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Abstract

Oligo- and polysaccharides act as signaling, recognition and adhesion molecules in biological
systems and play a crucial role in important biological signal transduction processes such as
growth and cell-cell recognition, but also host-pathogen interactions. Since the binding of
single carbohydrate moieties is usually weak, Nature utilizes multivalency, the simultaneous
presentation and interaction of multiple carbohydrate motifs and their respective receptors,
to enhance the binding strength. This concept has been successfully adapted for the
development of glycomimetics, where multiple carbohydrate units are presented on a
synthetic scaffold, e.g., a polymer or a nanoparticle. Such glycomimetics are especially
relevant as model systems to better understand the biological function of carbohydrates but
have also already found application in biomedicine e.g., in diagnosing and treating cancer or

the fight against pathogen infections.

In this work, special focus is devoted to the development of glycomimetics targeting Langerin
and DC-SIGN. Langerin and DC-SIGN are C-Typ lectin receptors expressed on dendritic cells
and the Langerhans cell subset, respectively, and interface between the innate and adaptive
immune systems by regulating the immune response. Although both lectins share many
similarities, such as overlapping specificity for carbohydrates and similar roles in the immune
response, Langerin and DC-SIGN play distinct roles in HIV infection. While DC-SIGN promotes
HIV transmission, Langerin ensures HIV degradation through the formation of Birbeck
granules. To better understand this mechanism, the development of multivalent ligands with
high affinity and selectivity for Langerin is particularly important, as monovalent carbohydrate

ligands have low affinity for Langerin.

In this work, brush glycooligomers and glycopolymers were synthesized for this purpose and
examined for their binding to Langerin. (see Figure 1) The trimeric arrangement of
carbohydrate-recognizing domains was used here as a template for a novel building block,
termed a TT linker, to create umbrella-like glycooligomers to which three carbohydrate motifs
can be attached in close proximity, similar to the natural representation in, for example,
branched oligosaccharides. These umbrella-like glycooligomers were tested with other
trivalent branched ligands in a binding study to Langerin. For this purpose, an inhibition-

competitions assay was established using surface plasmon resonance (SPR). The comparison
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between the branched glycooligomer and umbrella like glycooligomer showed a 7-fold
increase of binding strength towards Langerin. The addition of an umbrella handle and further
binding mannose units to these umbrella structures led to a further increase in affinity, which

can be attributed to a clustering effect.
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Figure 1: Overview of the topics of this thesis whereas the centre is the solid phase polymer
synthesis using the novel building block TT-Linker. The inner circle shows the synthesis of
various glycomimetics with different sizes, architectures and valences: branched
glycooligomers and umbrella-like glycooligomers (yellow), brush glycopolymers (orange),
glyco CNPs (purple) and glyco-Janus particles (red), as were established in this thesis. The
outer circle shows the biological investigations of these different glycomimetics towards
Langerin, DC-SiGN, E. coli and breast cancer cells.

The umbrella glycooligomers were then conjugated to polymeric scaffolds forming brush
glycopolymers. This allows multiple receptors to be accessed simultaneously, resulting in
clustering, which is important for targeting Langerin presented cell surface. A set of

fluorescently labelled brush glycopolymers with increasing length of the side chain were
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prepared varying the accessibility of the trivalent mannose head groups and investigated
towards Langerin-expressing cells. Flow cytometric analysis showed a correlation between
side chain length and cellular binding, with the glycopolymer with the longest side chain length

showing the highest binding.

As alternative scaffold and for in situ fluorescent labelling, carbon-based nanoparticles were
also functionalized with monosaccharides as well as brush glycooligomers and tested for their
interaction with various breast cancer cell lines known to overexpress carbohydrate-
recognizing lectin receptors. Similar intercellular distribution of nonfunctionalized and glyco-
CNPs was observed. Microscopic examination showed that CNPs are preferentially stored in
the endolysosomal pathway regardless of their functionalization. In general, this work
highlights the difficulties in attempting to accomplish receptor-mediated uptake of glyco-CNPs
via carbohydrate-recognizing cell surface receptors while also supporting the possible use of

glyco-CNPs in biomedical applications.

As another particle system, carbohydrate-decorated Janus particles were used in this work to
study the carbohydrate-mediated adhesion behavior of E. coli bacteria. For this purpose,
Janus particles were functionalized with umbrella glycooligomer on the one side and
thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) on the opposite side. This is the first
time that glyco-functionalized Janus particles have been reported and tested as inhibitors of
E. coli. Microscopic studies showed that while glyco-Janus particles exhibited a halo-like
arrangement on the surface of E. coli and led to the isolation of individual bacteria, the glyco-
functionalized particles formed large clusters with the bacteria due to their uniform glyco-
functionalization. Furthermore, temperature-dependent experiments with
glycofunctionalized Janus particles and non-glycofunctionalized Janus particles showed

particle aggregation above the LCST of PNIPAM.

Overall, this thesis demonstrates a bottom-up approach for the preparation of glycomimetics
of various designs and sizes, starting from the smallest building block TT-linker specifically
designed for Langerin and combining it with various polymeric and particle scaffolds. Use of
the different glycomimetics in various biotechnological and biomedical applications was
demonstrated, e.g. for targeted drug delivery, in immunotherapy or as markers for tumor

cells. In the future, further glycomimetics can be designed by this bottom-up approach
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targeting also other carbohydrate-mediated interactions e.g., by using the TT-linker for the
close-proximity presentation of multiple sialic acids, fucose or sulphated carbohydrate and

targeting viral entry receptors to derive inhibitors of viral infections.
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Introduction

1. Introduction

1.1 Carbohydrate - Lectin Interactions

Each mammalian cell is decorated with a layer of carbohydrates which is referred to as the
glycocalyx, a term introduced in 1962 by H. Stanley Bennett. () This term describes the
extracellular, carbohydrate-rich surface layer of cells and is characteristic of their appearance,
type, and developmental stage of the cell. The glycocalyx forms the outer surface of the
cellular plasma membrane and contains a multicomponent system of binding proteins,
enzymes, hormone receptor sites, antigens, and glycoconjugates composed of glycolipids and
glycoproteins (see Figure 2). 2 The carbohydrate structures are present on the outer cell
surface as mono-, oligo-, and polysaccharides and act as specific mediators between cells and
play an important role in numerous cellular processes such as cell growth and recognition,
adhesion, cancer metastasis, bacterial and viral infections, and inflammation. Unlike other
natural macromolecules/biomacromolecules such as nucleic acids and proteins,
carbohydrates exhibit high structural diversity. ) While nucleic acids and proteins are
composed of bifunctional monomers, carbohydrates have monosaccharides that combine to
form linear and branched oligo- and polysaccharides. This results in a wide variety of possible
linkage types and thus a high potential for structural variability. ¥ This unlimited structural
diversity is at the same time the reason for the low level of knowledge about carbohydrates,
but also for the increasing interest in their function. Thus, it has been found that storage and
transport of biological information through cell-cell and host-cell interactions are among the

most important functions of carbohydrates. )

In this context, information transfer is passed on through the formation of non-covalent
complexes between carbohydrate ligands and protein receptors. The outer carbohydrate
residues in the glycocalyx serve as docking sites for other cells or pathogens and are
responsible for the uptake and processing of information. ®) (/) Thus, the glycocalyx is involved
in the transfer of information between cells or within the cell, which plays a role, for example,
in signal transduction, immune responses ) and anti-inflammatory processes. ?)(19 To decode
this information, specific mechanisms and signaling cascades need to be activated. Here,
specific carbohydrate-recognizing proteins, also known as lectins, play an essential role in

activation. (1)
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Figure 2: Schematic representation of the glycocalyx consisting of cell membrane,

glycoproteins and glycolipids and the interaction with immune cells, bacteria and viruses.
Figure adapted from 3,

The term lectins is derived from the Latin word "legere" (english: to select) and was introduced
by Shapleigh and Boyd. (1?) Lectins are found in all living organisms, fungi, bacteria, and viruses
and are often used as tools to analyze fundamental processes in carbohydrate-mediated
binding cell biology and have no enzymatic activity toward the bound sugars
themselves. (13)(14) The interaction between a lectin and a monosaccharide is typically weak,
in the mM range. 3 To circumvent this weak affinity, nature makes use of multivalency, in
which multiple carbohydrates are simultaneously involved in the binding, increasing the
affinity as well as selectivity. (® Natural or non-natural multivalent ligands such as
oligosaccharides on surface of the cells or glycomimetics by presenting carbohydrate on a
polymeric scaffold can possess different types of multivalent binding modes and profit from a
variety of multivalent effects to increase binding strength, such as receptor clustering,

chelating effect, statistical rebinding and steric shielding. 17 (see Figure 3)

The chelate effect results from intramolecular bonding between a multivalent ligand and
multiply carbohydrate recognition domains (CRDs) of a lectin. This binding mode can be
related to an entropy effect that favors the binding of another ligand from the same system,

thus allowing the increase of binding avidity. (18)
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lectin ?5%% ligand

Figure 3: Multivalent interactions between multivalent lectin and multivalent ligands:
a) chelate effect, b) statistical rebinding, c) receptor-cluster building, d) sterical shielding.
Figure adapted from (17),

In contrast to the chelating effect, statistical rebinding is caused by the intramolecular
reversible binding resulting of rapid association and dissociation rates of a ligand to a receptor
and is based on the high local concentration of carbohydrate ligands. (1°) The interactions
between carbohydrate and lectin are usually very weak, so that individual carbohydrates are
not tightly bound. When a ligand dissociates from the binding pocket, the spatial proximity of
another ligand of the multivalent system can cause it to rebind to the receptor, resulting in

increased affinity. (20

When multivalent ligands are simultaneously linked to multiple receptors, this is referred to
as the cluster glycoside effect. ?Y) The interactions between multiple multivalent carbohydrate
ligands and multiple receptors of lectins can lead to a type of cross-linking that increases the
overall avidity. This effect especially plays a role at the cell surface. This allows proteins to be

brought into close proximity and intracellular processes to be triggered. 22

Sterical shielding occurs when non-bound portions of a partially bound multivalent
glycomimetic can shield the previously formed carbohydrate-lectin complex from competing
ligands, thereby maintaining and stabilizing the original state. ?3 The non-bound components
or competing ligands may be nonbinding carbohydrate components, various scaffolds such as
proteins or lipids, or binding sugars that are temporarily not involved in a binding event:
Although they do not interact directly with the CRD of the lectin, they have a significant impact
on the stability of the carbohydrate-lectin complex by serving as a steric shield and protecting

the complex from competing ligands that might also bind to the CRD of the lectin- (24
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1.2 Innate and adaptive Immunity

In order to trigger the host defense mechanism, the immune system is composed of several
cells and molecule types that particularly interact with each other. 2 So far, several studies
have shown that interaction between carbohydrates and lectins play a crucial role in triggering
an immune response. 29 |n order to understand the importance of this interaction in more
detail, the following chapter will discuss the basic mechanisms and the most important cells

of the immune system.

The immune system can first be classified into two subgroups: innate immunity and adaptive
immunity. ?7) (see Figure 4) The non-specific innate immune system is our body's first defense
against invaders, whether it is just a dust particle or a pathogen. (2®) Therefore, the great goal
of the innate immune system is to prevent any invasion of the body without distinguishing
between different pathogens. The first and most important barrier of defense is the skin, since
any invasion into our body is first prevented by the skin, and the mucous membrane, which
intercepts the pathogen through the viscous fluid layer. These two components form the
physical barrier and protect our body from external threats. ?® In addition, the body is
protected by the chemical barrier, such as the stomach acid or the lysozymes in the tear

fluid. 0

Physical and ) )
physilogical barrier Innate Immunity Adaptive Immunity
Neutrophils Antigen
y Dendritic  presentation 1 ..|s B cells
_ ucous Cells aktivate  Production
= : Leukocytes of Antibodies
. Gastric Basophils
% acid
Skin Macrophages
=
g ) ) T-helper Cells
Eosinophils
. Plasma Cells
Neutral Killer Cells
Intestinal tissue Mast Cells Cytotoxic T Cells

Figure 4: Overview of adaptive and innate immunity including the three stages of immune
defense whereby the dendritic cells interact between the innate and adaptive immune system
by presenting antigen to T and B cells.



Introduction

Inflammatory reactions initiated by mast cells form the second stage of the defense
system. 31 (32) When mast cells encounter a foreign surface, they release histamine, which
triggers an inflammatory response resulting in increased blood flow to the affected area and
consecutive increased number of leukocytes. (33 Phagocytes, neutrophils and macrophages
that destroy pathogens and cancer cells, natural killer cells (NK cells) and dendritic cells (DCs)
make up the various subtypes of leukocytes and belong to the family of innate immune
system. NK cells are able to recognize and eliminate infected cells. 3% 33 Healthy cells produce
the so-called major histocompatibility complex class | (MHC-I), which is recognized by NK cells.
When cells are infected, MHC-I production stops, causing NK cells to recognize and bind to

infected cells and kill the cell by releasing certain chemicals. (3¢)

DCs are localized in the skin and mucosa and interact between the innate and adaptive
immunity. They also recognize and digest pathogens and transmit this information in the form
of pathogen specific antigens to the cells of the adaptive immune system. 37) T lymphocytes
and B lymphocytes, the cells of the adaptive immune system, can recognize and fight against
the pathogens based on the antigens they display on their surface. As a result, the adaptive
immune system is more efficient and can discriminate between pathogens. 38 After the
immune response has initiated and the infection has already been triggered, T lymphocytes
initiate a response, recruiting cytotoxic cells (killer cells) to eliminate the infected cells. 3 B
lymphocytes form the humoral immune response and are used when the pathogens are
already present but have not yet initiated infection. (%) B cells produce antibodies that match
antigens on the surface of the pathogens, forming a protective shield for the pathogens. This
sends a signal to macrophages that eliminates the pathogen. In addition, B and T cells form
so-called memory cells that store all past infections, thus enhancing the immune response to

the infection that has already been overcome. %

Hence, DCs play a crucial role as mediators at the interface between innate and adaptive
immunity. The main functions in the innate immune system are a) antigen uptake and
processing, b) presentation of antigens to cells of the adaptive immune system, and c)
mediation of their polarization to effector cells. “2 DCs are divided into two subtypes:
plasmacytoid DCs (pDCs) and myeloid DCs (mDCs). mDCs are specialized in recognizing
subtypes of pathogen-associated molecular patterns (PAMPs) due to their unique distribution

of pathogen recognition receptors (PRRs) such as toll-like receptors (TLRs), C-type lectins
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(CTLs) and intercellular nucleic acid sensors. (43 44 (45) |n previous studies, many different C-
type lectins of DCs have been reported including DC-SIGN (dendritic cell-specific ICAM-3
seizing non-integrin), the Langerhans cell specific lectin Langerin, the mannose receptors,
Dendritic  cell-specific  ICAM-3-grabbing  nonintegrin  (DC-SIGN), Dectin-1 and
asialoglycoprotein receptors (ASGPR), which function as antigen receptors and are involved in

various infections and diseases. 46

1.3 Lectins of innate immunity — Langerin and DC-SIGN

Langerin and DC-SIGN belong to the C-type lectin family and are among the important lectins
of the immune system. Their function as cell surface receptors with N-terminal domain and a
single extracellular domain (ECD) and are crucial for cell-cell interactions as adhesion
receptors. 47) (48) The C-type lectins (CTLs) form a family of calcium-dependent carbohydrate-
binding proteins. CTLs are expressed by dendritic cells and can recognize pathogens and
subsequently activate adaptive and innate immune responses. 49 Although both lectins have
many overlapping properties, they have different functionalities with respect to the immune

response.

Langerin is a trimeric transmembrane protein and categorized as a type Il CTL, which is
expressed exclusively on Langerhans cells, which are found in the epidermis and initiate an
immune response upon encountering pathogens. % This lectin composed of a cytoplasmic
domain, a transmembrane region and ECD, which consists of an a-helical neck domain and a
carbohydrate recognition domain (CRD) containing a calcium ion. Due to the interactions
between the CRDs and the neck domains, the ECD forms a rigid trimer with the three
symmetrically arranged carbohydrate binding pockets spaced 4.2 nm apart V) (see Table 1).
DC-SIGN is expressed on subepithelial DCs and macrophages and enables dendritic cells to
interact with T cells by binding to intercellular adhesion molecule 3 (ICAM-3). 52 The ECD of
DC-SIGN consists of 4 CRDs formed into a tetramer with a distance between 4 and 9,5 nm
apart. (see Table 1). (33 (54 Both lectins have overlapping carbohydrate specificities, for
mannose (Man), fucose (Fuc) and acetyl-glucosamine (GIcNAc) monosaccharides. (53 (36)(57) pC-
SIGN and Langerin are pattern recognition receptors (PRRs) that are important for a variety of

viruses such as HIV-1 (human immunodeficiency virus type 1) *8 HCV (hepatitis C virus) 9

6
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and bacteria, e.g. Mycobacterium tuberculosis. % Similar to other Toll-like receptors, DC-SIGN
and Langerin are involved in antigen formation and antigen uptake, leading to migration of
DCs to the lymph nodes, followed by presentation of the antigen in the context of the MHC.
This activates T cells, triggering the adaptive immune response. However, these CTL receptors
are misused by some pathogens and tumor cells to evade the immune response. (1) (62) For
instance, there is a significant variance in HIV-1. Langerin has a protective effect by
internalizing the virus and then destroying it through the production of Birbeck granules,
whereas DC-SIGN promotes survival, infection of additional cells, and thus the spread of
HIV- 1. (63) (64) (65) Birbeck granules, which are unique to LCs, are a part of the endosomal
recycling mechanism. () On the other hand, Langerin also serves as an entry receptor for
influenza A virus (IAV), despite the fact as LC does not contain sialic acid on its cell surface,

which is necessary for IAV attachment. (67)

Table 1: Overview and comparison of the C-type lectins Langerin and DC-SIGN including
localization, carbohydrate recognition and characteristics.

Localization Carbohydrate recognition Characteristics
Langerin Langerhans Cells (LCs), mannose, fucose, * Induces Birbeck granule
nA.2nm subtyp of DC, located in the GlcNAg, sulfated formation
C% epidermis and mucosa glycans * promotes the internalization
. and presentation of antigens
trimer
DC-SIGN Dendritic Cells (DCs) located in mannose, * Adhesion receptor
4 nm the epidermis, sub-epithelium, fucose, GIcNAc * Regulates the immune
rectal mucosa and lymph function and antigen
nodeosa presentation
tetramer

Due to these ambivalences, Langerin is a challenging target for therapeutic development, as
Langerin can increase infectivity in some situations, while acting as a protective mechanism
and promoting BG formation in others. Considering these facts, the development of highly
specific drugs to differentiate DC-SIGN from Langerin has arisen as a leading priority without
affecting the innate immune function of Langerin. In contrast to Langerin, DC-SIGN interacts
with complex multiantennary glycans in nature. (8 Moreover, certain differences in Lewis-

type antigen recognition are supported. Despite DC-SIGN, Langerin is unable to bind to the
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LeX and LeA antigens, but it still recognizes the LeY and LeB antigens as well as the blood group
antigens A and B. % These findings suggest to a restricted capacity to detect only terminal
1- 2-linked Fuc residues, pointing to a possible protective function for natural LeX-containing
antigens as DC-SIGN elective binders. 79 One opportunity to address this issue is that the
targeted multivalent presentation of carbohydrate ligands can influence an increase in
selectivity to lectin. For example, the binding pockets of a lectin can be used as a template and
the multivalent ligands can be arranged in such a way that they geometrically fit into only one
binding pocket of a lectin and not into the other, thus achieving selective binding and

inhibition of the lectin.

1.4 Mannose bearing glycomimetics targeting Langerin

Selective targeting of lectins is necessary to learn more about their biological role, especially
Inhibiting their functions to prevent certain diseases plays an important role. Therefore, much
attention is focused on developing ligands with higher affinity for their target lectin. C-type
lectins such as Langerin and DC-SIGN are important pathogen recognition receptors of the
immune system that contribute to immune regulation by activating the adaptive immune
response. Therefore, it is important to use such lectins as targets, for example, to develop
immunotherapeutic. In the following chapter, current strategies are presented, with a focus
on mannose bearing glycomimetics targeting Langerin. Although Langerin has gained
popularity in recent years, there are few publications on mannose-bearing multivalent
glycomimetics. The use of Mannose bearing conjugates targeting Langerin has been minimally
investigated. A challenge is the selective control of langerin, as it is always in competition with
other mannose-recognising lectins, especially the other C-type lectins such as DC-SIGN.
Another important aspect is the availability of the lectin. While a certain amount of protein is
commercially available, Langerin has to be expressed. Langerin expressed from both mice and
humans were studied. The comparison showed that Langerin expression from mice was not
sufficient to cause BG formation. Therefore, human langerin is used in these studies. 7Y The
following chapter gives a selection of studied multivalent mannose conjugates that have been

tested for their binding to Langerin.

Terminal Man as minimal binding motif for Langerin was identified by Stambach and
Taylor. ®® They investigated the carbohydrate-binding properties of monosaccharide

8



Introduction

Mannose and oligosaccharides MangGIcNAc; by using a solid phase assay resulting in 10-fold
increase of binding towards Langerin. Andrea Holla and Arne Skerra investigated the effect of
increasing the number of mannose from one to dimannose Man(al-2)Man and tested the
interaction on Langerin using isothermal titration calorimetry (ITC) and observed a 1.5-fold
increase in the interaction. A glycan microarray was then used to print carbohydrate
components onto NHS-activated glass. In this way, 28 monosaccharides, 62 disaccharides, and
185 larger oligosaccharides with mannose, sulfated and sialic acid containing structures were
obtained. The finding showed that Langerin bound to compounds with terminal mannose
structures, preferring small linear structures with three and four mannose groups. 72 This has
then led to the development of different types of Man-functionalized glycomimetics and

glycoconjugates that were tested for binding to Langerin.

A recent example that is also the starting point for the study presented in this thesis is work
by Neuhaus et al, where multivalent Langerin inhibitors were developed in a rational design.
Based on the structure of trimeric Langerin, they used solid-phase polymer synthesis (SPPoS)
to construct trivalent Langerin inhibitors with asymmetrically branched 3-armed
glycomacromolecules containing a mannose ligand on each arm. The distance between the
mannose ligands was adjusted by varying the arm length of the glycomacromolecules, with
distances between arms ranging from 11-15 A for the smallest structure to 29-37 A for the
largest structure. (see Figure 5) To investigate the influence of valence as well, a 1-arm
structure carrying one mannose ligand was prepared. The 1°F-NMR competition assay showed
that the trivalent mannose ligand with the shortest arms (ICsp = 0.044 + 0.006 mM) most
strongly inhibited the interaction towards Langerin compared to the largest structure
(ICs0=0.8 £ 0.1 mM). The comparison of monovalent 1-arm structure with smallest 3-arm
structure also resulted in a 200-fold increase of binding affinity. According to these findings
and modeling studies, they come to the conclusion that the smallest structure in the three
CRDs of the Langerin is kinetically trapped. This leads to rapid exchange between the CRDs
and the individual mannose ligands, resulting in an increase in avidity due to statistical

rebinding effects rather than chelation. (73
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Figure 5: Selected examples of Langerin targeting glycomimetic ligands of different sizes:
Neuhaus et al. showed the 3 armed glycomimetic with variation in arm length, Abdouni et al.
showed the synthesis of star shaped glyocpolymers with differences in arm length and
molecular weight (MW), Li et al. showed the conjugation of mono-, di- and triMannose on a
peptide backbone.

Additional mannose-containing ligands to study the binding affinity towards Langerin were
prepared by the group of Becer and coworkers. (74 First, they prepared mannose-containing
linear glycopolymers and star-shaped glycooligomers to study the binding potential to
Langerin and DC-SIGN using surface plasmon resonance (SPR). (see Figure 5) Mannose-
containing star-shaped glycopolymers with different numbers and lengths of arms were
synthesized using copper-mediated reversible deactivation radical polymerization. In this
process, two different sets of star polymers were prepared. The first set (set S1) consists of 5
glycopolymers with an average of 1, 3, 7, 8 and 15 arms synthesized. In the second set were 5
glycopolymers (set S2) the number of carbohydrates per macromolecule was kept constant to
obtain glycopolymers with similar number of mannose but different arm length. Both groups
of glycopolymers were then evaluated for their lectin-binding affinity toward a number of
novel and previously studied C-type mannose-specific lectins, including Langerin and DC-SIGN.
In this regard, the proteins were immobilized onto an SPR chip and the direct binding of the
glycopolymers was investigated. For glycopolymer S1, showing a different number of arms per
molecule but the same arm length, an enhancement of the binding affinity to Langerin was
observed with an increase in the number of arms compared to DC-SIGN. The glycopolymers
of set S2 with different arm lengths but the same molecular weight showed very similar

binding abilities towards Langerin and DC-SIGN. (see Figure 5)
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To determine the optimal oligomannoside structure for binding to Langerin, Li et al. studied a
set of 20 mannose ligands composed of clusters of mannosides from one, two, or three of six
monomannosides, dimannosides, or trimannosides bound to a peptide scaffold (gp100). (see
Figure 5) The direct binding of the ligands towards Langerin was investigated using SPR. For
this purpose, Langerin was functionalized on an SPR sensor chip to imitate the natural
presentation of lectin on the cell surface. The results showed that the correlation between the
increase in mannose units and affinity for Langerin increased up to the uM range, which was

also supported by the binding study using flow cytometry. (7%

To investigate the binding and internalization of these ligands, cell experiments were flow
cytometry were performed. For this purpose, Langerin-expressing human Epstein-Barr virus-
transformed B lymphoblast cell lines (BLC) were used and the ligands were labelled with
biotin. After incubation with the cells, a streptavidin labelled dye was added and then assayed
by flow cytometry. The assay showed increased langerin binding for the ligands with three or
six copies of mono-, di- and trimannose, which is consistent with the SPR assay. To confirm
the binding, the cells were blocked with a Langerin-specific antibody, which verifies the
Langerin-binding specificity of the Man carrying ligands. In summary, the results of the binding
assays suggest that Langerin affinity is dependent on the type of oligomannoside and can be

improved by multivalence.

