0% H-NMR (3u[ppm], CDCls, 600 MHz): 7.46 (br s, 1H), 5.09 (br
s, 1H), 4.83 (br s, 1H), 4.20-4.19 (m, 2H), 3.84-3.65 (m, 44H), 3.56-3.52 (m, 2H),
3.38 (s, 3H), 3.15-3.06 (m, 4H), 1.64-1.17 (m, 35H).3C-NMR (dc[ppm], CDCls, 150
MHz): 183.43, 183.40, 169.02, 168.98, 157.58, 157.54, 80.10, 72.90, 72.82, 71.56,
71.53, 71.52, 71.49, 71.27, 70.99, 70.65, 64.81, 45.79, 45.60, 45.53, 42.04, 41.47,
32.19, 31.99, 30.94, 30.53, 30.46, 30.44, 30.31, 30.25, 30.23, 29.83, 29.47, 27.71,
27.58,27.47,27.37. LC-MS: t =6.67 min, m/z: 922.80 [M+H-Boc]*.

Synthesis of 9

0O-(2-Azidoethyl)undecaethylene glycol (0.6 g, 1.05 mmol) was dissolved in 5 mL
MeOH and Pd/C (55.0 mg, 0.52 mmol)was added followed by briefly degassing the
reaction mixture with argon. Triethylsilane (1.7 mL, 10.50 mmol) was added
dropwise to the reaction mixture resulting in an effervescent solution, and was
left stirring at room temperature for two hours. After deprotection, the
intermediate was confirmed by LC-MS (t = 3.65 min, m/z: 546.13 [M+H]*). Pd/C
was removed by filtration over Celite, the reaction mixture was concentrated by
rotary evaporation and dried with gentle stream of compressed air. Subsequently,
0O-(2-aminoethyl)undecaethylene glycol was Boc-protected using Boc-anhydride
(0.3 g, 1.37mmol) and DIPEA (0.55 mL, 3.15mmol) in CHCl; (10 mL) upon stirring
for 2 hours. The intermediate formation was verified by LC-MS (t = 4.73 min, m/z:
545.78 [M+H-Boc]*). Next,1,1’-carbonyldiimidazole (0.29 g, 1.79 mmol) was added
to the reaction mixture with stirring for an additional 2-3 hours to activate the
hydroxyl group of the oligo(ethylene glycol) and verified by LC-MS(t = 7.57 min,
m/z: 639.17 [M+H-Boc]*). N-Cbz-1,10-decanediamine (0.42 g, 1.37 mmol) and
DIPEA (0.37 mL, 2.10mmol) was added to the reaction mixture and refluxed
overnight. The reaction mixture was purified by reversed-phase column
chromatography using a 10-90% CH3CN/H,0 gradient over 40 minutes. The final
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product was concentrated by evaporation of CHsCN followed by lyophilization of
water to obtain compound 9 as a white solid.

Yield: 0.52 g, 50.6% H-NMR (8u[ppm], CDCls, 600 MHz): 7.28-7.22 (m, 5H), 5.16
(brs, 1H), 5.07-5.05 (br s, 1H), 5.01 (s, 2H), 4.12 (t, 2H), 3.68-3.54 (m, 42H), 3.46-
3.44 (t, 2H), 3.23-3.22 (m, 2H), 3.11-3.04 (m, 4H), 1.41-1.37 (m, 13H), 1.26-1.20
(m, 12H). BC-NMR (8c[ppm], CDCl;, 150 MHz): 156.53, 156.09, 136.86, 128.50,
128.09, 128.04, 79.45, 72.72, 70.60, 70.55, 70.27, 69.70, 66.47, 63.78, 41.14,
41.06, 40.43, 29.97, 29.44, 29.25, 28.51, 26.75. LC-MS: t = 8.26min, m/z:
878.33[M+H-Boc]".

Synthesis of 10

Compound 9 (0.52 g, 0.53 mmol) was dissolved in MeOH (5 mL)and Pd/C (28.0
mg, 0.27 mmol) was added followed by briefly degassing the reaction mixture
with argon.Triethylsilane (0.85 mL, 5.32 mmol) was added dropwise to the
reaction mixture resulting in an effervescent solution, and was left stirring at
room temperature for two hours. After Cbz-deprotection, the intermediate was
confirmed by TLC-MS (m/z: 746.13 [M+H-Boc]*), Pd/C was removed by filtration
over Celite, concentrated by rotary evaporation and dried with gentle stream of
compressed air.The crude product was redissolved in CHCI;(10 mL) and 3,4-
dibutoxy-3-cyclobutene-1,2-dione (149.0 pL, 0.69 mmol) and DIPEA (185.0 uL,
1.06 mmol) were added. The reaction mixture was refluxed overnight and
subsequently, purified by C18 silica column using a gradient of 10-90% CH3CN/H,0
over 40 minutes.The final product was concentrated by evaporation of CH3CN
followed by lyophilization of water to obtain a compound 10 as a white solid.