Overall, the hexavalent presentation of the Man units yielded ligands with a high affinity
towards Langerin. Subsequently, this ligand was used to study its uptake into the cell. For this
purpose, the Langerin-expressing cells were incubated at 4 °C with a biotin-functionalised
hexavalent ligand. After 60 min, the cells were washed and then incubated at 37 °C. After
specific time points, samples were taken, washed, mixed with streptavidin-labelled dye and
then analysed by flow cytometry. After about 1 hour, 35-55 % of the ligands were internalised.
This indicates that the ligands with higher mannose content remain on the surface longer

before they are internalized.
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2. Synthesis of Glycomimetics

Glycomimetics form a new class of materials that can be utilized to improve the understanding
of carbohydrate-lectin interactions. 7®) Carbohydrates in living organisms play a critical role in
information storage and release, signal transduction, cell adhesion, cell-cell communication,
and recognition of bacteria and viruses. (58 (77) (78) (79) (80) However, the complex structural
diversity of natural carbohydrates makes it difficult to establish a direct structure-property
relationship between carbohydrate ligand and receptor. To gain a better understanding of this
structure-property relationship, research is utilizing artificial glycomimetics with precise
control over the number, position, and spacing of carbohydrate ligands present within each
molecule, which can be used to specifically address a question about the mechanism of
carbohydrate-lectin interactions. Glycomimetics is used to design carbohydrate-containing
macromolecules that mimic their natural counterparts by simplifying the carbohydrate ligands
by excluding unnecessary carbohydrate components that potentially do not show binding to
receptors. The architecture of glycocomimetics can vary depending on how they are
simplified, from linear to dendrimers to star-shaped or even glycopolymers and
glyconanoparticles. (81 (82) (83) (84) | yiew of the relevance of this work, the three systems of
glycomacromolecules, glycopolymers and glyconanoparticles will be highlighted in the

following chapters. (see Figure 6)
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Figure 6: A monovalent carbohydrate is first presented on a glycooligomer to mimic the
outermost carbohydrate of the glycocalyx. To increase multivalence, the glycooligomer is
either attached to a polymer scaffold resulting in brush glycopolymer to mimic the branched
oligosaccharides on the cell surface or to a nanoparticle to mimic the entire cell surface.

An important tool for obtaining a variety of glycomimetics is the solid-phase synthesis of so-
called precision glycomacromolecules. 8> (88 These glycomacromolecules have an
oligo(amidoamine) backbone with pendant carbohydrate side chains. A monodisperse,
sequence-defined oligo(amidoamine) backbone with different functional groups in the main
and side chains can be prepared by stepwise assembly of these building blocks on a solid
support via SPPoS, which is based on the Merrifield peptide synthesis technique using artificial
building blocks instead of natural amino acids. These glycomimetics can be used as ligands
and inhibitors in the study of bacterial and viral lectins or the interaction with tumor
cells. (87)(88) (89) (%0) (51) Conjugation of these glycomacromolecules to polymeric scaffolds or to
particles not only enhances the multivalent presentation of carbohydrate moieties, but also
allows them to be studied in addition to lectins on cells or even bacteria. Thus, conjugation to
polymeric scaffolds has been used to produce brush glycopolymers to study interactions with
lectins such as DC-SIGN, ConA, and MBL. ¥2)(93) Conjugation to particular systems such as the
gold nanoparticles, microgels or liposomes allowed the study on lectins such as ConA or

Galectin-3. (94) (95) (96)
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2.1Solid phase polymer synthesis of precision glycomacromolecules

Solid phase synthesis was first described by E. Fischer in 1903 and used for the preparation of
peptide chains.®”) More than 50 years later, R.B. Merrifield simplified and accelerated peptide
synthesis and invented the stepwise coupling of amino acids to the solid phase. ®® In each
cycle, the peptide chains are extended by one amino acid on the solid support, allowing rapid,
efficient, and controlled assembly of different amino acids and yield in high purity by simple
filtration and washing processes instead of the time-consuming and difficult purification steps
after prior isolation. ®® Solid phase synthesis is not limited to amino acids, but can also be
carried out with all bifunctional compounds functionalized with a carboxyl group on one side

and an amide group on the other. (190

One of the key components of solid phase synthesis is the solid support. This requires stable
binding between the support and the peptide chain and specific cleavage of the substrate.
Merrifield prepared a copolymer of styrene with divinylbenzene (DVB) as a crosslinking agent
and used a chloromethyl group as a linker. (100 This classic so-called Merrifield resin is
extremely hydrophobic and swells very strongly in organic solvents such as dichloromethane
or dimethylformamide. The expansion of the surface allows diffusion of the reactants to the
linker or terminal amine group of the building block and thus chain growth. 192 However, for
longer chains, the synthesis of long peptide chains leads to aggregation at the resin surface
and thus to termination sequences. To circumvent this problem, more hydrophilic resins, such
as the Tentagel resin, can be used. The Tentagel resin is a graft polymer of polystyrene
crosslinked with divinylbenzene, to which the polyethylene glycol (PEG) chain is
anchored. (103)(104) The PEG chain provides greater spacing from the polystyrene backbone,
resulting in greater chain flexibility and allowing easier access of reactants to the resin. The
amine end groups of the bbs are provided with temporary protecting groups that can be
cleaved off under various conditions. The Fmoc group is used for temporary protection of the
amine end groups according to the so-called standard Fmoc coupling protocol. (1% The
advantage of this method is the ease of deprotection under basic conditions from a 25 Vol %
piperidine solution in DMF. The success and completeness of Fmoc cleavage can be monitored
by UV absorption spectroscopy. The cleavage produces the dibenzofulvene (DBF)-piperidine
adduct, which adsorbs strongly in the UV region. Functional side chains such as additional
amine groups (e.g., in lysine) can for example be protected by a tert-butyloxycarbonyl (Boc)
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protecting group or an alloxycarbonyl (Alloc) protecting group. The Boc protecting group is
cleaved under acidic conditions, usually dilute hydrochloric acid, and the use of TFA
simultaneously allows the final cleavage of the peptide chain from the resin. The Alloc
protecting group is removed by a palladium (0) catalyst. (190 (107) To prevent the formation of
undesirable by-products, known as spurious sequences, during the stepwise assembly of the
peptide chain, the reactants are used in excess. The bbs are coupled by the addition of a
tertiary amine (e.g. DIPEA) is used to produce a carboxylate of the N-protected amino acid,
which then reacts with the activating reagent PyBOP. This produces a phosphonium oxide
species, which is the driving force of the coupling reaction, and a hydroxylbenzotriazole (OBt)
anion, which further reacts with the N-protected amino acid in its corresponding OBt esters.
After successful coupling of the first building block, the Fmoc protecting group of the end
group is removed using 25 vol% piperidine solution. The coupling and deprotection steps are

repeated until the desired chain length or number of bbs is achieved. (see Figure 8)

Hartmann et al. developed solid-phase polymer synthesis (SPPoS) for the effective preparation
of monodisperse sequence-defined, or so-called precision glycomacromolecules. (198 |n
general, precision glycomacromolecules have an oligo(amidoamine) backbone and side chains
with incorporated carbohydrate residues. The backbone is constructed by SPPoS using the
Fluorenylmethoxycarbonyl (Fmoc) protecting group strategy. This allows not only the
construction of linear macromolecules, but also the introduction of branching when using
building blocks (bbs) that have a functional side chain in addition to the acid and amino
groups. (86)(109) A yariety of tailormade bbs have been developed and can be divided into so-
called spacer and functional bbs as shown in Figure 7. (85 (87)(110) 5pacer BBs can be used to
adjust the distances between the functional BBs. On the other hand, they can be utilized to
regulate the hydrophobicity 11V (see Figure 7) Functional bbs carry a functionality in their side
chain, e.g. alkyne for TDS or azide for BADS. These bbs can be used to prepare monodisperse
biomimetic glycooligomers with different polarities, lengths, valences and carbohydrate

functions.
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Figure 7: Examples of functional bbs with different functionalities in the side chain and spacer
bbs with different spacings for application to the SPPoS. (87)

To prepare precision glycomacromolecules, an alkyne-functionalized building block and a
carbohydrate-azide derivative are used for Cu(l)-catalyzed azide-alkyne cycloaddition
(CuAAC). 83 (112) The beginnings of click chemistry date back to 2001 and were developed by
Sharpless et al. 13 The advantages of the click reaction are the mild reaction conditions and
the simple and rapid purification steps. The copper(l)-catalyzed azide-alkyne cycloaddition

(CuAAC) allows the formation 1,2,3-triazol. (114 (115)

At the last step the peptide chain is isolated by cleavage from the support. Cleavage of the
polymer chain from the resin requires different cleavage conditions depending on the

composition of the resin. The cleavage of the resin occurs under acidic conditions and requires
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trifluoroacetic acid (TFA) in concentrations ranging from 1 to 95%, depending on the linker

type. (116)
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Figure 8: General mechanism of solid phase polymer synthesis (SPPoS) consisting of repetitive
coupling and repetition steps followed by Cu-click reaction for functionalization with
carbohydrate azides and cleavage from the resin.

Overall, solid phase synthesis allows for straightforward variation of different parameters such
as number and spacing of carbohydrate ligands, hydrophilic or hydrophobic units within the
scaffold, the overall length as well as architecture (e.g., linear, branched or cyclic) of the
scaffold. (73) (111) (117) (118) Another advantage is the possible automation of the method e.g., by
a standard peptide synthesizer. (11°0 The preparation of high molecular weight
glycomacromolecules, however, is limited — similar to the synthesis of long chain peptides in
solid phase, e.g., due to aggregation phenomena and limited diffusion of bbs to the reactive
chain end. (87 (120) Therefore, strategies were developed to combine classic polymer synthesis
approaches with SPPoS and derive sequence-controlled glycopolymers. 2 (121) The following

sub-chapter will introduce the synthesis of brush glycopolymers.
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2.2 Synthesis of brush glycopolymers

Glycopolymers are typically composed of a synthetic backbone with pendant carbohydrate
side chains. They can be derived by a variety of synthetic methods, e.g. from glycomonomers
or through conjugation of carbohydrates onto a polymeric scaffold- (17) (122) (123) A special
subclass of glycopolymers are branched or brush-like glycopolymers and refers to polymers
with a high density of side chains. The architecture of glycopolymers has been shown to affect
their binding to carbohydrate receptors such as lectins. For example, Shamout et al.
synthesised a series of brush-like glycooligomers by varying the degree of branching and the
number of carbohydrate ligands per branch and studied their binding towards the C-type
lectins Concanavalin A (ConA) , DC-SIGN and MBL. ®? Zheng et al. prepared highly branched
glycopolymers and showed that most remarkable bacterial binding and inhibition abilities
compared to the two linear analogues. 1?4 Li et al. proposed the synthesis of brush
glycopolymers with an anti-adhesive interface of proteins on a gold substrate which can be
used to study the adhesion and anti-adhesion effects of proteins ConA and bovine serum
albumin (BSA). %) The synthesis of brush glycopolymers can be differentiated by using

“grafting through” (126, “grafting from” (127) and “grafting onto”: (128), (see Figure 9)
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Figure 9: General synthetic methos for the preparation of brush glyocpolymers: “Grafting-
onto” reactions require the coupling of a tele-functional polymer to a backbone polymer with
functional side groups. “Grafting-through” is achieved by polymerization of macromonomers.

In the “grafting-from” process, the precursor of the backbone polymer is prepared by using
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monomer units that include functionalities that can initiate the polymerization of a second
monomer. Adapted from (12°)

The "grafting-onto" method allows the incorporation of side chains which are first synthesized
e.g., by polymerization and carry one specific end group. This can then be used to attach these
side chains to another polymer scaffold carrying (ideally in each repeating unit) functional
groups that allow for covalent attachment via the end group of the side chain polymers.
functional groups by chemical modification of the polymer backbone. (130 (131) (132) This |eads
to well-defined brush polymers as the branching sides are prepared separately and
subsequently conjugated to the backbone by exchanging the functional groups for side chains.
The reaction is usually very rapid, but full incorporation of the side groups into the backbone
is often not possible because of steric hindrance. In addition, the polymer backbone has to go
from an entangled to an elongated conformation when the side chains are incorporated,
which makes the reaction entropically less favourable. (133) The molecular weight of the final
brush polymer can be determined using the known molecular weights of the backbone and

branches to calculate the mean number of branches. (134)

The "grafting-through" approach, which calls for an initiator and a macromonomer with a
polymerizable end group, is the most straightforward method for producing a brush
polymer. 135 Controlled polymerization methods make it simple to create well-defined
macromonomers, but the resulting brush polymer is frequently short and has a wide
molecular weight range. (3®) To avoid this, the macromonomer can be readily copolymerized
with another comonomer that is not sterically difficult, which reduces the amount of

branching and dispersity while allowing for longer chain lengths. (137)

The “grafting-from” method is based on post-polymerization between a monomer carrying a
functional end group and a macroinitiator, i.e. a polymer scaffold previously functionalized
with several initiators. (138 (139) The monomers are then attached to the polymer scaffold by
further polymerisation, resulting in repeating side chains, whereby the number of initiators
determines the number of side chains attached. Compared to the amount of initiators on the
backbone, this approach has the advantage that the length of the polymer grafting can be well

controlled and the grafting density of the polymer ethers is high. (149)
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2.3 Synthesis of glyconanoparticles

Carbohydrate decorated nanoparticles, also called glyconanoparticles (GNP) already find
successful application in biomedicine, (141 (142) piosensing (143 and in detection and early
diagnosis of cancer. 144 (145 GNPs combine two features: first, they provide distinctive
qualities as a result of the core material, such as gold, silver or magnetic. On the other hand
due to their high surface-to-volume ratio GNPs allow the multivalent presentation of
carbohydrates and overcome the weak interaction of one carbohydrate to a protein. (146)
Furthermore, the carbohydrate-lectin interaction is significantly influenced by the size and
shape of the GNPs and the density of the carbohydrates conjugated on the surface of the
particle. Whereas, larger-sized GNPs have flatter surfaces (7) which can be useful when
examining the interactions between carbohydrates and the target organism, also the shape
(rods or spheres) can affect the these interactions. (1*®) Furthermore, if the density of the
carbohydrates on the surface of the particles is too high, the accessibility of the particles will
be impaired. However, this can be remedied by using long and flexible tethers. (149 (150) |
general, GNPs are divided into three different classes depending on their nature and
composition: gold and silver GNPs, semiconductor glyco-quantum dots (glyco-QD) and
magnetic GNPs (see Figure 10). Due to their relevance to this thesis, glyco-quantum dots and

Janus particles are discussed in this chapter in more detail.

Therapeutic:
* Cancer treatment

%O Xo * Viral and bacterial infections
o) X * Glyco-vaccines

O
Diagnosis: % ) )
* Magnetic resonance o magnetic
* Flourescence imaging %% GNPs iharor
(o]
o gold GNPs
glyco-
Quantum dots o
O’
Carbohydrate
éé coating
° =
@]
Analysis:

* Biomarker sensing
* Protein-glycan interaction
* Quality control

20



Synthesis of Glycomimetics

Figure 10: Three categories of glyconanoparticles divided in gold or silver GNPs, magnetic
GNPs and glyco-quantum dots and their main application fields: diagnosis, therapeutic and
analysis. Adapted from (151

Quantum dots (QDs) are fluorescent semiconductor nanocrystals with unique size-dependent
optical properties and can be used as fluorescent probes in biological systems due to their low
cytotoxicity. 152 Their size can vary widely depending on the synthesis process and is in the
range of 2 — 50 nm. (133 QDs are characterized by very high quantum yield and a high chemical
stability at acidic conditions, so they can be used as biomarker for labeling cells or monitoring

cells for optical imaging in in vivo studies. (154 (155)(156)

A variety of glyco-QDs has been synthesized e.g. presenting different carbohydrate motifs
such as mannose and lactose. 157/ (158) One area of application for such materials is their use in
targeting and staining selected cell types, as will also be explored in this thesis. Especially
tumor cells are known to overexpress specific carbohydrate receptors such as galectins or
mannan-binding lectins. (19 (160 For example, in a recent study, Guo et al. produced mannose
functionalized CdSe/ZnS-QDs and investigated the interaction to mannose recognizing lectin
DC-SIGN. Therefore, mono- and divalent mannose ligands carrying thiol end groups were
synthesized and conjugated onto the particle surface by using cap-exchange method. *57) This
method allows the exchange of zinc-composed QDs with thiol functional ligands, resulting in
compact QDs, which are better suited to Forster resonance energy transfer (FRET)-based
applications. (161)(162)(163) This study showed an increase of affinity by multivalent presentation
of the mannose units was detected by FRET. In another study, QDs decorated with carboxylic
acid were functionalized with glucose after activation by carbodiimide chemistry. Glucose
decorated QDs were successfully used for in vivo detection of breast cancer cells (MCF-7). (164
In a further example, glyco-QDs were prepared by coupling QD-streptavidin with biotin-
functionalized lactose carrying glycopolymers. A through fluorescence staining performed by
confocal microscopy the interaction between lactose glycopolymers and Ricinus communis

agglutinin immobilized agarose beads was conformed. (165)

Janus particles (JPs) are particles that carry two distinct surfaces on each half of the particle.
The name derives from the Roman god with two faces looking in opposite directions,

symbolizing beginning and end, past and future. (1% JPs were first proposed by Pierre-Gielles
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de Gennes in his Nobel Prize lecture in 1991. (167) |ater, de Gennes and his collaborators
introduced amphiphilic glass spheres with two hemispheres with polar and nonpolar
properties. Janus particles have since gained increasing interest due to their unique

architecture and the capability to combine different functions and properties in one

system. (168) (169) (170)

JPs can be prepared from different materials and can be grouzped into hard (inorganic) (274,
soft (organic or polymeric) 172, and hybrid (organic/inorganic) 73 JPs. Depending on the
preparation process, their architecture and size can vary significantly in the nm and um range.
For example, spherical, hamburger, or dumbbell-shaped JPs can be prepared by phase
separation (174 (175 (176) \hile snowman-shaped but also spherical JPs can be prepared by
immobilization. 77) Raspberry-shaped JPs can be prepared by self-assembly or even emulsion

polymerization. (178) (179)

JPs have been extensively studied for their use in biomedicine e.g., for drug delivery, cancer
therapy, bio-imaging, and bio-sensing. One use for such materials is to target and stain
particular cell types and bacteria, which will also be addressed in this thesis. In a recent study,
Feng et al. fabricated magnetic JPs loaded with poly(lactic-co-glycolic acid) (PLGA) and
Rhodamine B. While PLGA was used to destroy cancer cells, the magnetic core (Fe304) was
used for targeting and Rhodamine B for fluorescence tracking. These particles showed high
specificity and toxicity against breast cancer cells MDA-MB-231 compared with non-cancer
cells, mouse embryonic fibroblasts (NIH-3 T3). (189 More recently, silica-based JPs with a
hydrophobic polydopamine side and a hydrophilic perfluorodecanthiol side were prepared by
Mo et al. Due to the hydrophilic modification, the particles were shown to possess
photothermal antibacterial activity in addition to enhanced water retention, which could
enable potential applications in the biomedical field. 181 However, to the best of my

knowledge, there currently exist no examples for glyco-functionalized JPs.
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3. Aims and Outlines

This thesis establishes a bottom-up approach towards different types of glycomimetics with a
special focus on branched and brush glycomimetics so that they share structural features but
also allow for their controlled yet flexible variation. As main tool, solid phase polymer

synthesis as previously established by the Hartmann et al. will be used.

First, glycomacromolecules will be prepared using a new building block, the so-called TT
building block, that allows for the attachment of three carbohydrate motifs in close proximity
resembling the natural presentation e.g., in branched oligosaccharides. This motif also
resembles an umbrella-like structure. The umbrella motif is the common denominator of the
glycomimetics of this thesis and umbrella glycomacromolecules will next be conjugated to
different scaffolds such as polymers yielding brush glycopolymers and particles resulting
glycofunctionalized carbon-based-nanoparticles (glyco-CNPs) as well as glycofunctionalized

Janus particles (glyco-Janus Particles). (see Figure 11)

In the second part, the different glycomimetics will be investigated for their binding properties
and potential applications in biomedicine. Special focus is devoted to testing the umbrella
glycomacromolecules and their conjugates for their binding to Langerin and DC-SIGN. Based
on previous studies from the Hartmann lab, it is expected that the close presentation of three
mannose ligands as is realized through the TT building block should be particularly beneficial
for binding and thus potentially targeting Langerin as receptor. In order to test for the binding
strength as well as potential selectivity, different binding assays e.g., by SPR or **F- NMR will
be performed. In addition, glycomacromolecules will be formulated into liposomes and their
binding to Langerin and DC-SIGN expressed cells will be investigated. Similarly, umbrella
glycopolymers will be investigated for their binding to Langerin as isolated receptor as well as
on cell surfaces. Umbrella glyconanoparticles will be explored in more applied tests, with the
Janus type particles being used as inhibitors of bacterial adhesion and the carbon dots being

studied for their cell uptake by different types of tumor cells. (see Figure 11)
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Figure 1: Overview of the topics discussed in this dissertation. Starting from the solid phase
synthesis (grey) of umbrella-like and heteromultivalent glycooligomers (dark yellow) followed
by the conjugation on different scaffolds to gain brush-glycopolymers (orange), glyco-Janus
particles (red) and glyco-CNPs (purple) to increase the multivalency. These gylcomimetics
were studied towards the lectins Langerin and DC-SIGN and lectin expressing cells (blue),
E. coli (green) and different breast cancer cells (yellow).

Overall, the work is divided into two broad areas, synthesis and binding studies, to investigate
the interactions between lectins and carbohydrates (see Figure 11):
1. a) synthesis of heteromultivalent glycomacromolecules
b) synthesis of umbrella glycomacromolecules
¢) conjugation of umbrella glycomacromolecules onto polymer scaffolds yielding in
brush glycopolymers
d) conjugation of umbrella glycomacromolecules onto particle scaffolds yielding in
glyco-Janus Particles (in collaboration with Dr. Synytska, University Bayreuth)
e) conjugation of umbrella glycomacromolecules onto particle scaffolds yielding in
glyco-CNPs (in collaboration with Prof. Heinzel, HHU)
2. investigation of the binding properties of umbrella glycomacromolecules and their

conjugates, specifically:
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b)

heteromultivalent glycomacromolecules towards Langerin and DC-SIGN via SPR
and 9F- NMR Assay and Langerin and DC-SIGN expressing cells by using flow
cytometry (in collaboration with Prof. Rademacher, University Vienna)

umbrella glycomacromolecules towards Langerin and DC-SIGN via SPR and
1BF- NMR Assay and Langerin and DC-SIGN expressing cells by using flow cytometry
(in collaboration with Prof. Rademacher, University Vienna)

brush glycopolymers towards Langerin using °F- NMR Assay and their cellular
uptake towards Langerin expressed HEK-291 cells (in collaboration with Prof.
Rademacher, University Vienna and Prof. Thiel, Aarhus University)

glyco-Janus particles investigation towards adhesion behavior of E. coli (in
collaboration with Dr. Schmidt, HHU)

glyco-CNPs cell uptake experiments towards MCF-7 and MDA-MB-231 breast

cancer cells (in collaboration with Prof. Heinzel, HHU)
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4. Results
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Abstract:

Langerin and DC-SIGN are important receptors of the immune system. They are important for
immune regulation and the specific targeting of these c-type lectins plays a key role, e.g., in
the development of vaccines against cancer. Since both receptors recognize terminal
Mannose (Man) units, Langerin with three and DC-SIGN with four Man-recognizing domains,
they cannot be selectively targeted based on the carbohydrate unit alone. Rather, in the
design of Man-conjugates as glycomimetics, the effect of the scaffold, e.g., its valency or size,
has been explored to derive ligands that can potentially target either DC-SIGN or Langerin.
Previously, a series of trimeric ligands was developed based on a receptor guided design
presenting three Man ligands on trivalent oligomeric scaffolds of different sizes. The smallest
ligand showed the highest avidity toward Langerin and it was hypothesized that this ligand is

kinetically trapped between the Man-binding sites of the receptor.

Here now, this glycomimetic is derived as a series of heteromultivalent structures
systematically exchanging Man towards non-binding galactose (Gal) ligands. These ligands are
then studied by SPR and '°F-R,-NMR quantifying their avidity towards both, Langerin and DC-
SIGN. The binding studies shows a linear decrease in ICsg values with a decrease in the number
of Man units from 3 to 0, indicating that statistical rebinding is preferred as a binding mode.
The comparison of binding between the lectins shows higher binding to DC-SIGN, which is
rationalized by the additional CRD and thus higher statistical probability for DC-SIGN binding.
In addition, ligands are conjugated to liposomes and tested for cellular uptake on Langerin-
and DC-SIGN overexpressing cells. The comparison between the cells shows an increased

uptake for the liposome conjugated with the trivalent ligand on DC-SIGN-expressing cells.

Introduction

Langerin and DC-SIGN (Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing
Non-integrin) are C-type lectin receptors (CLRs) of the immune system known to bind Man
glycans.' Both receptors are known to play a role in the immune response where they act as
target receptors e.g., for eliciting antiviral and antitumor responses.®? Activation of the
receptors can lead to uptake of the pathogen, followed by digestion and presentation of

antigens inducing innate immunity.'%'2 Based on this mechanism, both, Langerin and DC-SIGN
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have been studied as targets for cell uptake e.g. in the development of drug delivery
platforms.'31” Besides these commonalities, there are also key differences for these two
CLRs*8: Firstly, they are expressed on different dendritic cell (DC) subgroups, while DC-SIGN is
highly expressed on the surface of DC'?, Langerin is expressed by the DC subgroup Langerhans
cells (LCs)?°. Moreover, they have different molecular orientations, with Langerin forming a
trimer in the extracellular neck region through a coiled-coil structure, leading to a rigid
position in the membrane. In contrast, DC-SIGN forms oligomers through its stem region,
giving a higher degree of flexibility to the carbohydrate recognition domains (CRDs) that
facilitate interaction with its ligands?! , forming a tetramer??. Both receptors target different
intracellular processing and organelles. An interesting feature of Langerin is its association
with Birbeck granules (BGs), which are rod-like structures and subdomains of the endosomal
recycling compartment found only in LCs.?>%* Whereas the presence of Langerin is crucial for
the formation of BG.?° Indeed, all these characteristics of these proteins indicate that these

CLRs mediate different biological responses.

In order to achieve targeting of Langerin and DC-SIGN, so-called glycomimetic ligands have
been designed using different approaches.?®?° Rademacher et al. have used fragment-based
screening by NMR to develop selective Langerin ligands addressing CRDs.3° Both, Langerin and
DC-SIGN are multivalent receptors presenting three and four CRDs, respectively (Figure 1).
Another approach to develop glycomimetic ligands therefore makes use of combining multiple
Man motifs on a synthetic scaffold deriving multivalent ligands.33® Such multivalent
presentation can enable increased avidity e.g., through increased statistical probability of
ligand-receptor binding as well as selectivity e.g., based on the appropriate spatial

presentation of the binding motifs matching the CRDs of the target receptor.

In a previous study we showed that by designing a trivalent branched scaffold a glycomimetic
ligand with high affinity for Langerin was obtained (Figure 1).3* Here, the spacing of the three
Man units was varied in a controlled manner and it was observed that the structure with the
shortest spacing between the Man units showed the highest binding affinity. This was
surprising because this structure should not be able to occupy multiple binding pockets
simultaneously. Our model proposes that the ligand sits between the binding pockets and

leads to an apparent increase in affinity through statistical rebinding processes.
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To investigate this model in more detail, in this study we successively exchange binding Man
motifs in the trivalent ligand for non-binding galactose (Gal) motifs stepwise decreasing the
ligand valency from three to zero (Figure 1). Based on our model of statistical rebinding, we
would expect a decrease in binding when replacing binding through non-binding motifs.
Furthermore, we study the effect of the valency on potential receptor selectivity by studying
both DC-SIGN with four and Langerin with three CRDs, respectively. Binding to Langerin as
well as DCSIGN is quantified by surface plasmon resonance (SPR) inhibition/competition assay
and F-NMR displacement assay. Furthermore, ligands are conjugated to liposomes and
studied for Langerin and DC-SIGN targeting on cells demonstrating the potential of

glycomimetic ligands for cell targeting and drug delivery.
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Figure 1: The trivalent mannose-containing glycooligomer exhibited high affinity for Langerin
on the basis of statistical rebinding.3* To investigate the binding mechanism heteromultivalent
ligands were synthesized by reducing the number of binding Man units (green) towards non-
binding Gal units (yellow) and tested towards trimeric Langerin and tetrameric DC-SIGN.
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Methods

Materials: Aceton (> 99.8%), triethylamine (analytical grade), toluol (for HPLC) was purchased
from Fischer Scientific. Succinic anhydride (> 99.0%) was purchased from Carbolution
Chemicals. Diethyl ether (with BHT as inhibitor, > 99.8%), triisopropylsilane (TIPS) (98%), (+)-
sodium-L-ascorbate (299.0%), chloroform-d (99,8 atom % D), deuteriumoxid-d; (99,8 atom %
D), dimethylsulfoxid-ds (99,8 atom % D), were purchased from Sigma-Aldrich. N,N-
Diisopropylethylamine (DIPEA) (= 99%), kaliumhydroxide (> 85%) was purchased from Carl
Roth. Methanol (100%), ethylacetate (>99.9%), n-hexan (299.8%) and acetic anhydride
(99.7%) were purchased from VWR BDH Prolabo Chemicals. Dimethylformamide (DMF)
(99.8%, for peptide synthesis), tert-butanol (= 99.0%), piperidine (99%), sodium methoxide
(97%), sodium diethyldithiocarbamate (99%), tritylchloride and copper (ll)sulfate (98%) were
purchased from Acros Organics. Dichloromethane (DCM) (99.99%), Triethylsilan (= 98,0 %),
trifluoroacetic acid (2 99,0 %), 9-fluorenylmethyl chloroformate (Fmoc-Cl) were purchased
from Fluorochem UK. Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
hexafluorophosphat (PyBOP) were purchased from Iris Biotech GmbH. The anion resin (AG1-
X8, quarternary ammonium, 100-200 mesh, acetate form) was purchased from BioRad.
TentaGel® resin were purchased from Rapp Polymere. Methyl-a-D-mannopyranoside (>99%),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), 10 mM sodium acetate pH 4.0, 1.0 M ethanolamine-HCl pH 8.5, HBS-P* buffer was
purchased from Cytiva. Calcium chloride, Glycin, Sodium hydroxide TritonX100 was purchased
from Sigma Aldrich. Diethylenetriamine was purchased from Merk (>98%), di-tert-
butyldicarbonat (299,0 %) was purchased from Novabiochem. Ethanol (>99.9%). was
purchased from Chemsolute. 2,2-(ethylenedioxy)bis(ethylamine) was obtained from TCI

Europe. Citric acid, anhydrous; 4-pentynoic acid were purchased from Alfa Aesar (>99.5%).

Synthesis: The synthesis of following building blocks TDS*3, Man-N3* and Gal-N3* were

proceeded according to literature.

Solid phase polymer synthesis of the glycooligomer: Glycooligomers were generated by
repeatedly coupling and deprotecting the building units on solid support to examine the
binding toward Langerin and DC-SIGN. Each time, the reactions were conducted in
Multisynthech GmbH polypropylene syringe reactors with a polyethylene frit and a Luer
stopper. TentaGel® SRAM resin was employed as the solid support and pre-functionalized with

31



Results

ethylenediamine. The batch size for each glycooligomer was 0.1 mmol, and the loading was
0.20 mmol/g.In order to produce a branched glycooligomer, the functional building blocks PA
and TDS were combined with Fmoc-Lys(Boc)-OH, which was chosen as the branching point

due to its orthogonal protective groups.

Coupling and Fmoc-deprotection of the building blocks: First the resin was first swollen twice
for 15 min in DCM and then washed three times with DMF. The coupling steps of TDS, Fmoc-
Lys(Boc)-OH and PA were performed by shaking for 1 h with a mixture of 5 equivalents of the
building block, 5 equivalents of PyBOP and 10 equivalents of DIPEA in DMF followed by
washing steps ten times with DMF. After each coupling, the resin was shaken with a solution
of 25 Vol% piperidine in DMF for 15 min and then washed three times with DMF. This washing

step was repeated two times and then washed ten times with DMF.

Boc-deprotection of Fmoc-Lys(Boc)-OH: The resin was shaken for 5 min in a solution of 4 M
HCl in dioxane. Afterwards the syringe was emptied and shaken in Boc-deprotection solution
for an additional 25 minutes. The resin was then washed three times with dioxane, three times
alternating with DCM and iso-propyl alcohol and remaining HCl was neutralized twice for 10

minutes with a solution of 10 % DIPEA in DCM and finally ten times with DMF.

Copper(l)-catalyzed alkyne-azide cycloaddition (CuAAC): The glycoconjugation to the
glycooligomer backbone was carried out via CUAAC. For this, 2,5 equivalents of (2-azidoethyl)-
2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (Man-N3 or Gal-N3) per alkyne was dissolved in
2 ml DMF, of 30 mol% of sodium ascorbate and of 30 mol% of copper sulfate per alkyne was
dissolved in 0,5 ml water. The copper sulfate solution was drawn up first, then the sugar
solution, and finally the sodium ascorbate solution. The syringe was covered with aluminum
foil and shaken overnight. The resin was then washed three times with a 23 mM solution of
sodium diethyldithiocarbamate in DMF/H,0 (1:1, v/v), three times with DMF, and three times
with DCM. The washing steps were repeated with the three solutions until no coloration of

the wash solution was observed.

Deprotection of sugar-pyranoside and cleavage from the resin: After successful conjugation of
sugar-pyranoside, the deprotection of hydroxyl groups was performed in 0.1 M NaOMe in
methanol and shaken for 60 minutes. Then the syringe was washed ten times with methanol,
ten times with DMF and ten times with DCM. The glycooligomer was cleaved from the resin

by shaking with a solution of 35 vol % TFA, 60 vol % DCM, and 5 vol % TIPS. The solution was
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precipitation in cold diethyl ether and the white precipitate was centrifuged off. The white

solid was then dissolved in water and the product isolated by lyophilization.

Inhibition-Competition Experiments via SPR: The inhibition competition assay was performed
by using SPR by using the binding wizard. First, a C1 chip was immobilized via EDC/NHS with
BSA mannose by using the immobilization wizard. This resulted in an immobilization level of
1125 RU and the reference cell immobilized with ethanolamine resulted in an immobilization
level of 17 RU. For the inhibition competition measurements, a fixed concentration of Langerin
(4 uM) or DC-SIGN (0.5 uM) was tested with each glycooligomer in a concentration range of
3.125 - 800 puM. For this purpose, a 92 uM stock solution of Langerin (20 uM for DC-SIGN) and
a solution of each glycooligomer were diluted in running buffer (HBS-P* buffer with 5 mM
CacCly) to a final concentration of 4 uM of Langerin (0,5 uM for DC-SIGN). The incubation time
was set at 5 min before measurement. As a reference, a solution of protein without
glycooligomer was measured and denoted as 0 uM. The multi-cycle run with a flow rate of
15 pl/min, an association time of 240 s and a dissociations time of 120 s was used. The
regeneration was carried out by using a 0.2 M methyl-a-D-mannopyranoside in water was
injected for 60 s with a flow rate of 5 pl/min. The SPR studies were performed on two different
C1-Chips. The first C1-Chip had and immobilization level of 1125 RU on the measuring cell and
17 RU on the reference cell. The second C1 chip had an immobilization level of 998 RU on the
measuring cell and 25 RU on the reference cell. Glycooligomers were measured 2 times on the

first chip and once on the second chip.

Inhibition-Competition Experiments via 1°F-R2 NMR studies: *°F-NMR and °F-R2-filtered NMR
experiments were perfomred on a Brucker AV 500 MHz spectrometer at 298 K. Spectra were
analyzed in MestReNova and data analysis was carried out with OriginPro. For each spectrum
128 scans were acquired in 5 mm sample tubes at sample volumes of 500 pl. Relaxation rates
R2,0bs Were estimated with the CPMG pulse sequence, (see equation below). T represents the
relaxation time and lp is the integral at a T value of 0 s. The relaxation delay di was fixed to

2.0 s, the acquisition time tacq to 0.8 s and the frequency of 180° pulses ucpmc at 500 Hz.

[ — Ioe_RZ,obsT
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Because of the complex equilibrium and cooperativity effects that occur in competitive
binding experiments with multivalent glycomimetics, ICso values rather than K; values were
used to quantify affinities. I1Cso values were obtained in competitive experiments with the
reporter molecule at five competitor concentrations [I]1.> Samples were made by serial
dilution. The equation below was used to derive ICso values and Hills factors p from Ry,0bs values
in a two parameter fit. The standard errors were derived from the fitting procedures directly.
R2,max denotes the relaxation rate of 100 mM reporter in presence of 25 uM receptor and in

absence of competitor.

Rz,max - Rz,f
RZ,obs = R2,f + W
1+ ( 50)

17
Titration experiments with glycomimetics were carried out in presence of 10% DMSO,
10% D;0, 5 mM CaClz, 25 mM Tris, 150 mM NaCl, at pH 7.8. TFA was used as an internal
reference at a concentration of 100 uM. For *°F R2-filtered NMR experiments, a 10 mM stock

solution of the compound was heated in DMSO and sonicated to be completely dissolved.

Cell Binding Experiment: The human Raji cell line from hematopoietic origin was used for the
binding assay of the formulated particles. DC-SIGN and human Langerin (hL) receptors were

previously transfected with a lentiviral vector to the cells.’

Cells were cultured and incubated in round flat-bottom plastic culture dishes (Corning) at
37 °Cand 5 % CO; (Cooling incubator KB series, Binder GmbH, Germany). For Raji suspension
cells, Roswell Park Memorial Institute Medium (RPMI) 1640 medium supplemented with 10 %
V/V fetal calf serum (FCS) and 100 U/ml Penicillin-Streptomycin antibiotic mixtures
(Thermofisher Scientific, Germany) were used. Cells were split and maintained between 0.5-

3 Mio cells/ml. In addition cells were monitored with a light microscope.

To analyse receptor specificity of targeted liposomes, binding to Raji cells transfected with
human Langerin and WT cells were analysed in flow cytometric via the coformulated liposomal
dye Alexa647 (Invitrogen, ThermoFisher Scientific, USA) conjugated to DSPC-PEG. Experiments
were conducted in duplicates in round bottom 96 well plates. Cells were seeded at a 4*10°
Raji cells per well and 10 uM of the liposomes were added in a total volume of 100 ul. Naked

liposomes served as a negative control and hL liposomes as a positive control.
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The plate was covered with a seal sheet, kept protected from light and incubated for 1h at
4 °C on ice. Afterward, the plate was centrifuged for 3 mins at 500 g, the supernatant was
aspirated, and the cell pellets were resuspended in 150 uL Dulbecco's phosphate-buffered
saline (DPBS) (Gibco TM, Thermo Fisher Scientific, USA). Subsequently, Alexa647 fluorescence
intensity was measured using CytoFLEX S, Research Flow Cytometery (Beckman Coulter).
Alexa674 Mean Fluorescence intensity (MFls) were detected via the red laser (RL) 1-A. The

obtained data was processed using the FlowJo and Origin software.

Results and Discussion

Synthesis of heteromultivalent glycooligomers

Synthesis of glycomimetic ligands is based on the so-called solid phase polymer synthesis
giving access to monodisperse, sequence-defined oligo(amidoamines).3>-37 In short, stepwise
assembly of tailor-made building blocks on a solid support making use of well-established
Fmoc-coupling chemistry gives access to oligomeric scaffolds presenting functional handles at
defined positions within the scaffold.3®3® Commonly alkyne groups are introduced and can
then be used for Cu-mediated conjugation of azide-functionalized carbohydrate motifs to
derive oligomeric glycomimetics.*° Different strategies are available to also achieve sequence-
defined heteromultivalent glycomimetics presenting different carbohydrate motifs at
selected positions within one glycooligomers ligand: A) Orthogonal conjugation chemistry can
be applied e.g., combining azide-alkyne conjugation for one carbohydrate motif and
Staudinger ligation for the second motif.** B) Carbohydrate conjugation can be performed on
the building blocks deriving glycofunctionalized building blocks that can then be applied in the
stepwise assembly of the glycooligomers.*? C) Iterative elongation of the scaffold and
carbohydrate conjugation can be performed where the immediately after introducing the
functional handle in the scaffold, the carbohydrate motif is attached and only then further

elongation of the scaffold is performed.3®

In order to replace Man motifs by Gal in the previously established trivalent Langerin ligand,
here we applied the iterative elongation and coupling strategy (C). This synthesis strategy is
briefly described using the heteromultivalent glycooligomer Man2 with two Man and one Gal

motif as an example (see Figure 2). In the first step, the building blocks TDS with one alkyne
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side chain and Fmoc-Lys(Boc)-OH are successively conjugated to the resin, whereas the lysine
building block is used as the branching point in the oligo(amidoamine) backbone through their
orthogonal protecting groups Fmoc and Boc. After Fmoc cleavage, the scaffold was extended
using the building block 4-pentynoic acid (PA). In the next step, the alkyne groups, presented
by TDS and PA, were simultaneously functionalized with Man-azide via copper-catalyzed
azide-alkyne cycloaddition (CuAAC). Then, after Boc deprotection of the lysine side chain and
conjugation of PA, the non-binding sugar Gal-azide was conjugated. After the deprotection of
the sugar units, the heteromultivalent glycooligomer is cleaved from the resin. By the solid
phase synthesis, a series of homo- and heteromultivalent trivalent glycooligomers Man3,
Man2, Manl and Man0 were produced, whereas the number at the end of the name indicates
the number of Man-residues. (See Figure 2 and Sl for analytical details) Thus, the
glycooligomer Man3 carries three Man residues, Man2 carries two Man and one Gal residue,

Man1 carries one Man and two Gal, and ManO carries three Gal residues and no Man.

a) Solid phase polymer synthesis
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- ‘HA&.7 5. CUAAC of Man-Azide/” ™\ H OAc 8 CuAAC of Gal-Azide
\_ _/NH, \ LN NHFmoc ( LN : _‘

— -/ | \__/ OAc
res'n NHBoc NHBoc
\ /"_'\‘ H OAc
\ }‘,N

2. deprotection Fmoc-Lys(Boc)-OH act as branching —
point through their orthogonal OAc
protecting groups

H;N 9. deprotection and
Man2 10. cleavage from resin

2 \
' TDS % Fmoc-Lys(Boc)-OH Man-Azide Gal-Azide PA !
| — |
e, - °. °. D=
! o] 0. = HO™ S OOy [} |

|
|
|

W 5 \ Ho N O O,
"O‘H/\)"H’\'N\/"NHFmoc BocHN\/\/\HLOH o™ on wo on Hok/\Q,

0 NHFmoc OH OH |

Man2 Manl
successive exchange of Man by Gal units

Figure 2: a) Example of solid phase polymer synthesis of heteromultivalent glycooligomer
Man2, b )Series of synthesized homo- and heteromultivalent glycooligomers: Man3, Man2
Man1 and Man0.

36



Results

Heteromultivalent glycooligomer binding to Langerin and DC-SIGN

To investigate the binding affinity of the heteromultivalent glycooligomers, an inhibition-
competition assay allowing for direct comparison of binding towards Langerin and DC-SIGN
was performed using surface plasmon resonance spectroscopy (SPR). The chip surface was
functionalized with Man-conjugated bovine serum albumin (Man-BSA) to achieve high
degrees of Man functionalization and thus high affinity surface for both, Langerin and DC-
SIGN. Glycooligomers were then incubated in increasing concentrations with either of the
proteins and binding towards the chip surface was measured. Glycooligomers bind to the
proteins blocking CRDs therefore not available for interaction with the chip surface anymore
and leading to a reduced binding in comparison to the free protein. This reduction in binding
is proportional to the affinity of the ligand and can be expressed as the half maximum
inhibitory concentration (ICso) that is required to block 50% of the protein-chip binding (see SI

for further details on SPR assay and Hill plots for ICso evaluation) (see Figure 3).

A) Inhibition of Langerin
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Figure 3: Exemplary binding curves for ligand Man3 and inhibition of Langerin (A) and DC-SIGN
(B) as well as Hill plot evaluation to derive ICsq values (C, D).
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First, the SPR study was performed on Langerin and shows that with increasing number of
non-binding galactose units, the ICso value increases as the non-bound Langerin binds to the
mannose functionalized chip surface and does not interact with the glycooligomer and
indicates lower affinities (see Table 1). While no binding is seen for compounds Man0 with
three non-binding galactose units, as expected, no binding is seen for Manl with two
galactose and one mannose unit either. Which is more expected to be due to the weak
interaction of one mannose unit with the CRDs of the Langerin. A clear increase in binding
affinity is seen starting at 2 mannose units for Man2 and Man3 with three binding mannose
units shows the highest binding affinity to Langerin, which would indeed suggest a statistical
effect of binding. Comparison to the previous study, also done with Man3 on Langerin, shows
a much lower ICso value in the °F NMR assay with 44 uM and resulting in a higher affinity.3*
This is probably due to the assay setup, as the NMR assay is performed at lower temperature

(4°C) and longer incubation time.

The comparison with DC-SIGN generally shows lower ICso values and hence higher affinities.
(see Table 1) Since DC-SIGN is a lectin with four symmetrically located CRDs, the trivalent
mannose-bearing Man3 has more opportunities to enter into a statistical rebinding effect,
which would explain the higher affinities. Interestingly, it appears to be a linear trend, which
further supports a statistical binding effect. Similar to Langerin, Manl and Man0 show no

binding to DC-SIGN.

Table 1: ICso values derived by SPR? towards Langerin and DC-SIGN and '°F-NMR® assay
towards Langerin. The standard deviation for ICso values determined by SPR is given by two
independent experiments. The standard deviation for ICso values determined by SPR is given
by three independent experiments

Langerin DC-SIGN Langerin

ICs [UM]® 1Cso [MM]® ICso [kM]P
Man3 /zvg‘ 169 £ 32 189 80+13
Man2 /zg' 256+ 70 46+3 295 +38
Manl /EYO no binding no binding no binding
Man0 /Ego no binding no binding no binding
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Heteromultivalent glycooligomers targeting Langerin and DC-SIGN on cells

To study cellular binding, the glycooligomers were first conjugated to a lipid and then
formulated into glycoliposomes (see Figure 4 and method section for more details).
Commercially available DSPE-PEG-NHS ester was used as the lipid, and reaction with the
glycooligomer produced the lipid conjugate. For the conjugation the glycooligomers were
dissolved in DMSO and a mixture of DIPEA and DSPE-PEG-NHS ester were added and was
shaken overnight at 40 °C. After removal of the solvents, the lipid conjugates were purified by
dialysis against water. After lyophilization, the products were analysed by 'H-NMR to
determine the coupling yield. The results are summarized in Supporting Information. For the
formulation of the glycoliposomes, two solutions were mixed in a microfluidic device to
produce liposomes. The organic phase contained the lipids in ethanol and an aqueous phase
consisting of PBS. A syringe pump was loaded with two syringes, one containing the lipids
dissolved in ethanol and the other containing the PBS. The pump was used to inject the two
solutions into the inlets of the microfluidic chip via short tubes. The product solution collected
at the outlet of the chip was collected. Finally, the collected samples were dialyzed overnight
with x1000 volume of buffer, ensuring buffer exchange (PBS, pH 7.4) at least twice. Thus, the
glycoliposomes were composed of molar ratios of 58 mol% DSPC, 37 mol% cholesterol, DSPE-
PEG 4.75 mol% or DSPE-PEG-Ligand, and 0.25 mol% DSPE-PEG-Alexa647. The gylcoliposomes
were characterized by DLS. The results are summarized in Supporting Information. The
nomenclature for the glycooligomer functionalized liposomes is as followed: GL represents
gylcoliposome followed by the name for the glycooligomer, e.g. GL-Man3 represents

gylcoliposome functionalized with structure Man3.