Yield: 0.42 g, 61.1% H-NMR (Su[ppm], CDCls, 600 MHz): 5.18 (br s, 1H), 5.05 (br s,
1H), 4.75-4.73 (t, 2H), 4.21-4.20 (t, 2H), 3.76-3.61 (m, 42H), 3.56-3.53 (m, 2H),
3.42-3.37 (m, 2H), 3.31 (br s, 2H), 3.16-3.13 (m, 2H), 1.80-1.77 (m, 2H), 1.62-1.59
(m, 4H),1.48-1.44 (m, 15H), 1.31-1.28 (m, 12H),0.99-0.96 (t, 3H).3C-NMR
(8c[ppm], CDCls, 150 MHz): 190.45, 183.89, 178.41, 173.44, 157.47, 157.10, 80.17,
74.40, 72.88, 72.81, 72.64, 72.27, 71.48, 71.37, 71.35, 71.32, 71.25, 71.18, 71.08,
70.98, 70.83, 70.69, 67.91, 64.76, 64.66, 45.88, 45.42, 42.00, 41.34, 41.04, 40.90,
33.03, 32.06, 31.83, 31.63, 30.88, 30.33, 30.16, 30.05, 29.45, 27.66, 27.32, 19.67,
14.70. LC-MS: t = 7.38 min, m/z: 995.30 [M+H-Boc]".
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Synthesis of 11

Trifluoroacetic acid (2 mL) was added to facilitate deprotection of the Boc-
protecting group of 8 (31.8 mg, 0.031 mmol) for 20 minutes, and verified by LC-
MS(t = 6.67min, m/z: 922.80 [M+H-Boc]*).Afterwards, the solvent was evaporated
by using a gentle stream of compressed air and the compound was redissolved in
CHCIs (5 mL) with DIPEA (0.5 mL), and 10 (40.1 mg, 0.041 mmol) was added prior
to refluxing the reaction mixture overnight. The compound was purified by C18
column chromatography using a gradient of 10-90% CHsCN/H,O over 25
minutes.The final product was concentrated by evaporation of CH3CN followed by
lyophilization of water to obtain a compound 11 as a white solid.

Yield: 20.4 mg, 35.6% *H-NMR (8u[ppm], CDCls, 600 MHz): 7.76 (br s, 1H), 7.52 (br
s, 1H), 5.04 (br s, 1H), 4.21-4.20 (m, 4H), 3.69-3.54 (m, 94H), 3.39 (s, 3H), 3.32 (br
s, 1H), 3.15 (m, 4H), 1.67-1.64 (m, 8H), 1.48-1.27 (m, 45H).3C-NMR (Sc[ppm],
CDCl;, 150 MHz): 183.62, 182.51, 170.00, 168.11, 157.54, 80.19, 72.92, 71.57,
71.54,71.53, 71.49, 71.25, 70.68, 64.81, 60.04, 45.80, 44.21, 42.08, 41.39, 32.17,
30.98, 30.47, 30.27, 30.25, 29.46, 27.76, 27.43, 25.72. LC-MS: t = 6.73 min,
1745.55 m/z: [M+H-Boc]*.

Synthesis of 4

Compound 11 (4.5 mg, 0.0024 mmol) was deprotected using a mixture of
trifluoroacetic acid (1 mL) for 20 minutes. Deprotection of the Boc-group was
confirmed by LC-MS (t= 5.77 min, m/z: 1745.27 [M+H]*) and the solvents were
evaporated by a gentle stream of compressed air before being redissolved in
DMSO (1.5 mL). Triethylamine (250 pL) was added to the stirring solution along
with Sulfo-Cy3 NHS ester (2.12 mg, 0.0036 mmol). MilliQ water (3.5 mL) was
added to the reaction mixture and dialyzed against water using a dialysis bag with
a molecular weight cut off (MWCO)= 1000 Da. The compound was purified by
reversed-phase HPLC using a C18 column and a gradient of 10-90% CH3CN/H.0
over 25 minutes. The product fractions were collected and lyophilized to yield
compound 4 as a sticky pink material.

Yield: 2.36 mg, 45.01%. LC-MS: t = 5.83 min, m/z: 2345.1 [M+H]".
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Synthesis of 5

Compound 11 (4.5 mg, 0.0024 mmol) was Boc-deprotected with a mixture of
trifluoroacetic acid (1 mL) for 20 minutes. Deprotection of the Boc-group was
confirmed by LC-MS (t= 5.77 min, m/z: 1745.27 [M+H]*) and the solvents were
evaporated by a gentle stream of compressed air before being redissolved in
DMSO (1.5 mL). Triethylamine (250 pL) was added to the stirring solution along
with Sulfo-Cy5 NHS ester (2.2 mg, 0.0036 mmol). MilliQ-water was added to the
reaction mixture and dialyzed against water using a dialysis bag with a molecular
weight cut off (MWCQO)= 1000 Da. The compound was purified by reversed-phase
HPLC using a C18 column and a gradient of 10-90% CHsCN/H,0 over 25 minutes.
The product fractions were collected and lyophilized to yield compound 4 as a
sticky dark blue material.