Flow cytometry was performed to investigate cellular binding. (See Figure 4) For this purpose,
Langerin (Langerin+ cells) and DC-SIGN expressing Raji cells (DC-SIGN+ cells) were used. Raji
wild-type (Raji-WT) cells served as a control cell line. Human Langerin (hL) was used as a
positive control for Langerin-expressing Raji cells, reflecting maximal binding of Langerin-
expressing cells. The Man3-conjugated liposome GL-Man3 shows higher uptake for DC-SIGN+
cells. This is consistent with the higher apparent affinity determined by the inhibition
competition assay. A comparison of the binding of GL-Man3 to Langerin+ cells shows lower
uptake. However, positive control hL clearly shows maximal binding of GL-Man3 to Langerin+

cells. This could also explain the lower affinity of Man3 for Langerin measured by the inhibition
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competition assay. However, it should be noted that GL-Man3 binds to both Langerin+ cells
and the positive control hL. Surprisingly, comparison of WT cells with the trivalent ligand
shows only slightly increased binding to Langerin+ cells. According to the findings of the
inhibition competition experiment, binding of the divalent ligand is also anticipated, even
though it will be decreased. Surprisingly, binding for the divalent ligand GL-Man2 is not
observed for either Langerin+ or DC-SIGN+ cells. The glycoliposomes GL-Man1 and GL-Man0
also show no binding to cells, whereby GL-ManO0 with three galactose units per ligand should
not show binding as expected and therefore serves as a negative control. However, it should
be noted that total cellular uptake is low and uptake of the trivalent ligand targeting Langerin
is comparable to the positive control hL and that cellular uptake of WT cells also appears to
be increased. Overall, cellular targeting of the receptors is possible. Differences in avidity may

result in differential cellular uptake by ligand design and protein binding studies.
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Figure 4: Formulation of the glycooligomers to glycoliposomes and their cellular
interaction/uptake towards DC-SIGN and Langerin expressing Raji cells. Raji WT cells were
used as control cell lines. hL was used as positive control. The standard deviation is obtained
from three independent experiments. The cellular binding of the glycoliposomes to human
Raji cells expressing different CLRs was measured by flow cytometry in three independent
experiments at 4 °C.

40



Results

Conclusion

Langerin and DC-SIGN are important surface receptors expressed on dendritic cells and
Langerhans cells, respectively. Based on previous studies, a trivalent mannose-containing
ligand was shown to increase binding to Langerin. To investigate the uptake mechanism, the
trivalent ligand was taken as a template and a Man units were systematically exchanged for
the non-binding Gal, resulting in heteromultivalent ligands. These heteromultivalent
glycooligomers were studied by SPR and °F-NMR study on Langerin. Binding studies support
a statistical rebinding as predominant multivalent binding mode based on a linear decrease in
ICso when decreasing the Man valency from 3 to 0. Similarly, the higher binding to DC-SIGN
with four rather than three CRDs supports statistical binding effects as major factors
responsible for the increased avidity of the trivalent glycomimetic ligands. Formulation of
these glycooligomers into glycoliposomes allowed flow cytometric analysis of Langerin+ and
DC-SIGN+ cells. In line with the protein binding studies, this showed highest cell binding of the
trivalent Man ligand with DC-SIGN+ cells. In the future, such ligand functionalized liposomes

will be explored for Langerin specific liposomal drug delivery systems.
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Results

1. Instrumentation:

Nuclear Magnetic Resonance spectroscopy (NMR): *H-NMR (600 and 300 MHz) spectra were
mesured on a Bruker AVANCE Il — 600. Chemical shifts of all NMR spectra were expressed in
parts per million (ppm). For *H NMR, the residual non-deuterated solvent was used as an
internal standard (6 4.79 ppm for HDO). The resulting multiplications were given as s for

singlet, d for doublet, t for triplet, and m for multiplet.

Reversed Phase - High Pressure Liquid Chromatography - Mass Spectrometry (RP-HPLC-MS):
Analysis were performed using an Agilent 1260 Infinity instrument equipped with a variable
wavelength detector (VWD) (set at 214 nm) and a 6120 quadrupole LC/MS with an
electrospray ionization (ESI) source (operated in positive ionization mode in an m/z range of
200 to 2000). A Poroshell 120 EC-C18 (3.0x50 mm, 2.5 um) RP column from Agilent was used
as the HPLC column. Mobile phases A and B were H,O/ACN (95 Vol %/5 Vol %) and H,O/ACN
(5 Vol %/95 Vol %), respectively. Both mobile phases contained 0.1 % formic acid. The
temperature of the column chamber was set at 25 °C. UV and MS spectral analysis was done

using Agilent Technologies OpenLab ChemStation software for LC/MS.

Ultra-High Resolution - Mass Spectrometry (UHR-MS): The MS measurements were conducted
with a Bruker UHR-QTOF maXis 4G instriument using a direct inlet vial syringe pump and an

ESI source.

Freeze dryer: The glycooligomers were freeze dried by using Alpha 1-4 LD plus instrument from

Martin Christ Freeze Dryers GmbH. The drying method was fixed to -55 °C and 0.1 mbar.

Surface Plasmon Resonance (SPR): Inhibition-Competition Experiments were performed with
a Biacore X100 instrument from GE Healthcare Life Sciences. The sonograms were evaluated

by using Biacore X100 Evaluation Software.

F R,-filtered NMR: °F Ry-filtered NMR experiments were performed on a Brucker AV
500 MHz spectrometer at 298 K600 MHz spectrometer from Agilent. Spectra were processed
in MestReNova and data analysis was performed with OriginPro®. Apparent relaxation rates

R2,0bs for the reporter ligand were determined using the CPMG pulse sequence as previously

published.'?
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Compound Man3
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1H-NMR (300 MHz, D;0) & 7.87 (dd, J = 7.0, 2.8 Hz, 3H), 4.63 (s, 6H), 4.22 — 4.04 (m, 5H), 3.96
—3.83 (m, 7H), 3.79 —3.31 (m, 48H), 3.20 — 2.95 (m, 15H), 2.85 — 2.46 (m, 12H), 1.39 (d, J =
7.1 Hz, 2H).

ESI-MS calculated [M+H]* 1361.2, found 1361.2; [M+2H]?* 681.2, found 681.2; [M+3H]3*
454.6, found 454.6.

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H;0 in 30 min at 25°C, 214 nm): tg = 17.3 min.
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Figure S1:'H-NMR (600 MHz) spectra of compound Man3 in HDO.
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Figure S2: RP-HPLC of compound Man2.
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Intens. +MS, 3.3-3.4min #199-206
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Figure S3: HR-MS of Man2.
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Compound Man2
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1H-NMR (600 MHz, D,0) & 8.08 (s, 1H), 8.01 (d, J = 9.8 Hz, 1H), 7.97 (d, J = 3.9 Hz, 1H), 4.73 -
4.64 (m, 6H), 4.36 (dd, J = 7.9, 1.0 Hz, 1H), 4.30 (dt, J = 11.7, 4.8 Hz, 1H), 4.10 (ddt, J = 15.2,

7.2, 4.2 Hz, 5H), 3.94 — 3.86 (m, 3H), 3.85 (dt, J = 3.2, 1.4 Hz, 2H), 3.76 — 3.55 (m, 16H), 3.55 —
3.28 (m, 13H), 3.16 —2.93 (m, 15H), 2.86 — 2.76 (m, 4H), 2.73 — 2.56 (m, 10H), 2.55 — 2.43 (m,
4H), 1.74 - 1.63 (m, 1H), 1.57 (q, ) = 9.1, 7.1 Hz, 1H), 1.44 — 1.33 (m, 2H), 1.24 — 1.05 (m, 2H).

ESI-MS calculated [M+H]* 1361.2, found 1361.2; [M+2H]?** 681.2, found 681.2; [M+3H]3*
454.6, found 454.6

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H20 in 30 min at 25°C, 214 nm): tr = 17.3 min.
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Figure S4:'H-NMR (600 MHz) spectra of compound Man2 in HDO.
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Figure S5: RP-HPLC of compound Man2.
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Compound Man1l

N N~ S
HO O o=N HO P
Y _ g
o
H ° 2 H "
H \ | N
HZN/\/ N/\/ \/\N
0 H H 0

7 °N
OH N=N
H S g
Olu O
HO OH

1H NMR (600 MHz, D,0) & 8.02 — 7.97 (m, 2H), 7.91 (s, 1H), 4.70 — 4.60 (m, 6H), 4.37 (dd, J =
7.9,3.7 Hz, 2H), 4.29 (ddd, J = 9.2, 6.3, 4.6 Hz, 2H), 4.17 — 4.03 (m, 5H), 3.91 (dd, J = 3.5, 1.0
Hz, 3H), 3.85 (dd, J = 3.3, 1.8 Hz, 1H), 3.76 — 3.55 (m, 17H), 3.51 — 3.40 (m, 10H), 3.39 — 3.28
(m, 4H), 3.16 — 2.97 (m, 12H), 2.80 (s, 1H), 2.68 (s, 2H), 2.63 — 2.57 (m, 2H), 2.55 — 2.43 (m,
2H), 1.75 - 1.63 (m, 1H), 1.57 (d, J = 4.9 Hz, 1H), 1.44 — 1.33 (m, 2H), 1.20 — 1.10 (m, 2H).

ESI-MS calculated [M+H]* 1361.2, found 1361.2; [M+2H]?* 681.2, found 681.2; [M+3H]3*
454.6, found 454.6

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H20 in 30 min at 25°C, 214 nm): tr = 17.3 min.
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Figure S7:'H-NMR (600 MHz) spectra of compound Man1 in HDO.
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Figure S8: RP-HPLC of compound Man1.
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Intens. +MS, 3.7-3.8min #221-226
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Figure S9: HR-MS of Man1.
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Compound ManO (old name HO3)
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HO" on
'H NMR (600 MHz, D20) & 8.05 — 7.98 (m, 3H), 4.70 — 4.64 (m, 6H), 4.39 — 4.34 (m, 3H), 4.32
—4.27 (m, 3H), 4.16 —4.05 (m, 5H), 3.92 — 3.88 (m, 3H), 3.76 —3.58 (m, 21H), 3.50 —3.28 (m,
16H), 3.13 (t, J = 5.9 Hz, 3H), 3.10 — 3.07 (m, 2H), 3.05 -2.97 (m, 7H), 2.82 - 2.76 (m, 2H),
2.71-2.64 (m, 2H), 2.60 (td, J = 7.5, 2.2 Hz, 2H), 2.55 — 2.44 (m, 4H), 1.73 - 1.52 (m, 3H),
1.42 -1.34 (m, 2H), 1.23 - 1.08 (m, 2H).

ESI-MS calculated [M+H]* 1361.2, found 1361.2; [M+2H]?** 681.2, found 681.2; [M+3H]3*
454.6, found 454.6

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H;0 in 30 min at 25°C, 214 nm): tg = 17.3 min.
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Figure S 10:'H-NMR (600 MHz) spectra of compound Man0 in HDO.
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Figure S11: RP-HPLC of compound ManO.
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Intens. +MS, 3.7-3.8min #221-226
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Figure S12: HR-MS of ManO.
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2. Binding studies:
a) Inhibition-Competition Experiments via SPR:

Inhibition of Langerin on 1st Chip
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Figure S13: Binding curves on 1%t C1-Chip determined by SPR and inhibition of Langerin as
well as Hill plot evaluation to derive IC50 values.
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Inhibition of Langerin on 2nd Chip
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Figure S14: Binding curves on 2" C1-Chip determined by SPR and inhibition of Langerin as
well as Hill plot evaluation to derive IC50 values.
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Inhibition of DC-SIGN on 1st Chip
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Figure S15: Binding curves on 1%t C1-Chip determined by SPR and inhibition of DC-SIGN as well
as Hill plot evaluation to derive IC50 values.
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Inhibition of DC-SIGN on 2nd Chip
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Figure S16: Binding curves on 2" C1-Chip determined by SPR and inhibition of DC-SIGN as
well as Hill plot evaluation to derive IC50 values.
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b) Inhibition-Competition Experiments via *°F-NMR
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Figure S17: 1°F-NMR Inhibition curves towards Langerin. While the samples ManO (yellow)
and Man1 (green) showed no inhibition, Man3 (red) showed the highest ICso value.
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3. Gylcooligomer conjugated Liposomes

Lipid-Glycooligomer-Coupling reaction conditions:

Glycooligomers (2 or 3 mg, 2 eq) were dissolved in 0.5 mL of DMSO and DIPEA (5 eq) and
DSPE-PEG-NHS (1 eq) were added. Reaction vessels were vortex-shaken overnight at 40 °C.
Samples were then dialyzed to water for 6 hx 3, using a membrane cut-off of 2 KDa.
Afterwards, they were lyophilized and redissolved in DMSO-de. Glycooligomer-lipid coupling
yields were calculated by 'H-NMR (400 MHz, Bruker) comparing the DSPE methyl groups
integration (6.00 protons, 0.8 ppm) to the integration of one of the methylene groups

connecting the triazol and the sugar moiety for each glycooligomer (6.00 protons, 4.50 ppm).

Table 2: Coupling yields of lipid and glycooligomer conjugates obtained by comparing the
integration of the DSPE methyl group and the methyl group linking the sugar residue via
triazole by 1H-NMR.

Compound DSPE-PEG-ManO | DSPE-PEG-Man1 | DSPE-PEG-Man2 | DSPE-PEG-Man3

Coupling yield (%) 73 68 56 83
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Figure S18: Comparison of the 1H-NMR of the glycooligomers coupled to DSPE-PEG lipid and

the starting material, DSPE-PEG-NHS. Highlighted into red frames the two signals used to
determine the coupling yield are shown.
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Figure S19: 'H-NMR (400 MHz) spectra of DSPE-PEG-Man0 conjugate in DMSO-ds.
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Figure S20: 'H-NMR (400 MHz) spectra of DSPE-PEG-Man1 conjugate in DMSO-ds.
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Figure S 21: *H-NMR (400 MHz) spectra of DSPE-PEG-Man2 conjugate in DMSO-ds.
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Figure S22: 'H-NMR (400 MHz) spectra of DSPE-PEG-Man3 conjugate in DMSO-ds.
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Dye coupling:

Alexa Fluor 647 (A647) NHS Ester (Succinimidyl Ester) (Life Technologies, Invitrogen™,
ThermoFisher, USA) was conjugated to the primary amine of NH,-PEG-DSPE (PEG MW 2000,

Sunbright, NOF EU) via amide coupling.’

Lipid-based nanoparticles formulation:

Briefly, liposomes were prepared by mixing two solutions in a microfluidic device. The organic
phase contained the lipids in Ethanol 100 % (Ethyl alcohol, Pure, Sigma Aldrich) and an
aqueous phase which was PBS buffer (50 mM) (Invitrogen, ThermoFisher Scientific, USA). A
syringe pump (Pump 33 Dual Drive System Syringe Pump, Harvard Apparatus) was loaded with
two syringes (Braun Injekt®, Germany) containing the dissolved lipids in ethanol in one and
the PBS buffer in the other. The pump is used to inject the two solutions via short tubes (TUBE
ID 0.8MM OD 1.6MM WALLTHK 0.4MM) attached to PEEK Capillary LUER lock adapters
(Flangeless Fitting Delrin, Black 1/4-28 Flat-Bottom, for 1/16" OD, Luer Adapter 1/4-28 F-to-F,
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IDEX-HS Corporation) to ensure pressure control into the inlets of the microfluidic chip at a
flow rate ratio (FRR) organic:aquase 1:4 and a total flow rate of 500 uL/min. The product
solution which was obtained from the outlet of the chip, was then collected in an Eppendorf
tube. Finally, the collected samples were dialysed (Slide-A-Lyzer Dialysis cassette, 10 k MWCO,
Thermo Scientific) overnight with x1000 volume of buffer ensuring at least 2 times buffer

exchange (PBS, pH 7.4). Formulated particles were kept at 4 °C.

Liposomes were composed of molar ratios of 58 mol% DSPC (NOF corporation, Europe),
37 mol% cholesterol (Sigma-Aldrich), DSPE-PEG 4.75 mol% (NOF corporation, Europe) or
DSPE-PEG-Ligand, and 0.25 mol% DSPE-PEG-Alexa647.

Nanoparticle characterization:

The average sizes of the formulated particles as well as the polydispersity were determined to
assess liposome quality. Measurements were done using dynamic light scattering techniques
(DLS, Zetasizer Pro, Malvern Panalytical GmbH). Low volume UV transparent disposable
cuvettes (Sarstedt, Inc). A back scatter measurement was performed with applying a
fluorescent optical filter, a material refractive index (Ri) of 1.45, 25 °C temperature and an

absorption of 0.001. All liposomes were in the size range of 74-86 nm. (see Table 2)

Table 3: Average size as well as the PDI of the glycooligomer conjugated liposomes show a size
range of 83-86 nm. The controls naked and hL conjugated liposome showa size range of 74-
77 nm.

Sample Name Avg. Size (nm)  PDI
GL-MAN1 83.64 0.18
GL-MANZ2 83.31 0.18
GL-MAN3 82.23 0.23
GL-MANO 86.12 0.21
hL 77.60 0.18
Naked 74.48 0.24
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4.2 Homo- and heteromultivalent umbrella glycooligomers targeting
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Abstract

Langerin and DC-SIGN are considered key receptors of the immune system that are selectively
used in drug development e.g., for receptor-mediated delivery of antivirals or vaccines against
cancer. To obtain high avidity and potentially selective ligands targetings these receptors, we
created homo- and heteromultivalent glycomacromolecules with a trivalent umbrella head
group. This head groups is modelled after the trimeric arrangement of carbohydrate
recognition domains (CRDs) of Langerin in order to achieve high avidity binding through
statistical rebinding. By further variation of the handle attached to the umbrella head group,
additional effects on the binding to Langerin and DC-SIGN by potential multivalent binding and

sterical shielding are explored.

Binding to both receptors is investigated using surface plasmon resonance inhibition-
competition assay. The comparison between Langerin and DC-SIGN shows that distinct
features of our umbrella design lead to favoured binding to either one of the receptors: While
Langerin shows increased binding to the smallest umbrella glycooligomer consisting of Man
umbrella head, DC-SIGN prefers the umbrella glycooligomers carrying Man umbrella head and
a hydrophobic handle. Conjugating of the umbrella-like glycomacromolecules to
glycoliposomes then enables the investigation of cellular binding on Langerin- and DC-SIGN-
overexpressing cells. In accordance with the receptor binding study, glycoliposome decorated
with an umbrella oligomer presenting three Man ligands in the head and a hydrophilic handle

show highest cellular binding to DC-SIGN-expressing Raji cells.

Introduction

The dendritic cells (DC) located in the skin are our body's first line of defence.! In case of
infection by invasion through the skin, pathogens are recognized by the dendritic cells in the
epidermis and transported and presented to the B and T cells in the lymphatic system to
trigger an immune response.?* The B cells recognize the pathogenic antigens, produce the
corresponding antibodies and release them. These antibodies are then able to selectively
inhibit the pathogens and protect the healthy cells from infection. The T cells, on the other
hand, recognize cells that are already infected and eliminate them before the infection can

spread.>’ The interaction between the DCs and the pathogen occurs through the pathogen
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recognition receptors (PRRs) on the cell surface.®® Type C lectin receptors (CLRs) are a
subfamily of PRRs that recognize glycans in response to calcium ions.® CLRs perform diverse
immunological functions such as mediating cell-cell adhesion, migration, and endocytosis of
antigens and are central sensory systems for the regulation of the immune response by DC.1!
A key function at the interface of adaptive and innate immunity is played by Langerin and DC-
specific ICAM-3-grabbing nonintegrin (DC-SIGN), which are members of PRRs and CLR.1213

While Langerin is expressed uniquely by Langerhans cells (LCs), a subset of DCs, DC-SIGN is
expressed on DCs.'* The trimeric arranged binding sides of Langerin consist of calcium-
dependent carbohydrate recognition domain (CRD) and a short cytoplasmic tail containing a
proline-rich motive that is involved in pathogen recognition and signal transduction,
respectively.’® Langerin has high affinity for mannose?®, (a- 1,2-linked) fucose®, GIcNAc?®, b-
glucans'’ and sulphated glycans'®® in millimolar range and allows the recognition of viruses,
e.g. HIV-12921 and HSV??, mycobacteria, e.g. M. tuberculosis?® and S. cerevisiae?4, and fungi®®
e.g. C. albicans® and Mal. Furfur?®. These features of Langerin overlap with the specificity and

pathogen recognition of DC-SIGN.

DC-SIGN (DC-specific ICAM-grabbing non-integrin) is involved in adhesion, antigen
presentation, immunomodulation and dissemination of pathogens.?’ Langerin is involved in
attachment and uptake of invading pathogens during the initial stages of the immune
response.?® Interestingly, Langerin is involved in host defence and pathogen dissemination.?®
In the case of HIV infection, the virus is internalized into the LC and subsequently degraded in
the Birbeck granula, protecting the LC from infection.'> 3° However, Langerin also functions as
an anchoring and internalization factor in many infectious processes involving bacteria,
viruses, and fungi. In the case of influenza a virus (IAV), Langerin acts as a major mediator in
IAV infections.3! Due to its dual nature, Langerin is a challenging target for the development
of novel therapeutics, as it often promotes infection, but also acts as a defensive agent,
potentially triggering the production of Birbeck granules. Therefore, Langerin is a prime
candidate for the development of novel ligands that can be used to modulate the immune
response in favour of activation or inhibition. Such ligands are useful for both drug delivery
and receptor inhibition. A particular problem is posed by the fact that the DC-SIGN and
Langerin lectins both recognize the same carbohydrate components , which makes it

challenging to target only one lectin.
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In this study, we explore the potential of rational design of glycomimetics based on the
structure of the receptor and the spatial arrangement of carbohydrate recognition domains
(CRDs) to specifically target Langerin or DC-SIGN and to yield high specificity for one of the
lectins. Primary carbohydrate binding sites in the symmetric trimer of Langerin are located
24 A from the point of symmetry. In a previous study, we have already used the carbohydrate
recognition domain (CRD) arrangement of Langerin as a template and produced three-fold
branched mannose-containing glycooligomers in different sizes by elongating and shortening
the arm lengths. We found that the smallest 3-armed branched structure with a contour
length of 15-21 A had the highest avidity towards Langerin.32 Based on these results, we
prepared a much smaller trivalent building block with a contour length of 7 A, creating
umbrella-like glycooligomers (see Figure 1). This trivalent building block forms the head group
of umbrella motifs and allows triantennary carbohydrate presentation. The high local density
of carbohydrates and spatial proximity hypothetically increases the avidity towards Langerin
through increasing the statistical rebinding effect. Through the installation of additional
carbohydrate units in the umbrella handle could further increase the statistical binding. The
umbrella-like glycooligomers were used to investigate the effects of valence on potential
receptor selectivity by studying DC-SIGN and langerin. First, binding to Langerin and DC-SIGN
is analysed by surface plasmon resonance (SPR) inhibition competition assay. In addition, the
ligands will be conjugated to liposomes and studied on Langerin and DC-SIGN overexpressed

cells to demonstrate the potential of glycaemic ligands for cell targeting and drug delivery.

Umbrella head:
triantennary sugar
presentation

Umbrella handle:
increase of the
statistical binding sites

2990

Figure 1: Schematic presentation of umbrella glycooligomer. Umbrella head allows the
triantennary carbohydrate presentation in high carbohydrate density and umbrella handle
allows to increase the statistical binding sites by additional carbohydrate presentation.
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Methods

Materials: Aceton (> 99.8%), triethylamine (analytical grade), toluol (for HPLC) was purchased
from Fischer Scientific. Succinic anhydride (> 99.0%) was purchased from Carbolution
Chemicals. Diethyl ether (with BHT as inhibitor, > 99.8%), triisopropylsilane (TIPS) (98%), (+)-
sodium-L-ascorbate (299.0%), chloroform-d (99,8 atom % D), deuteriumoxid-d; (99,8 atom %
D), dimethylsulfoxid-ds (99,8 atom % D), were purchased from Sigma-Aldrich. N,N-
Diisopropylethylamine (DIPEA) (> 99%), potassium hydroxide (> 85%) was purchased from Carl
Roth. Methanol (100%), ethyl acetate (>99.9%), n-hexane (299.8%) and acetic anhydride
(99.7%) were purchased from VWR BDH Prolabo Chemicals. Dimethylformamide (DMF)
(99.8%, for peptide synthesis), tert-butanol (= 99.0%), piperidine (99%), sodium methoxide
(97%), sodium diethyldithiocarbamate (99%), tritylchloride and copper (ll)sulfate (98%) were
purchased from Acros Organics. Dichloromethane (DCM) (99.99%), Triethylsilan (= 98,0 %),
trifluoroacetic acid (2 99,0 %), 9-fluorenylmethyl chloroformate (Fmoc-Cl) were purchased
from Fluorochem UK. Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
hexafluorophosphat (PyBOP) were purchased from Iris Biotech GmbH. The anion resin (AG1-
X8, quarternary ammonium, 100-200 mesh, acetate form) was purchased from BioRad.
TentaGel® resin were purchased from Rapp Polymere. Methyl-a-D-mannopyranoside (>99%),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), 10 mM sodium acetate pH 4.0, 1.0 M ethanolamine-HCl pH 8.5, HBS-P* buffer was
purchased from Cytiva. Calcium chloride, Glycin, Sodium hydroxide TritonX100 was purchased
from Sigma Aldrich. Diethylenetriamine was purchased from Merk (>98%), di-tert-
butyldicarbonat (299,0 %) was purchased from Novabiochem. Ethanol (>99.9%). was
purchased from Chemsolute. 2,2-(ethylenedioxy)bis(ethylamine) was obtained from TCI

Europe. Citric acid, anhydrous; 4-pentynoic acid were purchased from Alfa Aesar (>99.5%).

Synthesis: The building blocks EDS3¢, TDS37, Man-N332 and Gal-N3*° were synthesized according

to literature.

Solid phase polymer synthesis of umbrella-like glycooligomer: Glycooligomers were generated
by repeatedly coupling and deprotecting the building units on solid support to examine the
binding toward Langerin and DC-SIGN. The reactions were conducted in Multisynthech GmbH
polypropylene syringe reactors with a polyethylene frit and a Luer stopper. TentaGel® SRAM

resin was employed as the solid support and pre-functionalized with ethylenediamine. The
79



Results

batch size for each glycooligomer was 0.1 mmol, and the loading was 0.20 mmol/g. In order
to produce a umbrella like glycooligomer, the functional TT linker was used as umbrella head

group. The building blocks EDS and TDS were chosen to build the umbrella handle.

Coupling and Fmoc-deprotection of the building blocks: First the resin was first swollen twice
for 15 min in DCM and then washed three times with DMF. The coupling steps of TDS, Fmoc-
Lys(Boc)-OH and PA were performed by shaking for 1 h with a mixture of 5 equivalents of the
building block (TDS, EDS or TT linker), 5 equivalents of PyBOP and 10 equivalents of DIPEA in
DMF followed by washing steps ten times with DMF. After each coupling, the resin was shaken
with a solution of 25 Vol% piperidine in DMF for 15 min and then washed three times with

DMF. This washing step was repeated two times and then washed ten times with DMF.

Copper(l)-catalyzed alkyne-azide cycloaddition (CuAAC): The glycoconjugation to the
glycooligomer backbone was carried out via CuAAC. For this, 2,5 equivalents of (2-azidoethyl)-
2,3,4,6-tetra-0O-acetyl-a-D-mannopyranoside (Man-N3 or Gal-N3) per alkyne was dissolved in
2 ml DMF, of 30 mol% of sodium ascorbate and of 30 mol% of copper sulfate per alkyne was
dissolved in 0,5 ml water. The copper sulfate solution was drawn up first, then the
carbohydrate solution, and finally the sodium ascorbate solution. The syringe was covered
with aluminum foil and shaken overnight. The resin was then washed three times with a
23 mM solution of sodium diethyldithiocarbamate in DMF/H,0 (1:1, v/v), three times with
DMF, and three times with DCM. The washing steps were repeated with the three solutions

until no coloration of the wash solution was observed.

Deprotection of carbohydrate-pyranoside and cleavage from the resin: After successful
conjugation of carbohydrate-pyranoside, the deprotection of hydroxyl groups was performed
in 0.1 M NaOMe in methanol and shaken for 1 h. Then the syringe was washed ten times with
methanol, ten times with DMF and ten times with DCM. The glycooligomer was cleaved from
the resin by shaking with a solution of 35 Vol % TFA, 60 Vol % DCM, and 5 Vol % TIPS. The
solution was precipitation in cold diethyl ether and the white precipitate was centrifuged off.

The white solid was then dissolved in water and the product isolated by lyophilization.

Inhibition-Competition Experiments via SPR: The inhibition competition assay was performed
by using SPR by using the binding wizard. First, a C1 chip was immobilized via EDC/NHS with

BSA mannose by using the immobilization wizard. This resulted in an immobilization level of
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1125 RU and the reference cell immobilized with ethanolamine resulted in an immobilization
level of 17 RU. For the inhibition competition measurements, a fixed concentration of Langerin
(4 uM) or DC-SIGN (0.5 uM) was tested with each glycooligomer in a concentration range of
3.125 - 800 puM. For this purpose, a 92 uM stock solution of Langerin (20 uM for DC-SIGN) and
a solution of each glycooligomer were diluted in running buffer (HBS-P* buffer with 5 mM
CacCly) to a final concentration of 4 uM of Langerin (0,5 uM for DC-SIGN). The incubation time
was set at 5 min before measurement. As a reference, a solution of protein without
glycooligomer was measured and denoted as 0 uM. The multi-cycle run with a flow rate of
15 pl/min, an association time of 240 s and a dissociations time of 120 s was used. The
regeneration was carried out by using a 0.2 M methyl-a-D-mannopyranoside in water was
injected for 60 s with a flow rate of 5 pl/min. The SPR studies were performed on two different
C1-Chips. The first C1-Chip had and immobilization level of 1125 RU on the measuring cell and
17 RU on the reference cell. The second C1 chip had an immobilization level of 998 RU on the
measuring cell and 25 RU on the reference cell. Glycooligomers were measured 2 times on the

first chip and once on the second chip.

Cell Binding Experiment: The human Raji cell line from hematopoietic origin was used for the
binding assay of the formulated particles. DC-SIGN and human Langerin (hL) receptors were

previously transfected with a lentiviral vector to the cells.*°

Cells were cultured and incubated in round flat-bottom plastic culture dishes (Corning) at
37 °Cand 5 % CO; (Cooling incubator KB series, Binder GmbH, Germany). For Raji suspension
cells, Roswell Park Memorial Institute Medium (RPMI) 1640 medium supplemented with 10 %
V/V fetal calf serum (FCS) and 100 U/ml Penicillin-Streptomycin antibiotic mixtures
(Thermofisher Scientific, Germany) were used. Cells were split and maintained between 0.5-

3 Mio cells/ml. In addition cells were monitored with a light microscope.

To analyse receptor specificity of targeted liposomes, binding to Raji cells transfected with
human Langerin and WT cells were analysed in flow cytometric via the coformulated liposomal
dye Alexa647 (Invitrogen, ThermoFisher Scientific, USA) conjugated to DSPC-PEG. Experiments
were conducted in duplicates in round bottom 96 well plates. Cells were seeded at a 4*10°
Raji cells per well and 10 uM of the liposomes were added in a total volume of 100 ul. Naked

liposomes served as a negative control and hL liposomes as a positive control.
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The plate was covered with a seal sheet, kept protected from light and incubated for 1h at
4 °C on ice. Afterward, the plate was centrifuged for 3 mins at 500 g, the supernatant was
aspirated, and the cell pellets were resuspended in 150 uL Dulbecco's phosphate-buffered
saline (DPBS) (Gibco TM, Thermo Fisher Scientific, USA). Subsequently, Alexa647 fluorescence
intensity was measured using CytoFLEX S, Research Flow Cytometery (Beckman Coulter).
Alexa674 Mean Fluorescence intensity (MFls) were detected via the red laser (RL) 1-A. The

obtained data was processed using the FlowJo and Origin software.

Results and Discussion

Synthesis of umbrella like glycooligomers

The umbrella-like sequence-defined glycooligomers were synthesized according to the
previously established solid-phase polymer synthesis (SPP0S).#1** SPPoS allows the stepwise
assembly of tailor-made building blocks (bbs), well-defined scaffolds with functional side
chains for specific conjugation of carbohydrate units can be produced. This synthetic approach
provides easy access to glycomacromolecules that differ in several structural parameters that
have been shown to influence the resulting binding properties, such as the number, position
and type of carbohydrate ligands, composition, and overall architecture from linear to
branched scaffolds. Briefly, by employing standard Fmoc-peptide coupling protocols to
sequentially conjugate tailormade bbs instead of amino acids, sequence-defined
oligo(amidoamines) with alkyne side groups added by 4-pentenoic acid can be prepared. (see
Figure 2) The alkyne side chains can then be further functionalized by conjugation via copper-
catalyzed azide-alkyne cycloadditions (CuAAC) with carbohydrate-azide derivatives, in this
case Man-azide or Gal-azide were used.3”*> Here we present a new building block TT-Linker
that carries three alkyne groups in close proximity, and forms here the umbrella head group.
(see Figure 2A) The TT linker is prepared starting from tris(hydroxymethyl)aminomethane
(TRIS) by first protecting the primary amino group with di-tert-butyl dicarbonate. The three
hydroxyl groups are functionalized with propargyl bromide, resulting in three terminal alkyne.
In the final step, the Boc-protected amino group is first deprotected with trifluoroacetic acid
(TFA) and functionalized with succinic anhydride. (see SI for more details) By introducing the
free carboxy group, the TT linker is directly compatible with solid-phase polymer synthesis and

can be used with standard Fmoc-peptide coupling chemistry. The three alkyne groups allow
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for straightforward introduction of three carbohydrate ligands by CUAAC with well-established
reaction conditions and available azido-functionalized carbohydrate building blocks.** (see SI
for details of synthesis and analytical data). This TT linker enables a high density of
carbohydrate units in close proximity after glycoconjugation, a feature often related to

increases in binding avidity by statistical rebinding and chelating effects.

In order to provide stability to the umbrella head formed by TT-linker or to enable the
incorporation of further carbohydrates, an umbrella handle is attached to the umbrella head.
The umbrella handle were constructed using the previously established EDS3® (ethylene glycol
diamine succinic acid) building block as a spacer building block that introduces hydrophilic
ethylene glycol units into the oligomeric backbone and TDS®’ bb (triple bond
diethylenetriamine succinic acid) to introduce single alkyne side chains (see Figure 2B, Figure
3) Glycoconjugation and deprotection of the carbohydrate-azide derivatives on the resin
followed predetermined protocols.?! Using an ethylenediamine preloaded resin, a C-terminal
amine group is released after cleavage under acidic conditions. After cleavage, high relative
purity of over 95% was detected for all structures by RP-HPLC and HR-MS, and the structure
was finally confirmed by *H NMR as shown in Figure 3 (see Sl for further details on the
synthesis procedures and analytical data) A summary of the synthesized umbrella like

glycooligomers is shown in Figure 4.
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A) Synthesis of TT-Linker
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Figure 2: A) Synthesis of TT linker. B) Schematic representation of solid-phase polymer
synthesis: stepwise assembly of umbrella structures with tailor-made building blocks using the
example of the structure 5. The umbrella handle consists of an alternating sequence of EDS
and TDS and the TT linker forms the umbrella head. The alkyne groups are functionalized with
a mannose azide derivative. BB and the carbohydrate derivatives were shown as symbols and
chemical structure.
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Figure 3: 600 MHz 'H-NMR spectra of structure 5 measured in HDO at 25 °C.

The nomenclature of the umbrella structures is as follows: U for the umbrella head group,
followed by the carbohydrate (Man or Gal), followed by the positions of EDS building blocks
and the position of the carbohydrate (Man or Gal) forming the umbrella handle, e.g., U(Man)-
EDS(2,4,6)-Man(1,3,5). For comparison, U(Man)-EDS(1-3) was also synthesized as a linear
monovalent, non-umbrella structure by using PA (4-pentynoic acid) building block introducing
only one alkyne group and named as L(Man)-EDS(1-3). However, for ease of reference, the

glycooligomers were numbered (1-7) as shown in Figure 4.

A series of umbrella-like glycooligomers was prepared as shown in Figure 4. The structures
can be divided into two sections: the trivalent umbrella head group allowing to study the
influence of the geometrically arranged carbohydrate units on the binding affinity towards the
trivalent Langerin and towards the tetravalent DC-SIGN and umbrella handle to investigate
the impact of composition on binding. The structures 1, 2, and 4 consisting of Man bearing
umbrella head and containing of increasing length of hydrophilic umbrella handle. While the
structures 2 contains a handle consisting of three EDS, the glycooligomer 4 carries seven EDS
units and provides steric stabilization. To study this effect, structure 1 does not contain a
handle and is composed only of the umbrella head. For comparison, a monovalent mannose-
containing oligomer 3 was prepared, which has a hydrophilic tail consisting of three EDS and

the head group consists of the PA building block (see Figure 2).
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The umbrella handle of the structure 5 is decorated with additional mannose units, which is
expected to further increase statistical binding due to the higher valency. In parallel,
heteromultivalent structures were obtained by systematically exchanging the binding Man
units for the non-binding Gal units. While 6 carries trivalent Gal units in the umbrella head and
the handle consists of three mannose units, it is the opposite for 7. Here, the influence of
steric shielding effects is investigated in comparison to the first-generation structures carrying
a handle without carbohydrate units. All glycooligomers were isolated and characterized by
'H-NMR, RP-HPLC-ESI-MS and HR-MS (see Sl for details on the synthesis, characterization and

accompanying spectra).
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Figure 4: Overview of synthesized umbrella like precision glycomacromolecules divided in first
and second generation. While the glycooligomers in the first generation introduces the
trivalent umbrella head group and a hydrophilic tail in different length, the second generation
displays further binding and non-binding carbohydrate units in the tail and built the umbrella
handle.
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Umbrella glycooligomers binding to Langerin and DC-SIGN

The binding affinities of the umbrella glycooligomers towards trimeric Langerin EDC and
tetrameric DC-SIGN was determined via inhibition-competition-assay by using surface

plasmon resonance spectroscopy (SPR) (see Figure 4 and Sl for more details).

To obtain a high-affinity surface for both Langerin and DC-SIGN, the SPR chip surface was
functionalized with Man-conjugated bovine serum albumin (Man-BSA) to reach a high level of
Man functionalization. Then, the glycooligomers were mixed with either of the proteins at
increasingly higher concentrations (0 — 800 uM) and binding to the SPR chip surface was
measured. Glycooligomers bind to the proteins and inhibit the CRDs from interacting with the
chip surface. As a result, binding is less than if the protein was free. This decrease in binding
is proportional to the affinity of the ligand and can be represented as the 50 % inhibitory
concentration (ICso) required to completely prevent binding between protein and chip (see
method section and SI for more details on the SPR assay and Hill plots for ICsg evaluation). The

results for Langerin and DC-SIGN are summarized in Figure 5.
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Figure 5: Inhibition-competition studies towards Langerin (green) and DC-SIGN (grey)
measured via SPR show the highest bindings of 5 and 6 towards Langerin and for DC-SIGN the
glycooligomers with a hydrophilic handle showed the highest binding affinity.
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The comparison of the ICsp values between Langerin and DC-SIGN show clear differences
between the structures with carbohydrate functionalized umbrella handle and with a
hydrophilic handle. While for Langerin the structure 5 with three mannose units in the head
group and three mannose units in the handle show the highest binding affinity. Interestingly,
the structure 6 with three galactose units at the umbrella head and three mannose units at
the umbrella handle shows an equally high binding affinity as 5, while in contrast, the structure
7 with mannose as the umbrella head and galactose in the handle shows a significant decrease
in binding affinity. To investigate the influence of umbrella head on binding affinities, structure
1 was measured separately against Langerin. The umbrella head with three mannose units
shows a decrease in binding affinity compared to 5 and 6, suggesting that the carbohydrate
functionalized handle (whether binding Man or non-binding Gal) has a stabilizing effect on
binding whereas Man functionalized handle offers further binding sites and yielding in more
opportunities to achieve a statistical rebinding effect. The umbrella structures with hydrophilic
handles 2 and 4 showed a decrease in binding affinities by a factor of 2 for Langerin.
Interestingly, structure 7 with mannose head and galactose handle showed a decrease in
binding strength by a factor of 4 compared to structure 5 and 6, which is potentially attributed

to the steric shielding effects of the handle.

In contrast, the inhibition study performed on DC-SIGN shows for all structures similar binding
with only small differences for the different ligands. Thus when comparing Langerin and DC
SIGN, structures 2, 4 and 7 show higher binding to DC SIGN, while structures 1, 5 and 6 show
higher binding to Langerin. The umbrella glycooligomer 3 shows no binding for either Langerin
or DC-SIGN (see Sl Figure S25 and Figure S29). The comparison to a previous study in which
trivalent, asymmetrically branched glycooligomers were prepared in different arm lengths and
tested on Langerin.?? The °’F-NMR competition assay showed the highest binding to the
smallest trivalent structure and yielded an ICsp value of 44 + 6 uM.3? The umbrella

glycooligomers investigated in this study have similar I1Cso values towards Langeirn.

Receptor specific cell targeting with umbrella glycooligomers

Ligand binding to receptors expressed on cell surfaces was studied by conjugating the
umbrella glycooligomers with a lipid and then formulating them into glycoliposomes (see
Figure 5 and the Method section for further details). For this purpose, commercial DSPE-PEG-
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NHS ester was used as the lipid and conjugated to the glycooligomer, resulting in the lipid
conjugate. For the reaction, the glycooligomers were dissolved in DMSO, a mixture of DIPEA
and DSPE-PEG-NHS ester was added, and shaken overnight at 40 °C. Subsequent purification
and removal of solvents was performed by dialysis against water for multiple times. After
lyophilization, the products were analysed by *H-NMR, which was used to determine the

coupling yield. The results are summarized in the attached information.

For formulation into glycoliposomes, two solutions were mixed in a microfluidic device. Here,
lipids in ethanol formed the contained organic phase and the agqueous phase was composed
of PBS buffer. A syringe pump was equipped with two syringes, one containing the lipids
dissolved in ethanol and the other containing the PBS buffer. The pump was used to inject the
two solutions into the inlets of the microfluidic chip via tubing, and the product solution was
collected at the outlet of the chip. Finally, the collected samples were dialyzed overnight with
PBS buffer. In this procedure, glycoliposomes were prepared with molar ratios of 58 mol%
DSPC, 37 mol% cholesterol, 4.75 mol% DSPE-PEG or DSPE-PEG ligand, and 0.25 mol% DSPE-
PEG-Alexab47. The glycoliposomes were characterized by DLS. The results are summarized in
the supporting information. The nomenclature for the umbrella glycooligomer functionalized
liposomes is as followed: GL represents gylcoliposome followed by the number for the

glycooligomer, e.g. GL-1 represents gylcoliposome functionalized with structure 1.

Flow cytometry was performed to investigate cellular binding. (see Figure 6) For this purpose,
Langerin (Langerin+ cells) and DC-SIGN expressing Raji cells (DC-SIGN+ cells) were used. Raji
wild-type (Raji-WT) cells served as a control cell line. Human Langerin (hL) was used as a

positive control for Langerin+ cells, reflecting maximal binding to the Langerin+ cells.

Interestingly, the comparison of glycoliposome functionalized with glycooligomers with
different hydrophilic handle lengths and the trivalent umbrella head group 1, 2, and 4 shows
increased cellular uptake for 2 for both cell lines and highest uptake for DC-SIGN expressed
cells. The interaction with receptors on cells would be expected to decrease with increasing
tail length. However, it is clearly shown here that an excessively long GL-4 or absent handle
group decreases the uptake into cells. A possible explanation for GL-4 could be that the long
tail group leads to coiling and the head group with three mannose units is no longer available
for interaction with surface receptors.?® In contrast, 1 has no handle group, so it is directly
conjugated to liposomes, making accessibility of the carbohydrate units more difficult. Sample
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2 appears to have the correct handle length with three EDS, which is also confirmed by 3 with

only one mannose unit.
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Figure 6: Glycoliposomes were incubated with Langerin (green) and DC-SIGN (orange)
expressing Raji cells for 1 h on ice and the mean fluorescence intensity of A647 (MFI A627)
was measured by flow cytometry. Raji WT (grey) was used as control cell line. Error bars
represent the standard deviation of three independent measurements.

The glycooligomers with additional carbohydrate units positioned in the umbrella handle (see
Figure 3) generally show an increase in cellular uptake for Langerin and DC-SIGN positive cells.
A significantly higher uptake of GL-5 with overall 6 Man units would be expected here.
However, it shows similar uptake to GL-7 with mannose head and galactose handle. This
suggests that possibly the accessibility of the mannose units in the handle is hampered
because the mannose head group can interact with the surface receptors beforehand. This is

evident for GL-6 with galactose head and mannose handle.
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Conclusions

In this study, umbrella-like glycooligomers consisting of a trivalent umbrella head group to
enable a high density of carbohydrate units and an umbrella handle were prepared using
SPPoS. Additional binding carbohydrates to increase binding ability, non-binding
carbohydrates for steric shielding, or a hydrophilic handle were inserted into the umbrella
handle to examine the influence of a handle in presence of a trivalent Mannose bearing
umbrella head. These umbrella-like glycooligomers were evaluated against Langerin and DC-
SIGN by Inhibition-competition study conducted via SPR. According to this study, DC-SIGN
binds to all structures in a similar manner with just small differences for the various ligands;
however, langerin exhibits notable differences. The heteromultivalent structures made up of
the mannose umbrella handle and the galactose umbrella head as well as the smallest
structure composed of the umbrella head and the hexavalent mannose-bearing structure had
the maximum binding to Langerin. Comparing Dc-SIGN with Langerin, however, showed that
DC-SIGN favored the structures carrying a hydrophobic handle. Similar to this, stronger
binding was seen between DC-SIGN and the heteromultivalent glycooligomer consisting of a

mannose head and a galactose handle.

By formulating these glycoliposomes into liposomes, cellular binding to langerin- and DC-
SIGN-expressing Raji cells was determined by flow cytometric analysis. While the cellular
interaction of the glycoliposomes to Langerin-expressing Raji cells showed no differences, the
cellular binding to DC-SIGN-expressing Raji cells was best for the glycoliposome with the
hydrophobic handle composed of three EDS units and a mannose head. To investigate this
mechanism in more detail, the trivalent umbrella scaffold can be combined with a higher

affinity binding motif, e.g. with the positive control hL.
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Results

1. Instrumentation:

Nuclear Magnetic Resonance spectroscopy (NMR)

'H-NMR (600 and 300 MHz) spectra were mesured on a Bruker AVANCE Ill — 600. Chemical
shifts of all NMR spectra were expressed in parts per million (ppm). For *H NMR, the residual
non-deuterated solvent was used as an internal standard (6 4.79 ppm for HDO). The
resulting multiplications were given as s for singlet, d for doublet, t for triplet, and m for

multiplet.

Reversed Phase - High Pressure Liquid Chromatography - Mass Spectrometry (RP-HPLC-MS)

Reversed Phase - High Pressure Liquid Chromatography - Mass Spectrometry (RP-HPLC-MS):
Analysis were performed using an Agilent 1260 Infinity instrument equipped with a variable
wavelength detector (VWD) (set at 214 nm) and a 6120 quadrupole LC/MS with an
electrospray ionization (ESI) source (operated in positive ionization mode in an m/z range of
200 to 2000). A Poroshell 120 EC-C18 (3.0x50 mm, 2.5 um) RP column from Agilent was used
as the HPLC column. Mobile phases A and B were H,O/ACN (95 Vol %/5 Vol %) and H,O/ACN
(5 Vol %/95 Vol %), respectively. Both mobile phases contained 0.1 % formic acid. The
temperature of the column chamber was set at 25 °C. UV and MS spectral analysis was done

using Agilent Technologies OpenLab ChemStation software for LC/MS.

Ultra-High Resolution - Mass Spectrometry (UHR-MS)
The MS measurements were conducted with a Bruker UHR-QTOF maXis 4G instriument using

a direct inlet vial syringe pump and an ESI source.

Freeze dryer
The glycooligomers were lyophilized using Alpha 1-4 LD plus instrument from Martin Christ

Freeze Dryers GmbH. The Drying method was fixed to -55 °C and 0.1 mbar.
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Surface Plasmon Resonance (SPR)
Inhibition-Competition Experiments were run with a Biacore X100 instrument from GE

Healthcare Life Sciences. The sonograms were analyzed using the Biacore X100 Evaluation

Software.

2. Characterization of the umbrella glycooligomers

Compound: U(Man) (1)

i
/\(/\,ﬂ/\/o 0. h“\ on

NN S g
N/\/ WL Sq HO™ N Vo

HO

}N/\/o O, RN
SRS e e
W

HO Y OH
HO

1H NMR (600 MHz, D20) & 8.06 (s, 3H), 4.78 (d, J = 1.5 Hz, 3H), 4.66 (td, J = 6.5, 5.9, 3.8 Hz, 5H),
4.58 (s, 6H), 4.09 (ddd, J = 11.1, 7.7, 3.7 Hz, 3H), 3.94 — 3.88 (m, 3H), 3.84 (dt, J = 3.3, 1.5 Hz,
3H), 3.73 -3.62 (m, 26H), 3.58 (t, J = 9.7 Hz, 3H), 3.48 (t, J = 5.9 Hz, 2H), 3.13 (t, J = 6.0 Hz, 2H),
3.06 (ddd, J = 9.8, 5.7, 2.4 Hz, 3H), 2.49 (dt, J = 17.1, 4.7 Hz, 5H).

HR-MS calculated [M+2H]%* 563.3, found 563.2.

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H;0 in 30 min at 25°C, 214 nm): tg = 4.91 min.
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Figure S1: 'H-NMR (600 MHz) spectra of U(Man) (1) in HDO.
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Figure S3: RP-HPLC of U(Man) (1).
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Compound: U(Man)-EDS(1-3) (2)

2N/\, F/\)kN/\/ \/\O/\/N:|N /E\ }
’\—N N

L

IH NMR (600 MHz, D,0) & 8.05 (s, 3H), 4.67 (s, 2H), 4.59 (s, 6H), 4.10 (ddd, J = 11.0, 7.2, 3.7
Hz, 3H), 3.93 (ddd, J = 11.1, 5.6, 3.6 Hz, 3H), 3.86 (dd, J = 3.4, 1.7 Hz, 3H), 3.75 — 3.58 (m, 49H),
3.51 (t, J = 5.9 Hz, 3H), 3.40 — 3.36 (m, 13H), 3.15 (t, J = 5.9 Hz, 3H), 3.07 (ddd, J = 9.9, 5.8, 2.4
Hz, 3H), 2.58 — 2.53 (m, 14H), 2.48 (dd, J = 18.0, 6.0 Hz, 3H).