Yield: 2.13 mg, 40.14%. LC-MS: t = 5.87 min, m/z: 2372.03 [M+H]".

5.6.4. Cryo-TEM of 4
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Figure S5.1. Cryogenic transmission electron microscopy (cryo-TEM) of 4 (c = 40 uM) on its own in
water, as a control. Fibrillar aggregates are observed.

5.6.5 UV-Vis spectra
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Figure S5.2. UV-Vis spectrum (200-400 nm) of 1, 2 and 3 (c =30uM) with 2 mol% 4 (solid line) and 5
(dashed line).
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Figure S5.3. UV-Vis spectrum (500-700 nm)of 1, 2 and 3 (c = 30 uM) with 2 mol% 4 (solid line) and 5
(dashed line).
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5.6.6. Fluorescence spectra
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Figure S5.4. Raw fluorescent data from the donor (Aexe= 550 nm Aem= 570 nm) channel from FRET
dynamic experiments where solutions containing 1 (blue), 2 (red) and 3 (green) labeled with 4 or 5
(2 mol%) are mixed in an equimolar ratio at room temperature.
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Figure S5.5. Raw fluorescence data (Aexc= 550 Nm Aem= 670 nm) measuring the FRET channel in
dynamic experiments where solutions of 1 (blue), 2 (red) and 3 (green) labeled with 4 or 5 (2 mol%)
are mixed in an equimolar ratio at room temperature.
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Figure S5.6. Static FRET measurements (zoom in, from 560 to 800 nm) of 1 and 3 with an equimolar
amount of 4 and 5 (2 mol% total of the dye-labeled monomers); FRET signal observed at 670 nm.
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3.5.7 Cryo-TEM of 1 with carp serum

Figure S5.7. Cryo-TEM images of squaramide-based supramolecular polymer nanoparticles of 1 (c =

2 mM) with 2 mol% 4 in a solution with increasing carp serum from 1-25 v/v%: 1% (a), 2.5% (b), 5%
(c), 10% (d) and 25% (e). Fibrillar structures are retained with increasing carp serum concentration.
Scale bar: 100 nm.
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3.5.8 Supramolecular polymer nanoparticles length and width distributions
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Figure S5.8. Histograms of length (282+ 84 nm) and width (6 £ 1 nm) distributions measured for 1 (N
=50).
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Figure S5.9. Histograms of length (31 £ 13 nm) and width (6 + 1 nm) distributions measured for 2 (N
=50).
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Figure $5.10. Histograms of diameter distributions measured for spherical aggregates of 2 (6 + 2
nm)(left) and 3 (9 + 2 nm) (right) (N = 50).
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Figure S5.11. Histograms of length (299 + 78 nm) and width (5 £ 1 nm) distributions measured for 1
at 1 v/v% of carp serum (N = 50).
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Figure S5.12. Histograms of length (277 £ 103 nm) and width (5 = 1 nm) distributions measured for 1
at 2.5 v/v% of carp serum (N = 50).
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Figure S5.13. Histograms of length (218 + 96 nm) and width (6 + 1 nm) distributions measured for 1
at 5 v/v% of carp serum (N = 50).
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Figure S5.14. Histograms of length (288 + 142 nm) and width (6 + 1 nm) distributions measured for 1
at 10 v/v% of carp serum (N = 50).
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5.6.9 Whole embryo zebrafish imaging
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Figure S5.15. Biodistribution of the fluorescently-labeled squaramide-based supramolecular polymer
nanoparticles in the zebrafish. Whole-embryo view 1 hour post-injection in the Duct of Cuvier with 1
(a), 2 (b) and 3 (c) (c= 2 mM) co-assembled with 2 mol% 4 in an embryonic zebrafish (kdrl:GFP) at 54
hpf. (d) Whole-embryo view after 1 hour injection in the Duct of Cuvier with 4 (c = 40 uM) on its own
in an embryonic zebrafish (kdrl:GFP) at 54 hpf. This control experiment is carried out to track the
biodistribution of the negatively charged monomer itself.
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Figure S5.16. Uptake studies of the fluorescently-labeled squaramide-based supramolecular
polymer nanoparticles by macrophages in the zebrafish. Whole-embryo view 1 hour post-injection in
the Duct of Cuvier with 1 (a), 2 (b) and 3 (c) (c = 2 mM) and 2 mol% of 4 in an embryonic zebrafish
(mpegl:GFP) at 54 hpf. (d) Whole-embryo view after 1 hour injection in the Duct of Cuvier with 4 (c
= 40 uM) on its own in an embryonic zebrafish at 54 hpf. This control experiment is carried out to
track the uptake of the negatively charged particles of 4 by macrophages studies in zebrafish.
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