HR-MS calculated [M+3H]3* 606.3, found 605.9

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H20 in 30 min at 25°C, 214 nm): tr = 8.47 min.
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Figure S4: 'H-NMR (600 MHz) spectra of U(Man)-EDS(1-3) (2)in HDO.
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Figure S5: HR-MS of U(Man)-EDS(1-3) (2).
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Figure S6: RP-HPLC of U(Man)-EDS(1-3) (2).
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Compound: L(Man)-EDS(1-3) (3)

IH NMR (600 MHz, D;0) & 7.89 (d, J = 1.5 Hz, 1H), 4.70 — 4.58 (m, 2H), 4.09 (ddd, J = 11.0, 7.1,
4.0 Hz, 1H), 3.96 — 3.91 (m, 1H), 3.86 (dd, J = 3.3, 1.8 Hz, 1H), 3.76 — 3.54 (m, 28H), 3.51 (t, J =
5.9 Hz, 2H), 3.38 (ddd, J = 11.9, 7.2, 4.5 Hz, 12H), 3.15 (t, J = 5.9 Hz, 2H), 3.03 (t, J = 7.3 Hz, 3H),
2.64 (t,J = 7.3 Hz, 2H), 2.58 — 2.50 (m, 11H).

HR-MS calculated [M+2H]?* 540,8, found 540.8

RP-HPLC: (5%/95% ACN/H,0-> 5%/50% ACN/H>0 in 30 min at 25°C, 214 nm): tg = 7.82 min
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Figure S7: *H-NMR (600 MHz) spectra of L(Man)-EDS(1-3) (3) in HDO.
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Figure S8: HR-MS of L(Man)-EDS(1-3) (3).
100
80
60
40
o 20
£ ]
-
0_
-20 -
-40 -
-60
T I T I T I I I I
0 5 10 15 20 25 30
time t [min]

Figure S23: RP-HPLC of L(Man)-EDS(1-3) (3).
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Compound: U(Man)-EDS(1-7) (4)

O’\—N N N O

Ho, P OH HO,, O
L& oH HO Y

SoH

1H NMR (600 MHz, D,0) & 8.08 (d, J = 3.2 Hz, 3H), 4.76 (d, J = 1.7 Hz, 3H), 4.66 (td, J = 6.5, 5.9,
3.6 Hz, 6H), 4.58 (s, 6H), 4.08 (ddt, J = 10.7, 6.9, 3.4 Hz, 3H), 3.90 (ddd, J = 11.1, 5.7, 3.7 Hz,
3H), 3.83 (ddd, J = 5.2, 3.3, 1.8 Hz, 3H), 3.74 — 3.56 (m, 91H), 3.48 (q, J = 6.1, 4.7 Hz, 3H), 3.36
(q,J = 5.4 Hz, 36H), 3.12 (q, J = 6.0 Hz, 3H), 3.06 (ddd, J = 9.7, 5.8, 2.3 Hz, 3H), 2.56 — 2.45 (m,
36H).

HR-MS calculated [M+H]** 684.99, found 685.1;

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H;0 in 30 min at 25°C, 214 nm): tg = 6.72 min.
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Figure S10: 1H-NMR (600 MHz) spectra of U(Man)-EDS(1-7) (4) in HDO.
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Figure S11: HR-MS of U(Man)-EDS(1-7) (4).
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min

Figure S12: RP-HPLC of U(Man)-EDS(1-7) (4).
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Compound U(Man)-EDS(2,4,6)-Man(1,3,5) (5)

0
HO o)
HO P g
,N‘ :N—N HO
N ' OH
N Nj/) HO
o)
o)
HNTN NN \/\NJJ\/\[r SN NN N/\/
g H H 3 H a o, /N
3 <N

IH NMR (600 MHz, D20) & 8.05 (s, 3H), 7.88 (s, 5H), 4.71 — 4.61 (m, 17H), 4.59 (s, 7H), 4.13 —
4.05 (m, 4H), 3.97 — 3.89 (m, 9H), 3.86 (s, 7H), 3.79 — 3.58 (m, 97H), 3.53 — 3.43 (m, 16H), 3.36
(dd, J = 22.3, 6.2 Hz, 37H), 3.24 — 3.19 (m, 1H), 3.15 (t, J = 5.9 Hz, 3H), 3.04 (dt, J = 45.4, 7.9 Hz,
16H), 2.80 (d, J = 7.3 Hz, 9H), 2.58 — 2.43 (m, 12H).

HR-MS calculated [M+H]** 844.87, found 844,39

RP-HPLC: (5%/95% ACN/H,0-> 5%/50% ACN/H>0 in 30 min at 25°C, 214 nm): tr = 6.43 min.
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Figure S24: *H-NMR (600 MHz) spectra of U(Man)-EDS(2,4,6)-Man(1,3,5) (5) in HDO.
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Figure S15: HR-MS of U(Man)-EDS(2,4,6)-Man(1,3,5) (5).
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Figure S16: RP-HPLC of U(Man)-EDS(2,4,6)-Man(1,3,5) (5).
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Compound U(Gal)-EDS(2,4,6)-Man(1,3,5) (6).
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IH NMR (300 MHz, D,0) & 8.10 (s, 3H), 8.04 — 8.00 (m, 4H), 4.72 — 4.64 (m, 18H), 4.58 (s, 6H),
4.36 (d, J = 7.8 Hz, 3H), 4.33 — 4.25 (m, 2H), 4.10 (dt, J = 9.0, 4.2 Hz, 5H), 3.98 — 3.91 (m, 2H),
3.89 (dd, J = 3.4, 0.9 Hz, 3H), 3.85 (dd, J = 3.1, 1.8 Hz, 5H), 3.79 — 3.54 (m, 69H), 3.53 - 3.41 (m,
18H), 3.35 (q, J = 5.5 Hz, 29H), 3.09 (dt, J = 29.4, 6.5 Hz, 12H), 2.82 (t, J = 7.1 Hz, 9H), 2.49 (dt,
J=10.6, 3.9 Hz, 38H).

HR-MS calculated [M+H]** 840.4, found 840.7

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H>0 in 30 min at 25°C, 214 nm): tr = 6,40 min.
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Figure S25. 'H-NMR (300 MHz) spectra of U(Gal)-EDS(2,4,6)-Man(1,3,5) (6) in HDO.
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Figure S18: HR-MS of U(Gal)-EDS(2,4,6)-Man(1,3,5) (6).
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Figure $19: RP-HPLC of U(Gal)-EDS(2,4,6)-Man(1,3,5) (6).
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Compound U(Man)-EDS(2,4,6)-Gal(1,3,5) (7)

! OH
HO 56/ O _Q(
4G HO \
0
HO
3G 1G HO o)
HO2C 0 g
a N\C € N—=N HO 6a,b M
| N N HO4M-5M OH
12 7 N
1l o M\ O
o

1H NMR (300 MHz, D,0) & 8.10 (dd, J = 9.0, 2.2 Hz, 4H), 8.06 (s, 3H), 4.76 — 4.63 (m, 9H), 4.58
(s, 6H), 4.37 (d, J = 7.8 Hz, 3H), 4.34 — 4.27 (m, 2H), 4.11 (dq, J = 11.1, 5.4 Hz, 7H), 3.94 (d, J =
4.7 Hz, 1H), 3.90 (d, J = 3.4 Hz, 5H), 3.84 (dd, J = 3.1, 1.7 Hz, 3H), 3.76 — 3.53 (m, 73H), 3.52 —
3.40 (m, 17H), 3.35 (q, J = 5.5 Hz, 26H), 3.09 (dt, J = 24.0, 6.5 Hz, 15H), 2.83 (t, J = 7.1 Hz, 7H),
2.48 (h,J=6.2, 5.3 Hz, 35H).

HR-MS calculated [M+H]** 840.4, found 840.7

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H>0 in 30 min at 25°C, 214 nm): tr = 6.4 min.
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Figure S20: *H-NMR (300 MHz) spectra of U(Man)-EDS(2,4,6)-Gal(1,3,5) (7) in HDO.
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Figure $21: HR-MS of U(Man)-EDS(2,4,6)-Gal(1,3,5) (7).
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Figure $22: RP-HPLC of U(Man)-EDS(2,4,6)-Gal(1,3,5) (7).
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Figure S23: Binding curves and corresponding inhibition competitions curves towards Langerin

shown for 15t measurements on 15t C1-Chip.
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Figure $24: 2™ measurements on

Langerin.
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Figure S25: Inhibition competitions assay showed no inhibition of structure 3 towards Langerin
shown for 1%t and 2" measurement on 1t C1-Chip.
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Figure S26: Binding curves and corresponding inhibition competitions curves towards DC-SIGN

shown for 15t measurement on 1t C1-Chip.
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Figure S28: 1 Inhibition competition measurements towards DC-SIGN on 2" C1-Chip.
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Figure S29: Inhibition competitions assay showed no inhibition of structure 3 towards DC-SIGN
shown for 1t and 2"d measurement on 15t C1-Chip.
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4 Umbrella glycooligomer conjugated liposomes

Lipid-umbrella glycooligomer-coupling reaction conditions:

Umbrella glycooligomers (2 or 3 mg, 2 eq) were dissolved in 0.5 mL of DMSO and DIPEA (5 eq)
and DSPE-PEG-NHS (1 eq) were added. Reaction vessels were vortex-shaken overnight at
40 °C. Samples were then dialyzed to water for 6 h x 3, using a membrane cut-off of 2 KDa.
Afterwards, they were lyophilized and redissolved in DMSO-ds. Umbrella glycooligomer - lipid
coupling yields were calculated by 'H-NMR (400 MHz, Bruker) comparing the DSPE methyl
groups integration (6.00, 0.8 ppm) to the integration of the triazole proton (3.00, ~8.00 ppm).

Table 1: Coupling yields of lipid - umbrella glycooligomer conjugates obtained by comparing
the integration of the DSPE methyl group and the methyl group linking the carbohydrate
residue via triazole by *H-NMR.

DSPE-PEG- DSPE-PEG- DSPE-PEG- DSPE-PEG-
Compound
U(Man)-EDS(1-7) = L(Man)-EDS(1-3) U(Man) U(Man)-EDS(1-3)
Coupling yield
59 51 65 83
(%)
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Figure S30: Comparison of the 'H-NMR of the glycooligomers coupled to DSPE-PEG lipid and
the starting material, DSPE-PEG-NHS. Highlighted into red frames the two signals used to
determine the coupling yield are shown.
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Figure S31: 1H-NMR (400 MHz) spectra of DSPE-PEG-U(Man)-EDS(1-7) conjugate in DMSO-de.
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Figure S32: 1H-NMR (400 MHz) spectra of DSPE-PEG-L(Man)-EDS(1-3) conjugate in DMSO-de.
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Figure $S33: 1H-NMR (400 MHz) spectra of DSPE-PEG-U(Man) conjugate in DMSO-ds.
126



Results

2.5
6.0

)5 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -C

Figure S34: 1H-NMR (400 MHz) spectra of DSPE-PEG-U(Man)-EDS(1-3) conjugate in DMSO-de.

Umbrella glycooligomers with carbohydrate decorated handle (2 or 3 mg, 2 eq) were dissolved
in 0.5 mL of DMSO and DIPEA (5 eq) and DSPE-PEG-NHS (1 eq) were added. Reaction vessels
were vortex-shaken overnight at 40 °C. Samples were then dialyzed to water for 6 h x 3, using
a membrane cut-off of 2 KDa. Afterwards, they were lyophilized and redissolved in DMSO-de.
Umbrella glycooligomer -lipid coupling yields were calculated by *H-NMR (400 MHz, Bruker)
comparing the DSPE methyl groups integration (6.00, 0.8 ppm) to the integration of the
methylene groups connecting the triazole and the sugar moiety for each glycooligomer (6.00,
4.05 ppm). Since the later signal overlaps with that from one of the protons of the
phosphoglycerol linker (1.00, 4.05 ppm), to calculate the coupling yield of the binding the total

integration of the signal should be taken as 7.00.
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Table 2: Coupling yields of lipid and glycooligomer conjugates obtained by comparing the

integration of the DSPE methyl group and the methyl group linking the sugar residue via

triazole by 'H-NMR.

DSPE-PEG-U(Man)- DSPE-PEG-U(Gal)- DSPE-PEG-U(Man)-
Compound
EDS(2,4,6)-Gal(1,3,5) | EDS(2,4,6)-Man(1,3,5) = EDS(2,4,6)-Man(1,3,5)
Coupling yield
69 73 49
(%)
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Figure S35: Comparison of the 'H-NMR of the glycooligomers coupled to DSPE-PEG lipid and

the starting material, DSPE-PEG-NHS. Highlighted into red frames the two signals used to
determine the coupling yield are shown.
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Figure S36: *H-NMR (400 MHz) spectra of DSPE-PEG-U(Man)-EDS(2,4,6)-Gal(1,3,5) conjugate
in DMSO-de.
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Figure S37: *H-NMR (400 MHz) spectra of DSPE-PEG-U(Gal)-EDS(2,4,6)-Man(1,3,5) conjugate
in DMSO-ds.
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Figure S38: 'H-NMR (400 MHz) spectra of DSPE-PEG-U(Man)-EDS(2,4,6)-Man(1,3,5)
conjugate in DMSO-de.
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4.3 Brush glycopolymer targeting Langerin on cells

Serap Ucli, Stig Hill Christiansen, Maxime Denis, Christoph Rademacher, Steffen Thiel, Laura

Hartmann*

Publication Draft

Own Contribution:

Collaborative project design. Synthesis and purification of building blocks for solid phase
polymer synthesis, glycooligomers and brush glycopolymers. Measurement and evaluation of
all LC-MS experiments of the glycooligomers and evaluation of all NMR and UHR spectra of
glycooligomers and brush glycopolymers. Collaborative planning and performance of the cell

uptake experiments using Flow Cytometry. Collaborative writing of the first publication draft.
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Abstract

Langerin expressed on the surface of Langerhans cells in the skin and mucosa is the key
mediator in the recognition of carbohydrate-based pathogen- or danger-associated molecular
patterns- and promotes the regulation of the immune response. Taking the trivalent
arrangement of the CRD of Langerin as blueprint, we present a variety of umbrella-like
glycooligomers with a trivalent mannose-containing head group and a hydrophilic tail group
in different lengths, accessible by solid phase polymer synthesis. Binding studies by °F-NMR
competition assay of umbrella-like glycooligomers towards Langerin show that the binding to
Langerin decreases with increasing tail length, which can be attributed to sterical shielding

effects.

The presentation of these glycooligomers on a polymeric scaffold resulting in brush
glycopolymers enables the increase of the overall multivalence and the addressing of the
Langerin receptor on cell surfaces. The umbrella-like glycooligomers were used as side chains
of different lengths thus varying the accessibility of the trivalent mannose head groups. Flow
cytometric studies on Langerin-expressed HEK293 cells show that the brush gylcopolymer
with the longest tail group as side chains exhibite the highest cell binding. To investigate the
effects of carbohydrate density on binding to the Langerin receptor on the cell surface, the
glycopolymer with the longest side chain is used and the degree of functionalization is
increased. The study on cells showed that lower carbohydrate density allows enhanced
binding, and thus lower mannose concentrations are sufficient to achieve high receptor

binding at the cell surface.

Introduction:

Carbohydrate-lectin interactions are key mediators of many biological processes, such as cell-
cell interactions, signalling pathways and innate immune responses.’* The binding of a
carbohydrate ligand to a single carbohydrate recognition domain (CRD) is typically weak.
Nature uses multivalency and the simultaneous interaction of multiple carbohydrate ligands
and/or CRDs to achieve increased binding avidity.>® In turn, mimicking the multivalent
presentation of natural carbohydrate ligands or fragments thereof on a synthetic scaffold

allows for the development of high affinity, possibly non-natural, ligands that can be used as
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model compounds in fundamental studies as well as in the development of therapeutic
approaches.”!! An important class of such multivalent glycomimetics are the glycopolymers,
as they offer straightforward access to a variety of highly valent carbohydrate conjugates.'?14
However, their increase in binding avidity is mostly related to a statistically increased binding
probability due to the high number of binding units in close proximity to the CRDs.'>6 A
potential selectivity is typically achieved through the choice of a carbohydrate motif known as
a specific binder of the targeted receptor.!’ Interestingly, recent studies suggest that also
structural parameters of the polymer scaffold itself, such as the architecture, can affect both
binding avidity and selectivity, likely mimicking the natural presentation of carbohydrates on
protein scaffolds.®-2! Selectivity through the choice of scaffold is more established for lower
molecular weight glycomimetics, e.g., based on peptide or oligomeric scaffolds. It has been
demonstrated that, e.g., by matching the spatial distribution of the CRDs of a multivalent
receptor while employing multivalent ligand, higher avidity and selectivity can be achieved.??
In many biological processes, the interaction between the glycomimetics and the receptors
involves the clustering of multiple receptors, especially in binding processes on cell surface.
To achieve this clustering, larger glycomimetics are required, since the small glycomimetics

are dimensioned to bind only one receptor. 23 24

In this study, we present the combination of both approaches, an oligomeric glycomimetic
ligand designed for a specific receptor and its multivalent presentation on a polymeric scaffold
with a special focus on using the resulting glycopolymer to target the receptor on cell surfaces.
(Figure 1) Our target receptor for this study is Langerin, a C-type lectin of the immune system
known to recognize, e.g., mannose (Man) via its CRDs.?>?7 At the surface of Langerhans cells
located in the skin and mucosa, this lectin mediate the recognition of carbohydrate-based
pathogen- or danger-associated molecular patterns and promote immune response
regulation.?®3% Three Langerin polypeptide chains form a trimer stabilized by a coiled-coil of
a-helices in the neck region.3! This enables Langerin to gain a higher binding strength if ligands
are presented to the molecule in a pattern fitting such trimer CRD structure. Previously we
have developed a trivalent oligomeric Man ligand that showed higher affinity to Langerin in
comparison to other C-type lectin receptors, specifically the model plant lectin Concanvalin A
(ConA), recognizing Man with four CRDs.?> We hypothesized that the higher binding to
Langerin results from a rapid (re-)binding: the small ligand binds with only one Man at a time

but is trapped between the other CRDs leading to a fast exchange between bound and
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non- bound states efficiently occupying the receptor binding sites. In this study we use a
further simplify of the branched trivalent ligand by introducing an even smaller trivalent ligand
Here we use this trivalent ligand and present it on a polymeric scaffold to increase the overall
multivalency and allow for receptor-specific cell interactions. The choice of polymeric scaffold
and multivalent presentation is based on a previous study that demonstrated the relevance
of polymer scaffold architecture going from linear to branched in addressing different
receptors.3? We found that branched glycopolymers showed higher binding to C-type lectin
DC-SIGN, another Man recognizing receptor of the immune system, while linear
glycopolymers showed preferred binding by ConA. Based on the structural similarities
between Langerin and DC-SIGN, with Langerin having three symmetrically arranged CRDs and
DC-SIGN having four CRDs with a spacing of about 4 nm, here we therefore also choose a
brush-type polymer scaffold and specifically investigate the effects of brush length and

number of brushes on the receptor binding. 2723

Glycopolymer:
Multivalent presentation of
trivalent glycooligomer

trivalent
gylcooligomer

variation of the chain length n
to increase the accessibility —
of the trivalent ligands

| > |

—

Langerin
expressing cell

Langerin

Figure 1: Schematic presentation of developing a trivalent glycomimetic ligand for binding to
Langerin and its multivalent presentation on brush glycopolymers to enable effective binding
to Langerin expressing cells.
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Materials and Methods

Materials: Acetone (> 99.8%), triethylamine (analytical grade) and toluol (for HPLC) were
purchased from Fischer Scientific. Succinic anhydride (= 99.0%) was purchased from
Carbolution Chemicals. Diethyl ether (with BHT as inhibitor, > 99.8%), triisopropylsilane (TIPS)
(98%), (+)-sodium-L-ascorbate (299.0%), chloroform-d (99,8 atom % D), deuteriumoxid-d2
(99,8 atom % D), dimethylsulfoxid-d6 (99,8 atom % D), were purchased from Sigma-Aldrich.
N,N-Diisopropylethylamine (DIPEA) (= 99%), kaliumhydroxide (> 85%) were purchased from
Carl Roth. Methanol (100%), ethylacetate (>99.9%), n-hexan (299.8%) and acetic anhydride
(99.7%) were purchased from VWR BDH Prolabo Chemicals. Dimethylformamide (DMF)
(99.8%, for peptide synthesis), tert-butanol (= 99.0%), piperidine (99%), sodium methoxide
(97%), sodium diethyldithiocarbamate (99%), tritylchloride and copper (ll)sulfate (98%) were
purchased from Acros Organics. Dichloromethane (DCM) (99.99%), Triethylsilan (= 98,0 %),
trifluoroacetic acid (> 99,0 %), 9-fluorenylmethyl chloroformate (Fmoc-Cl) were purchased
from Fluorochem UK. Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium
137lycofunctionalizat (PyBOP) was purchased from lIris Biotech GmbH. The anion resin (AG1-
X8, quarternary ammonium, 100-200 mesh, acetate form) was purchased from BioRad.
TentaGel® resin was purchased from Rapp Polymere. Methyl-a-D-mannopyranoside (>99%),
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), 10 mM sodium acetate pH 4.0, was purchased from Cytiva. Diethylenetriamine was
purchased from Merk (>98%). Di-tert-butyldicarbonat (99,0 %) was purchased from
Novabiochem. Ethanol (>99.9%) was purchased from Chemsolute. 2,2'-
(ethylenedioxy)bis(ethylamine) was obtained from TCl Europe. Citric acid, anhydrous; 4-

pentynoic acid were purchased from Alfa Aesar (>99.5%).

Synthesis of Building Blocks for Solid Phase Polymer Synthesis: The synthesis of the building

blocks EDS, TT, Man-N3 and Gal-N3 followed the detailed description in the literature. 3437

Solid Phase Synthesis of umbrella-like glycooligomers: The umbrella-like glycooligomers were
prepared by repeated stepwise coupling and deprotection steps of the building blocks on solid
support. The reactions were conducted in polypropylene syringe reactors, including a
polyethylene frit and a Luer stopper from Multisynthech GmbH. As solid support, TentaGel®
SRAM resin pre-functionalized with ethylenediamine with a loading of 0.20 mmol/g was used.
The batch size of 0.1 mmol was employed for each glycooligomer. The triple alkyne
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functionalized linker TT was used as functional building block and indicates the umbella head
and EDS was used as a spacer building block to build up the umbrella handle of the

glycooligomer.

Coupling and deprotection steps: First, the resin was first swollen twice for 15 min in DCM and
then washed three times with DMF. The coupling steps of EDS and TT linker were performed
by shaking for 1 h with a mixture of 5 equivalents of the building block, 5 equivalents of PyBOP
and 10 equivalents of DIPEA in DMF followed by washing steps ten times with DMF. After each
coupling, the resin was shaken with a solution of 25 Vol% piperidine in DMF for 15 min and
then washed three times with DMF. This was repeated two times and then washed ten times

with DMF.

Copper(l)-catalyzed alkyne-azide cycloaddition (CuAAC): The glycoconjugation to the
glycooligomer backbone was carried out by using the CuAAC. For this, 2,5 equivalents of (2-
azidoethyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (Man-Ns or Gal-N3) per alkyne was
dissolved in 2 ml DMF, of 30 mol% of sodium ascorbate and of 30 mol% of copper sulfate per
alkyne was dissolved in 0,5 ml water. The copper sulfate solution was drawn up first, then the
sugar solution, and finally the sodium ascorbate solution. The reactor syringe was covered
with aluminum foil and shaken overnight. The resin was then washed three times with a 23
mM solution of sodium diethyldithiocarbamate in DMF/H,0 (1:1, v/v), three times with DMF,
and three times with DCM. The washing steps were repeated with the three solutions until no

coloration of the wash solution was observed.

Deprotection of sugar-pyranoside and cleavage from the resin: After successful conjugation of
sugar-pyranosides, the deprotection of hydroxyl groups was performed in 0.1 M NaOMe in
methanol and shaken for 60 minutes. Then the syringe was washed ten times with methanol,
ten times with DMF and ten times with DCM. The glycooligomer was cleaved from the resin
by shaking with a solution of 35 vol% TFA, 60 vol% DCM, and 5 vol% TIPS. The solution was
precipitation in cold diethyl ether and the white precipitate was centrifuged off. The white

solid was then dissolved in water and the product isolated by lyophilization.

Polymer analogues synthesis of brush glycopolymers: The conjugation of umbrella-like

glycooligomers was performed following the previous description in the literature. 32
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AlexaFlour647 labelling of the brush glycopolymers: To a stock solution of brush glycopolymer
(20 mg/ml) 100 pL of the AlexaFlour647 stock solution (1 mg/ml) in water was added.
Subsequently, 10 eq. of NHS and 10 eq. of EDC were added and stirred overnight. The excess

dye was removed by dialysis.

F-NMR experiment : 'F NMR and °F R -filtered NMR experiments were conducted on a
Brucker AV 500 MHz spectrometer under 298 K. Spectra were processed in MestReNova and
data analysis was performed with OriginPro. For each spectrum 128 scans were recorded in 5
mm sample tubes at sample volumes of 500 pl. Relaxation rates Rz,0bs Were determined with
the CPMG pulse sequence, equation below. T represents the relaxation time and lo is the
integral at a T value of 0 s. The relaxation delay di was set to 2.0 s, the acquisition time tacq

was set to 0.8 s and the frequency of 180° pulses ucpmc Was set to 500 Hz.

I = ]Oe_RZ,obsT

Langerin-expressing cell line: We produced cells that express the C-type lectin Langerin. The
Freestyle 293-F cell line (Thermo Fisher Scientific, Waltham, MA) was cultured in 6-well plates
to a final density of ~10° cells/ml per well (70-90% confluent at transfection) in Gibco Freestyle
293-F Expression Medium (Cat.no.: 12338026, Thermo Fisher Scientific) with 10% fetal bovine
serum (FBS, Merck, Munich, Germany), 100 units/ml penicillin, and 100 ug/ml streptomycin
(Thermo Fischer Scientific). The cells were replenished with new Freestyle 293-F expression

medium with 10% fetal bovine serum (FBS) on the day of transfection.

The target gene encoding Langerin (accession number NM_015717.5) was synthesized and
cloned into the mammalian expression vector pcDNA3.1/Zeo+ (a service provided by
Genscript, NJ), a plasmid conferring resistance to the phleomycin family of antibiotics, e.g., to

zeocin.

The Langerin-encoding vector or a control vector (mock, i.e., the pcDNA3.1/Zeo+ vector
without any protein cassette) was introduced into the adherent Freestyle 293-F cell line by
transfection. DNA and Lipofectamine 3000 (Thermo Fisher Scientific) were mixed in two steps
following the instructor’s manual. First, the lipofectamine 3000 reagent was diluted in

OptiPRO SFM SFM (Thermo Fisher Scientific). Second, a master mix of 5 pug plasmid DNA was
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diluted in OptiPRO SFM, and 10 pl P3000 reagent was added. The two mixtures were
combined, incubated for 10-15 min, and DNA-lipid complexes were added to the cells by
gently swirling the 6-well plate to ensure a homogenous distribution. After 24 hours of
incubation at 37 °C and 8% CO,, the cells were replenished with fresh expression medium with
penicillin, streptomycin, and 10% FBS. Forty-eight hours after transfection, cells were
supplemented with 500 pug/mL zeocin to select stably transfected cells. Cells were fed a new
medium every three days and analyzed for clonal outgrowth after 10-14 days of culture.
Resistant clones were trypsinized and cloned by limiting dilution into 96-well microtiter plates.
Individual clones were screened for lectin expression by flow cytometry using APC-labelled
anti-Langerin antibody (cat.no.: 352206, BiolLegend, San Diego, US). Clones expressing
Langerin and mock control clones not expressing Langerin were expanded for
cryopreservation. Cells were cryopreserved at -150° 140lycofu in Freestyle 293F Expression

Medium with 20% FCS and 10% DMSO.

Flow cytometry: The Langerin-expressing and mock cell lines were thawed by gently
resuspending and diluting ten times in Freestyle 293F Expression Medium. Cells were
sedimented by centrifugation at 200 x g and replenished in Freestyle 293F Expression Medium
with 10% FBS, 100 units/ml penicillin, and 100 pg/ml streptomycin (culture medium). Cells
were incubated in standard T75 culture flasks (Sarstedt, Newton, NC) at 37 °C and 8% CO,. The
next day, the culture medium was discarded and replaced with a culture medium containing
500 pg/ml zeocin to ensure the growth of Langerin-expressing cells. The culture medium was
changed every third day until the cells reached 80-90% confluence; then, the cells were
harvested by incubating in PBS with 5 mM EDTA and immediately transferred into a buffer of
20 mM HEPES, 150 mM NacCl, 5 mM CaClz, 5 mM MgCl,, and 0.5% bovine serum albumin (BSA),
pH 7.4 (HBS/Ca/Mg) by centrifugation at 200 x g for 5 minutes and adding the HBS/Ca/Mg.

Binding experiments of glycopolymers towards cells: For the binding assay, cells were
replenished in HBS/Ca/Mg and adjusted to 500,000 cells/mL. Glycopolymers conjugated with
Alexa Fluor 647 were aliquoted to a volume of 50 ul at 100 or 50 uM in HBS/Ca/Mg in V-
bottom 96-well wells, and immediately mixed with the freshly reconstituted cells to a final
volume of 100 uL per well. The cells were incubated with glycopolymers for 30 min at RT,

protected from light. After incubation, cells were pelleted by centrifugation at 200 x g for 2
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min, washed twice in HBS/Ca/Mg, and subsequently reconstituted in 200 pl HBS/Ca/Mg for

flow cytometry analysis.

Competitions experiments: We tested whether mannose-BSA competes with glycopolymer for
binding to Langerin-expressing cells. For this, mannose-BSA (cat.no.: NGP1108, Dextra,
Reading, UK) was two-fold serially diluted from 200 to 6.25 pg/mlin HBS/Ca/Mg in a V-bottom
141lycofunct plate and mixed with 50 ul Langerin-expressing or mock cell lines at 500,000
cells/mL, to a final volume of 100 ul per well. The cells pre-incubated with mannose-BSA for
15 min at RT, and, subsequently, 25 uM Alexa Fluor 647-conjugated P3 was added to the cells
for 30 min at RT, protected from light. After incubation, cells were pelleted by centrifugation
at 200 x g for 2 min and washed twice in HBS/Ca/Mg. The cells were reconstituted with 200 pl
HBS/Ca/Mg for flow cytometry analysis.

Flow cytometry data were collected on an ACEA Novocyte flow cytometer (ACEA Biosciences

Inc., San Diego, CA) and analyzed using FlowJo v10.8 (FlowlJo LLC, Ashland, OR).

Results and discussion

Synthesis of trivalent Man containing umbrella-like glycooligomers

Our previous study used the stepwise assembly of tailor-made building blocks on a solid
support to synthesize a series of trivalent Man ligands with different lengths of the arms
connecting the three carbohydrate motifs. We found that the smallest ligand showed the
highest affinity to Langerin.?2 Based on this finding, we previously developed a new building
block — the so-called TT (three triple bonds) linker — allowing for the straightforward
presentation of three Man units in close proximity. In short, the TT linker (4-((1,3-bis(prop-2-
yn-1-yloxy)-2-((prop-2-yn-1-yloxy)methal)propan-2-yl)Jamino)-4-oxobutanoic acid) is derived
starting from tris(hydroxymethyl)aminomethane (TRIS). First, the primary amine group is
protected by di-tert-butyldicarbonat, followed by functionalization of the hydroxyl groups
with propargyl bromide introducing three terminal alkyne groups. In the final step, the amine
group is deprotected by trifluoroacetic acid (TFA) and functionalized with succinic anhydride
to give a free carboxy group. Through its carboxylic functionality on one end, the TT linker is
directly compatible with our solid phase polymer platform making use of standard Fmoc-

peptide coupling chemistry employing natural and non-natural amino acids and tailor-made
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building blocks. The three alkyne groups allow for the straightforward introduction of three
Man ligands by Cu-mediated azido alkyne conjugation (CuAAC) with well-established reaction
conditions and available azido-Man building blocks. 38-*! In order to allow for control over the
length of the brush in the brush-type polymer, EDS building blocks introducing an ethylene
glycol unit in the oligomeric backbone were then used in the solid phase assembly of a series
of glycooligomers that resemble an umbrella and are thus called umbrella structures (see
Figure 2). Three different lengths of the umbrella handle were synthesized with either no,
three or seven EDS building blocks. In all cases, the TT linker was used to introduce three
alkynes and, after glycoconjugation, three Man ligands at the N-terminus of the oligomer and
as umbrella head. For later use as a negative control, the umbrella structure with the longest
handle was also synthesized as galactose (Gal) derivative by conjugation of azido-Gal building
block instead of azido-Man. All glycooligomers were synthesized on a trityl resin that was
preloaded with ethylenediamine thereby releasing a primary amine at the C-terminus after
cleavage from the resin. This will later be relevant for conjugation onto the polymeric
scaffolds. The nomenclature of the umbrella structures is as follows: U for the umbrella motif,
followed by the carbohydrate (Man or Gal), followed by the number of EDS building blocks
forming the handle, e.g., U(Man)-3. For comparison, U(Man)-3 was also synthesized as a
monovalent, non-umbrella structure by using PA (4-pentynoic acid) building block introducing
only one alkyne group. All glycooligomers (see Figure 2C) were isolated and characterized by
'H-NMR, RP-HPLC-ESI-MS and HR-MS (see Sl for details on the synthesis, characterization and

accompanying spectra).
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Figure 2: A) Synthesis of umbrella-like glycooligomers with an exemplary chemical structure
for compound U(Man)-3. B) Schematic structure of all glycooligomers of this study. The
building block TT was labelled as blue squares, EDS as white squares, and PA as grey squares.
The mannose units were marked as green dots and galactose as yellow dots.

Umbrella structures binding to Langerin

To determine the binding of umbrella structures to Langerin, and for comparison with our
previous Langerin ligand, °F-NMR displacement assay was performed. In short, this
homogeneous assay monitors the displacement of a '°F 143lycofun, monovalent N-
acetylmannosamine analogue from the primary binding site of Langerin using R2-relaxation in
NMR yielding inhibitory constants (Ki) and half maximum inhibitory concentrations. Table 1
summarizes the results of the displacement assay. Overall, umbrella structure U(Man)-7
shows a higher K|, indicative of a lower affinity, in comparison to a previously described
trivalent ligand by a factor of 10.22 Nevertheless, K, is still lower by a factor of ~10 in
comparison to monovalent Man with K; = 4.5 + 0.5 mM.*? Increasing the handle by adding EDS
building blocks leads to an increase in K| values, which can potentially be attributed to steric
effects. Overall, all umbrella structures show binding to Langerin and thus will be further used

in the glycopolymer design.

Table 1: ’F-NMR displacement assay quantifying glycooligomer binding to Langerin resulting
in inhibitory constants, K, and showing that with increase of length the K values increases.
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The names refer to the structures given in Figure 1. The numbers are given as mean with the
chain length by number of EDS. The data represent replicates from three independent
experiments.

# K, [mM]
U(Man)-0 0.712 +0.169
U(Man)-3 0.230 + 0.044
U(Man)-7 1.410 + 0.622
L(Man)-3 0.754 +0.319

Brush glycopolymers synthesized from umbrella-like glycooligomers

For the synthesis of the brush glycopolymers, a poly(pentafluorophenyl acrylate) (pPFP)
scaffold with a Pn of 50 was synthesized following previously presented protocols.3? This
polyactive ester derivative allows for a straightforward polymer-analogue reaction with
primary amines and displacement of the pentafluorophenyl side chains. Using our previously
derived umbrella structures presenting a terminal amine group enables the introduction of

glycooligomer side chains giving brush-like glycopolymers (Figure 3).
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Figure 3: Schematic presentation of the glycopolymer synthesis starting from a pPFP scaffold

and polymer-analogue reaction with glycooligomers and conjugation of AlexaFluor647
(AF647).

By using umbrella structures with different lengths of the handle (number of EDS building
blocks) (0-7), different brush lengths are realized (P1 — P4 in Figure 4). Furthermore, by adding
different amounts of glycooligomers during the polymer-analogue reaction, the number of
side chains/brushes can be varied (P3 and P4). In all cases, the remaining pentafluorophenyl
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side chains are quenched by reaction with ethanolamine. Complete conversion is confirmed
by °F-NMR showing no remaining pentafluorophenyl groups (see S| for details on the
synthesis and polymer characterization). We used non-umbrella brush (P6) as well as linear
glycopolymer (P(Man)) as one kind of controls. P6 was synthesized using the monovalent
glycooligomers (L-(Man)-3) and P(Man) using amino-functionalized Man. As negative controls
brush (P5) as well as linear glycopolymers (P(Gal)), presenting Gal instead of Man were
produced. As a further negative control a non-carbohydrate containing polymer derived by
complete quenching with ethanolamine giving poly(hydroxyethylacrylamide) (pHEAA)
(P(EtOH)). Figure 4 summarizes all glycopolymers synthesized in this study. All polymers were
characterized by H and '°F-NMR (see S| for details of the polymer synthesis and
characterization). For later cell studies, glycopolymers were labelled with the fluorophore
Alexa Fluor 647 (AF647). Therefore, the glycopolymers were dissolved in water and (AF647)
was added for conjugation to the terminal carboxy group available from the employed RAFT
agent after activation by carbodiimide chemistry (see Sl for details of the labelling reaction

and analytical results).
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Figure 4: A) Schematic presentation of glycopolymers derived from reacting umbrella
glycooligomers with polyactive ester scaffold with corresponding linear control polymers. B)
The degree of functionalization was determined by *H-NMR (see Sl for spectra and details of
the calculation).

Interaction of glycopolymers with cells expressing lectin

Langerin expressing HEK293F cells as well as a control cell line only carrying the zeocin

resistance used for the selection of the cells were produced.

Prior to studying receptor-mediated interactions of the glycopolymers, we tested whether the
glycopolymers had a direct effect on cell viability. For this purpose, cells were first mixed with

the polymers and then incubated with propidium iodide (Pl). Flow cytometric measurements
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revealed Pl uptake of less than 20% for the cell lines tested, indicating that the glycopolymers
are not cytotoxic and can be further used for studying binding to the cells (see Sl for details

and results of the cytotoxicity study).

We then investigated whether the glycopolymers could specifically target Langerin-expressing
cells; Langerin-expressing cells (Langerin-HEK293) were compared to cells not expressing
Langerin (EV-HEK293). For these experiments, the glycopolymers were offered to the cells in
a buffer containing the calcium needed for the C-type lectin domain to be active. To study the
concentration-dependent interaction with the cells, the experiments were initially performed
with polymer concentrations of 25 uM and 50 uM. After an incubation period of 30 minutes,
the cells were washed, and the amount of bound polymer is given as the mean fluorescence
intensity of the cells, as quantified via flow cytometry. Figure 5 shows the results for all tested
glycopolymers. At both of the tested concentrations, the highest binding was observed for P3
and P4, i.e., the glycopolymers derived from the umbrella structure with the longest handle
and, thus, the longer brushes. P1, as well as P2 with shorter brushes, show significantly lower
binding. It was previously demonstrated for other glycopolymers that introducing longer
linkers between the carbohydrate motif and polymer backbone can affect the overall affinity,
likely due to a higher accessibility of the carbohydrate motifs and increased flexibility enabling
the contact with the CRD.**#3#% This finding is also in agreement with our previous study
showing a higher affinity of brush-like glycopolymers for other, structurally similar C-type
lectin receptors of the immune system.32 Similarly, going from the umbrella glycooligomer P2
to the derivative with the linear, monovalent side chain P6, we also see a decrease in binding.
Changing the valency of the side chain also changes the overall valency of the glycopolymer in
this case, thus, this could also be an effect of a reduced statistical probability of binding at a
lower overall concentration of Man ligands. This is also in agreement with the lower binding
of the monovalent Man ligand in comparison to the trivalent umbrella motif, as observed from
the previous °’F-NMR binding study. (see Table 1) Interestingly, when comparing the two best
binding systems, P3 and P4, both derived from the same umbrella glycooligomers but differing
in the number of side chains per polymer, the glycopolymers with the lower number of side
chains and thus also a lower concentration of Man ligands shows the higher binding. Indeed,
we and others have previously observed that for glycopolymers, more is not always better and
that there seems to be a critical density of binding carbohydrate motifs that gives maximum

receptor binding.*>*’ Increasing the density above this critical value either does not further
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increase or even, as seems to be the case also in this study, decreases the binding. These
results thus further highlight that polymer architecture can affect the overall binding avidity
and potentially also selectivity. Importantly, negative controls of Gal-presenting
glycopolymers and p(EtOH) showed no significant interaction with either Langerin-HEK293 or
EV-HEK293. Thus, these results indicate the successful targeting of cells expressing Langerin
with our glycopolymers, with higher binding being achieved for the brush-type glycopolymers

derived from the umbrella structure.
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Figure 5: Assessment of the binding of glycopolymers to lectin-expressing cells. (A)
Glycopolymers labeled with AF647 were incubated with Langerin-expressing HEK293F cells
(Langerin-293F) or non-Langerin-expressing cells (EV-HEK293F), and binding was subsequently
guantified by flow cytometry. Glycopolymers were tested at 25 uM. The bars show the median
fluorescence intensity (MFI). The symbols in each bar are the data points, and the line in each
bar gives the standard deviation. (B) The same data as in (A), but here the bars show the
relative binding of glycopolymers to Langerin-HEK293 when normalized to MFI of EV-HEK293.
The names below the x-axis refer to the glycopolymers used in the main text. The data
represent biological replicates from three independent experiments.

To further investigate the selectivity of glycopolymers in binding to the cells expressing
Langerin we compared the best binder, P3, to Man-functionalized BSA, i.e. an alternative
multivalent Man ligand we have used before in other studies of interactions with C-type
lectins.*®>0 Langerin-positive cells and EV-HEK293 cells as negative control were incubated
with Man-BSA at different concentrations, and then P3 was added. In this setup, Man-BSA
competes with the binding of other carbohydrate ligands to Langerin, and we test whether
this hinders the binding of the glycopolymer to Langerin (Figure 6A). We used a buffer
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containing BSA to decrease non-specific binding of Man-BSA to the cells. We found that as the
concentration of Man-BSA increased, the fluorescence readout decreased, i.e., the binding of
P3 to the Langerin-positive cells was outcompeted. The Langerin-negative EV-HEK293 cells

showed no binding of the glycopolymer at all tested concentrations (Figure 6B).
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Figure 6: A) Procedure of the competition experiment. B) Competition of the binding of
glycopolymer P3 to Langerin-HEK293F cells with mannose-BSA. Different concentrations of
mannose-BSA were incubated with Langerin-HEK293F cells, followed by 25 uM AF647-labeled
glycopolymer P3. The mannose-BSA and the glycopolymer P3 were allowed to compete for
binding to the Langerin-expressing cells for 30 min, and subsequently, binding was quantified
by flow cytometry. The symbols show the median fluorescence intensity (MFI), and the lines
give the standard deviation. The data represent biological replicates from two independent

experiments.

Conclusion

Langerin, localized to Langerhans cells, plays a critical role in regulating the immune response
by recognizing carbohydrate-based pathogen-associated molecular patterns. To study the
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binding and inhibition of Langerin, umbrella-like glycooligomers with a trivalent head group
and a umbrella handle were prepared whereas the length of the umbrella handle was varied.
These umbrella-like glycooligomers were tested by 1°F NMR competition assay to Langerin and
showed that an increase in handle length resulted in inhibition of the binding by 50 % to
Langerin, which is potentially attributed to steric effects of the umbrella handle. We propose
that the glycooligomer with the trivalent umbrella head U(Man)-0 is highly accessible to the
binding pockets of Langerin and leads to high inhibition constant due to rapid rebinding

effects.

For investigation at the cellular level, the glycooligomers were conjugated to a polymer
backbone to form brush glycopolymers whereas the umbrella-like glycooligomers forming the
side chains. In this manner, brush glycopolymers with different length of the side chains were
prepared. Additionally, the longest glycooligomer U(Man)-7 was used to prepare brush
glycooligomers in two different incorporation ratios of 34% (P3) and 79% (P4). Examination of
Langerin-expressed HEK293 cells using flow cytometry showed that the brush glycopolymer
P3 the highest binding to the Langerin receptors, although fewer mannose units were present
compared to P4. This suggests that the critical density of binding mannose motifs was reached
here to achieve maximum receptor binding. To confirm the specific binding the competition
experiment with BSA-mannose to Langerin was conducted on non-Langerin-expressing EV-

HEK293 cells, confirms the specific binding to Langerin.
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Results

1. Instrumentation:
Nuclear Magnetic Resonance spectroscopy (NMR)

'H-NMR (600 and 300 MHz) spectra were mesured on a Bruker AVANCE Ill — 600. Chemical
shifts of all NMR spectra were expressed in parts per million (ppm). For *H NMR, the residual
non-deuterated solvent was used as an internal standard (6 4.79 ppm for HDO). The
resulting multiplications were given as s for singlet, d for doublet, t for triplet, and m for

multiplet.

Reversed Phase - High Pressure Liquid Chromatography - Mass Spectrometry (RP-HPLC-MS)

Reversed Phase - High Pressure Liquid Chromatography - Mass Spectrometry (RP-HPLC-MS):
Analysis were performed using an Agilent 1260 Infinity instrument equipped with a variable
wavelength detector (VWD) (set at 214 nm) and a 6120 quadrupole LC/MS with an
electrospray ionization (ESI) source (operated in positive ionization mode in an m/z range of
200 to 2000). A Poroshell 120 EC-C18 (3.0x50 mm, 2.5 um) RP column from Agilent was used
as the HPLC column. Mobile phases A and B were H,0/ACN (95 Vol %/5 Vol %) and H,O/ACN
(5 Vol %/95 Vol %), respectively. Both mobile phases contained 0.1 % formic acid. The
temperature of the column chamber was set at 25 °C. UV and MS spectral analysis was done

using Agilent Technologies OpenlLab ChemStation software for LC/MS.

Ultra-High Reso—ution - Mass Spectrometry (UHR-MS)

The MS measurements were run with a Bruker UHR-QTOF maXis 4G instriument using a direct

inlet vial syringe pump and an ESI source.

Freeze dryer

The glycooligomers were freeze dried by using Alpha 1-4 LD plus instrument from Martin

Christ Freeze Dryers GmbH. The Drying method was fixed to -55 °C and 0.1 mbar.
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2. Synthesis and characterization

Compound U(Man)-3

e “”“}N% v
v&, o

IH NMR (600 MHz, D;0) & 8.05 (s, 3H), 4.67 (s, 2H), 4.59 (s, 6H), 4.10 (ddd, J = 11.0, 7.2, 3.7
Hz, 3H), 3.93 (ddd, J = 11.1, 5.6, 3.6 Hz, 3H), 3.86 (dd, J = 3.4, 1.7 Hz, 3H), 3.75 — 3.58 (m, 49H),
3.51 (t, J = 5.9 Hz, 3H), 3.40 — 3.36 (m, 13H), 3.15 (t, J = 5.9 Hz, 3H), 3.07 (ddd, J = 9.9, 5.8, 2.4
Hz, 3H), 2.58 — 2.53 (m, 14H), 2.48 (dd, J = 18.0, 6.0 Hz, 3H).

HR-MS calculated [M+3H]3* 606.3, found 606.6

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H;0 in 30 min at 25°C, 214 nm): tg = 8.47 min.
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Figure S26: 1H-NMR (600 MHz) spectra of compound U(Man)-3 in HDO.
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Figure S27: HR-MS of compound U(Man)-3.
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Figure S28: RP-HPLC of compound E3TT.
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Compound U(Man)-0

/\(/\ N/\/o o h\\'\
=N c e OH
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HaN It OH
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}N/\/O W\
PG g
H OH

N=H HO™

H6
IH NMR (600 MHz, D20) & 8.06 (s, 3H), 4.78 (d, J = 1.5 Hz, 3H), 4.66 (td, J = 6.5, 5.9, 3.8 Hz, 5H),
4.58 (s, 6H), 4.09 (ddd, J = 11.1, 7.7, 3.7 Hz, 3H), 3.94 — 3.88 (m, 3H), 3.84 (dt, J = 3.3, 1.5 Hz,
3H), 3.73 -3.62 (m, 26H), 3.58 (t, J = 9.7 Hz, 3H), 3.48 (t, J = 5.9 Hz, 2H), 3.13 (t, J = 6.0 Hz, 2H),
3.06 (ddd, J = 9.8, 5.7, 2.4 Hz, 3H), 2.49 (dt, J = 17.1, 4.7 Hz, 5H).

HR-MS calculated [M+2H]%* 563.3, found 563.5.

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H20 in 30 min at 25°C, 214 nm): tr = 4.91 min.
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Figure $29: 'H-NMR (600 MHz) spectra of compound U(Man)-0 in HDO.
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Figure S30: HR-MS of compound U(Man)-0.
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Figure S31: RP-HPLC of compound U(Man)-0.
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Compound L(Man)-3

a —~N
1 oH| 3 0 a4 Hf 7 [AY
HZN/\/N NSNS N
2 [ 3 H 5 6 U8
3

1H NMR (600 MHz, D;0) 6 7.89 (d, J = 1.5 Hz, 1H), 4.70 — 4.58 (m, 2H), 4.09 (ddd, J = 11.0, 7.1,
4.0 Hz, 1H), 3.96 — 3.91 (m, 1H), 3.86 (dd, J = 3.3, 1.8 Hz, 1H), 3.76 — 3.54 (m, 28H), 3.51 (t, J =
5.9 Hz, 2H), 3.38 (ddd, J = 11.9, 7.2, 4.5 Hz, 12H), 3.15 (t, J = 5.9 Hz, 2H), 3.03 (t, J = 7.3 Hz, 3H),
2.64 (t,J = 7.3 Hz, 2H), 2.58 — 2.50 (m, 11H).

HR-MS calculated [M+H]* 1080.6, found 1080,6; [M+2H]?* 540,8, found 540.8; [M+3H]3* 360,9,

found 361.0.

RP-HPLC: (5%/95% ACN/H,0-> 5%/50% ACN/H>0 in 30 min at 25°C, 214 nm): tg = 7.82 min

56,1g,i
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Figure $S32: 1H-NMR (600 MHz) spectra of compound L(Man)-3 in HDO.
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Figure S33: HR-MS of compound L(Man)-3.

100
80 -
60 -
40-

20 +

Int.

-20 -

-40 -

-60 -

T T T T T T T T T
0 5 10 15 20 25 30
time t [min]

Figure S34: RP-HPLC of compound L(Man)-0.
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Compound U(Man)-7

IH NMR (600 MHz, D,0) & 8.08 (d, J = 3.2 Hz, 3H), 4.76 (d, J = 1.7 Hz, 3H), 4.66 (td, J = 6.5, 5.9,
3.6 Hz, 6H), 4.58 (s, 6H), 4.08 (ddt, J = 10.7, 6.9, 3.4 Hz, 3H), 3.90 (ddd, J = 11.1, 5.7, 3.7 Hz,
3H), 3.83 (ddd, J = 5.2, 3.3, 1.8 Hz, 3H), 3.74 — 3.56 (m, 91H), 3.48 (q, J = 6.1, 4.7 Hz, 3H), 3.36
(q,J = 5.4 Hz, 36H), 3.12 (q, J = 6.0 Hz, 3H), 3.06 (ddd, J = 9.7, 5.8, 2.3 Hz, 3H), 2.56 — 2.45 (m,
36H).

HR-MS calculated [M+4H]** 684,99, found 685,1.

RP-HPLC: (5%/95% ACN/H20-> 5%/50% ACN/H20 in 30 min at 25°C, 214 nm): tr = 6.75 min.
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Figure S35: 1H-NMR (600 MHz) spectra of compound U(Man)-7 in HDO.
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Figure S36: HR -MS of compound U(Man)-7.
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Figure S37: RP-HPLC of compound U(Man)-7.
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Compound U(Gal)-7

HO,
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i g
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1H NMR (600 MHz, D,0) & 8.09 (d, J = 1.4 Hz, 3H), 4.68 (t, J = 5.2 Hz, 6H), 4.59 (s, 6H), 4.37 (d,
J=7.9 Hz, 3H), 4.30 (dt, J = 11.6, 4.6 Hz, 3H), 4.14 — 4.08 (m, 3H), 3.90 (dd, J = 3.5, 1.0 Hz, 3H),
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Figure $S38: 600 MHz 1H-NMR spectrum of compound U(Gal)-7 in D20 at 25°C.
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Figure S39: RP-HPLC of compound U(Gal)-7.
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Figure S40: HR-ESI-MS of compound U(Gal)-7.
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Figure S 41: 600 MHz 'H-NMR spectrum of compound P1 in D;O at 25°C. The ratio of the
protons of the triazole (grey) to the protons of the benzene (purple) shows a degree of
functionalization of 20%. The °F-NMR spectrum confirms the complete conversion of the
pentafluoro groups by the glycooligomer and ethanolamine.
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Figure S42: 600 MHz *H-NMR spectrum of compound P2 in D,O at 25°C. The ratio of the
protons of the triazole (grey) to the protons of the benzene (purple) shows a degree of
functionalization of 20%. The °F-NMR spectrum confirms the complete conversion of the
pentafluoro groups by the glycooligomer and ethanolamine.
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Figure S43: 600 MHz *H-NMR spectrum of compound P3 in D,O at 25°C. The ratio of the
protons of the triazole (grey) to the protons of the benzene (purple) shows a degree of
functionalization of 34%. The °F-NMR spectrum confirms the complete conversion of the
pentafluoro groups by the glycooligomer and ethanolamine.
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Figure S 44: 600 MHz H-NMR spectrum of compound P4 in D,O at 25°C. The ratio of the
protons of the triazole (grey) to the protons of the benzene (purple) shows a degree of
functionalization of 80%. The >F-NMR spectrum confirms the complete conversion of the
pentafluoro groups by the glycooligomer and ethanolamine.
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Figure S 45: 600 MHz H-NMR spectrum of compound P6 in D;O at 25°C. The ratio of the
protons of the triazole (grey) to the protons of the benzene (purple) shows a degree of
functionalization of 17%. The F-NMR spectrum confirms the complete conversion of the
pentafluoro groups by the glycooligomer and ethanolamine.
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4.4 Sweet Janus Particles: glyco-functionalized janus particles for the

binding and inhibition of E. coli
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Abstract

E. coli and other bacteria use adhesion receptors such as FimH to attach to carbohydrates on
the cell surface as a first step of colonization and infection. Efficient inhibitors blocking these
interactions for infection treatment are multivalent carbohydrate-functionalized scaffolds.
However, these multivalent systems often lead to the formation of large clusters of bacteria,
which may pose problems for clearing the bacteria from the infected site. Here we present
Man-containing Janus particles (JPs) decorated on one side with glycomacromolecules to
address Man-specific adhesion receptors of E. coli. On the other side, PNIPAM is attached to
the particle hemisphere, providing temperature dependent sterical shielding against binding
and cluster formation. While homogeneously functionalized particles cluster with multiple
bacteria to form large aggregates, glycofunctionalized JPs are able to form aggregates only
with individual bacteria. The formation of large aggregates from the JP decorated single
bacteria can still be induced in a second step by raising the temperature and making use of
the collapse of the PNIPAM hemisphere. This is the first time that carbohydrate-functionalized
JPs are derived and used as inhibitors of bacterial adhesion. Furthermore, the developed JPs
offer well-controlled single bacteria inhibition in combination with cluster formation upon an
external stimulus, which is not achievable with conventional carbohydrate-functionalized

particles.

Introduction

Bacterial infections are a major cause of mortality and morbidity worldwide.® The excessive
and incorrect use of antibiotics leads to microbial resistance, making medical treatment more
difficult.? Thus, it is becoming increasingly important to develop new antimicrobial agents that
can withstand the range of bacterial resistance mechanisms.3® So-called anti-adhesion
therapy as a potential alternative to antibiotic therapy addresses one of the first steps of the
infection process, where bacteria and other pathogens make use of carbohydrate-mediated
adhesion onto the cell surface or tissue.® Inhibiting this adhesion by competitive binders
blocking the bacterial adhesion receptors can thus prevent the infection.” A well-studied
example of bacterial attachment to glycosylated cell surfaces is Escherichia coli (E. coli). E. coli

make use of the mannose (Man)-specific adhesion receptor FimH at the tip of their fimbriae.?
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It has been shown for a variety of Man based natural as well as synthetic carbohydrates,
glycoconjugates and glycofunctionalized materials that they can be used as inhibitors of the
FimH receptor, reduce the adhesion of the pathogen and thus the infection.®*> Furthermore,
glycofunctionalized materials such as glycoparticles can capture bacteria, e.g., in water
purification or to detect biological contaminants.'® The ability to actively release the bacteria
from the glycoparticles further enables material recovery and reuse.'®?* Glycoparticle-
bacteria interaction typically lead to the formation of large aggregates formed by multiple
bacteria and particles, which in a filtration set-up supports an easier separation. However, in
anti-adhesion therapy, large bacteria clusters are more likely to withstand clearance by the
immune system from the infected site. Alternatively, glycoparticles that would allow the
formation of individual bacteria-particle aggregates could be developed. Here, we will explore
so-called Janus particles (JPs) to interact only at one hemisphere with the bacteria, leaving the
other side for steric stabilization and specifically form single bacteria-particle aggregates and

prevent formation of larger clusters (Figure 1).

In general, JPs have been successfully used in various applications where they provide
important advantages over conventional particles with homogenous surfaces. 1’ Their
characteristics include, for example, a high surface-to-volume ratio or high interfacial activity.
Combinations with reactive polymers also lead to the control of interfacial activity by external
influences such as temperature, light, pH or ionic strength and to the achievement of an
alternation between stable emulsions and macrophase separation.'® Furthermore, they can
be used as carrier materials for immobilized catalytically active substances, leading to
improved charge separation and transfer properties and tunable multiple functionalities in
one particle, which can be used for recovery or recycling. Alternatively, JPs can retain their
site-selective binding to substrates, leaving another functionality active for further reactions.*®
These advantages make JPs also highly relevant for biotechnological applications such as
(bio- )sensing,”18 (bio-)catalysis®®, coatings with controlled bio-fouling?® and icing/de-icing?!
or optoelectronic applications.?? However, to the best of our knowledge, so far no
glycofunctionalized JPs (glyco-JPs) for specific binding to carbohydrate receptors, here

bacterial adhesins, have been developed.

In this study, JPs are developed that allow for the combination of Man-containing
glycomacromolecules on one hemisphere and a poly(N-isopropylacrylamide) (PNIPAM) layer
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on the opposite side to obtain so-called glyco-JPs. We expect the carbohydrate layer to
provide bacterial adhesion through the interaction with surface lectins and the
thermoresponsive PNIPAM hemisphere to provide steric shielding and prevent adhesion of
multiple bacteria and bridging with other particles (Figure 1). Interestingly, choosing PNIPAM
as sterical shield will allow us to investigate the formation of larger aggregates as induced by
heating above the lower critical solution temperature (LCST) where PNIPAM chains will

collapse and should lead to particle-particle aggregation 232,

Experimental section

Man-glycooligomer synthesis: The Man-glycooligomer was synthesized by stepwise coupling
of tailor-made building blocks and amino acids on a solid support following general solid phase
polymer protocols as presented previously.?83° The reactions were carried out in 10 ml
polypropylene syringe reactors with a polyethylene frit and a Luer stopper from Multisynthech
GmbH. A Fmoc Gly TentaGel® R Trt resin (pre-functionalized) with a loading of 0.21 mmol g*
was used as a solid phase and the batch size was 0,1 mmol. As functional building blocks, a
triple alkyne functionalized linker (TT linker),a single alkyne functionalized building block TDS
(1-(Fluorenyl)-3,11-dioxo-7-(pent-4-ynoyl)-2-oxa-4,7,10-triazatetradecan-14-oic  acid) for
coupling and (1-(9H-Fluoren-9-yl)-3,14-dioxo-2,7,10-trioxa-4,13-diazaheptadecan-17-oic acid)

EDS as spacer building block were used to build up the backbone of the glycooligomer.

The synthesis was started by swelling the resin twice for 15 min in DCM followed by washing
with DMF. For Fmoc deprotection after each building block coupling, the resin was shaken
with a solution of 25 vol% piperidine in DMF for 15 min and then washed three times with
DMF. This was followed by shaking again with the piperidine solution for 15 min and washing
ten times with DMF. Coupling of TDS, EDS and TT-Linker was performed by shaking for 60 min
with a solution of 5 eq of building block, 5 eq of PyBOP, and 10 eq of DIPEA in DMF, followed

by washing ten times with DMF.

For Man-coupling via copper(l)-catalyzed alkyne-azide cycloaddition (CuAAC), 2.5 eq of (2-
azidoethyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside 36 per alkyne was dissolved in DMF,

30 mol% of sodium ascorbate and 30 mol% of copper sulfate per alkyne was dissolved in
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water. The copper sulfate solution was drawn up first, then the Man-solution, and finally the
sodium ascorbate solution. The reactor syringe was covered with aluminum foil and shaken
overnight. The resin was then repeatedly washed until the wash solution was colorless: three
times with a 23 mM solution of sodium diethyldithiocarbamate in DMF/H20 (1:1, v/v), three
times with DMF, and three times with DCM. Next, the mannopyranoside was deprotected and
the glycooligomer was cleaved from the resin in a solution of 0.05 mol NaOH in MeOH for 60
min. Afterwards the solution was added to cold diethyl ether and the white precipitate was
centrifuged off. The solid was then dissolved in water and the product was isolated by freeze-
drying. The chemical characterization (NMR, RP-HPLC, MS) is shown in the supporting
information (Figures S10 and S12).

Surface Plasmon Resonance (SPR): ConA was immobilized on the CM5 sensor chip surface on
flow cell 1 and 2 via carbodiimide chemistry by the wizard template for immobilization.
Therefore, a 3.88 mg ml* solution of ConA in 10 mM acetate buffer (pH 4.5, GE Healthcare)
was diluted in acetat buffer to get a final protein concentration of 50 ug mlL. For flow cell 2
an immobilization level of 2742.1 RU was reached. The flow cell 1 was blocked by a solution
of ethanolamine (1M, pH 8.5, GE Healthcare) and an immobilization level of 132.2 RU was
obtained. As running buffer lectin binding buffer (LBB) (10 mM HEPES ((4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), 1 mM calcium chloride, 1 mM manganese chloride and 50 mM
sodium chloride). The pH of 7.4 was adjusted with 1 M NaOH. After immobilization the system
was primed with the running buffer and two startup cycles were performed. The
glycooligomer was injected in concentrations of 0— 400 uM in HBS-P* buffer with a dilution
factor of 2. At a flow rate at 10 puL min, the contact time were 180 s and dissociation time
were 120 s were used. After each measurement, the sensor chip was regenerated by injection
of 200 mM aMeMan in HBS-P* buffer at a flow rate of 10 uL min -1 with a contact time of 30
s to ensure that all sample was washed out and to achieve a stable baseline for the following
measurements. For each sample the measurements were repeated three times. These

measurements were repeated three times.

Synthesis and modification of monodisperse SiO2 particles: 200 nm silica particles were

synthesized using a multistep hydrolysis-condensation procedure of Tetraethylorthosilicate

(TEOS, 99%, Fluka) in ammonium hydroxide (NH40H, 28-30% solution, Acros)-ethanol ethanol

abs. (EtOH, 99.9%, VWR), solution based on the Stéber approach.?* In short, TEOS was mixed
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with a solution of ethanol and ammonia. The resulting particles were used as nuclei in the next
step. Each reaction was run under successive stirring at 500 rpm overnight at room
temperature. Afterwards, the particles of the targeted size were removed from the solvent by
centrifugation, resulting in monodisperse silica particles. The prepared particles were dried in

a vacuum oven under reduced pressure at 60 °C.

Synthesis of PNIPAM-APTES- JPs: In the next step colloidosomes were prepared with the 200
nm large APTES-modified silica particles using a Pickering emulsion approach as described
elsewhere. 171925 The exposed particle hemisphere was then modified with the ATRP-initiator
a-bromoisobutyric acid (BiBA, 98%, Aldrich). Subsequently, the paraffin wax (mp. 53-57 °C,
Aldrich) was dissolved in hot hexane (95%, Aldrich) and the partly initiator-covered were used
for surface-initiated ARGET-ATRP of NIPAAm as described elsewhere.3°40, Afterwards,
particles partly covered with poly(N-isopropylacrylamide) PNIPAAm and partly covered with
APTES were obtained.

Particle surface modification: For glycofunctionalization, the particles were suspended in
deionized water to give a concentration of 1 mg ml! followed by adding N-(3-
(dimethylamino)propyl)-N'-ethylcarbo-diimide hydrochloride (EDC, Aldrich) (10 eq) and N-
hydroxysuccinimide (NHS, Aldrich) (10 eq) and stirring for 10 minutes. Glycooligomers were
dissolved in water and were added to the particle suspension and stirred overnight. The excess
glycooligomer, EDC and NHS were removed by washing with deionized water 5 times by

centrifugation.

RhodaminB-labelling of particles: The particle were suspended in deionized water to give a
concentratin of 1 mg ml*. N-(3-(dimethylamino)propyl)-N’-ethylcarbo-diimide hydrochloride
(EDC, Aldrich) (10 eq) and N-hydroxysuccinimide (NHS, Aldrich) (10 eq) was added and stirred
for 10 minutes. Afterwards RhodaminB with carboxylic acid as functional group (Sigma Aldrich,
>95%) was added to the particle suspension and stirred overnight. The excess RhodaminB,
EDC and NHS was removed by washing with deionized water until no more coloration was

visible.

FITC-ConA Adhesion Inhibition Assay: A stock solution of ConA (concanavalin A) in lectin
binding buffer (LBB, 10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 1
mM calcium chloride, 1 mM manganese chloride and 50 mM sodium chloride, pH 7.4) and a
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stock solution of particles in 10mM phosphate buffered saline (PBS, pH 7.4) buffer were
prepared. The two stock solutions were mixed to obtain a ConA concentration of 1 mg ml?
and particle concentration of 0.1 mg ml! in each sample. The particle/ConA mixture was
incubated overnight at room temperature, then examined by microscopy. To study the
temperature responsivity, the samples were heated to 40 °C for 3 hours in a water bath. For
inhibition with methyl-a-D-mannose (aMeMan, Acros Organics, 99%) a stock solution was
prepared, then added to particle/ConA mixtures to achieve a concentration of 200 mM and

incubated overnight at room temperature.

Bacteria experiments: For bacterial adhesion and aggregation studies, particles decorated
with the Man containing glycooligomer were prepared in 10 mM PBS buffer (pH 7.4) at a
concentration of 0.1 mg-mL™. This solution was combined with a green fluorescent protein
(GFP) tagged type 1-fimbriated E. coli strain (PPKL1162)'* in PBS containing the bacteria at a
concentration of 2 mg-mL™* and incubated at 37 °C under constant shaking for 2 h. Afterward,
30 pL of the solution was transferred to an ibidi 18 well slide (ibidi GmbH, Germany). Images
were acquired on an IX 73 microscope (Olympus, Japan) equipped with a halogen lamp, a FITC
filter set, and a UPlanFL N 60x/1.35 oil objective (Olympus, Japan). Similarly, an aggregation
study was conducted using the mannose binding protein ConA (2 mg-mL-1) labeled with FITC

in LBB and incubated as described before.

ConA capture study: To quantify ConA binding to the glycofunctionalized and non-
functionalized particles, a stock solution of ConA at a concentration of 2 mg ml and a stock
solution of particles at a concentration of 0.2 mg ml* were prepared in LBB. The pH of 7.4 was
adjusted with 1 M NaOH.) First, the protein solution was filtered and the absorbance was
measured at 280 nm. Next, 500 uL of ConA solution and 500 uL of particle solution were mixed
to achieve a final protein concentration of 1 mg ml* and a final particle concentration of 0.1
mg ml. The mixture was incubated at 20 °C for 3 h and centrifuged at 13500 rpm for 5 min.
The supernatant was removed, transferred to a PMMA microcuvette and measured at 280
nm. A mixture of 500 puL ConA and 500 pL LBB was used as a blank. The pellet was dissolved in
1 ml of a 200 uM solution of aMeMan in LBB, incubated overnight, centrifuged at 13500 rpm
for 5 min, and the protein concentration was measured at 280nm using an extinction

coefficient of 28500 M1.cm™1.
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Results and Discussion

Synthesis of glyco-particles

In order to gain access to glyco-JPs, previously established protocols were used to obtain silica
microparticles bearing pendant PNIPAM chains on one side and free amine groups (via 3-
aminopropyltriethoxysilane, APTES) on the other side of the particle surface. These amine
groups can then be used for the covalent attachment of carboxyl-functionalized Man
glycooligomers via amide bond formation (Figure 2). Overall, four types of particles were
synthesized and studied for bacterial binding: APTES and APTES-Man as non-Janus type
particles, as well as PNIPAM-APTES-JP and PNIPAM-Man-JP, where one side is coated with

PNIPAM and the other side is either APTES or carries Man glycooligomers.
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Figure 2. Schematic presentation of the synthesis of glycofunctionalized particles: a) APTES
functionalization of silica particles, b) formation of JPs by functionalization of one hemisphere
with PNIPAM, c) glycoconjugation by amide coupling of carboxy-terminated glycooligomers
(see experimental section for details on the synthetic procedures and particle analysis). The
particles were labelled with RhodaminB (not shown in the figure, see experimental section for
synthetic details)

The APTES coating on silica particles was obtained through a Stdber synthesis?* to introduce
amino groups to the surface of the particles. The JPs functionalization was carried out by using

a Pickering emulsion approach and side-by-side grafting of polymers.?® Briefly, to mask one
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hemisphere of the APTES-modified silica particles, they were mechanically stirred with molten
wax and hot water to form so-called colloidosomes in a Pickering emulsion.'®172> After cooling
down the colloidosomes, the particles were entrapped at the wax/water interface covering
roughly half of the particle by wax. The non-masked hemispheres of the particles were
modified with B-bromoisobutyric acid via carbodiimide chemistry to introduce bromine to the
particle surface. The colloidosome structure is well-preserved during this modification step. In
order to remove the wax, the colloidosomes containing the particles were repeatedly washed
with hot hexane and dichloromethane. The resulting APTES and PNIPAM-APTES-JP were
analyzed by DLS, Zeta potential, and TEM (see Tablel and Sl). The comparison of the
hydrodynamic radii between the APTES particles and the PNIPAM functionalized JPs showed
an increase of about 330 nm from 128 + 3 nm for APTES to 455 + 29 nm for PNIPAM-APTES-JP
verifying the successful polymer conjugation (see Table 1 and Sl for further details on synthetic

procedures and analytical data).

For glycofunctionalization, we employed previously established solid-phase polymer synthesis
(SPPoS) to first produce a monodisperse, sequence-defined glycooligomers (Figure 3). In short,
SPPoS is based on the stepwise coupling of tailor-made building blocks on a solid support using
standard Fmoc-peptide chemistry giving sequence-defined oligo(amidoamines).?®?° By using
building blocks with pending functional groups such as alkyne side groups, the oligomers can
then further be functionalized with carbohydrate-azide derivatives, here Man-azide by Cu-
mediated azide-alkyne conjugation (CUAAC).3° The Man carrying glycooligomer for particle
functionalization was assembled using previously introduced building blocks TT-linker (three
triple linker), EDS (ethylene glycol diamine succinic acid) and TDS (triple bond
diethylenetriamine succinic acid) 3! giving a hexavalent ligand. Three Man ligands are
positioned in close proximity at one chain end in an umbrella-like fashion, while the other
three Man ligands are positioned along the linear scaffold (Figure 3). By using a preloaded
resin carrying a glycine, a C-terminal carboxyl group is introduced at the other chain end that
will next be used for conjugation to the amine-functionalized particle surface. The relative
purity and structure of the final glycooligomer was confirmed by RP-HPLC-ESI-MS and *H NMR
(see Sl).
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Figure 3: Solid phase polymer synthesis of the glycooligomer for particle functionalization.

While similar glycooligomers have been previously been studied as inhibitors of E. coli 1628,
here we adapted the structure to potentially maximize both accessibility and binding affinity
of glycooligomers on the particle surface. On the one hand, we introduce a linear scaffold
between the anchoring group on the particle surface and the carbohydrate motifs to give
better accessibility. On the other hand, we maximize number of Man ligands in the overall
structure with higher density Man umbrella-like motif at the outer chain end to enhance
statistical binding effects. To gain insights into the overall affinity of the glycooligomer based
on this design, a binding study with the well-established model lectin Concanavalin A (ConA)
was performed (Figure 4). ConA contains four carbohydrate-recognizing domains (CRD) that
specifically bind D-mannosyl and D-glucosyl residues in response to calcium(ll) and
manganese(ll) ions and is often used as standard for comparing binding properties of Man
containing glycoconjugates such as the glycooligomer of this study.3? Direct binding
experiment was performed by surface plasmon resonance (SPR) using immobilized ConA on
an SPR chip and addition of the glycooligomer at increasing concentrcantions in flow. Analysis

of the resulting binding curves reveals binding of the glycooligomer in the uM range which
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agrees with studies of similar glycooligomers from previous studies®® (Figure 4, see

experimental section for details).
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Figure 4: Direct binding assay on a ConA surface via SPR. The error bars show the standard
deviation for three different runs.

Next, the conjugation of the glycooligomer onto APTES and the APTES-PNIPAM-JP was
achieved by activation of the terminal carboxy group with EDC/NHS (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide/N-hydroxysuccinimid) in water and addition of
preactivated glycooligomers to the according particles in solution. After the reaction, excess
of glycooligomer was removed by washing with water and glycofunctionalized particles
(APTES-Man and PNIPAM-Man-JP) were isolated by centrifugation. All particles were analyzed
by DLS and Zeta potential measurements and the degree of Man functionalization was
determined by phenol sulfuric acid colorimetric test (see Table 1 and Sl for details on the

synthetic procedure and analytical data).
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Table 1: Hydrodynamic radii (Rn), PDI, degree of Man functionalization and Zeta potential of
all particle samples.

Man functionalization Zeta potential [mV]
# Rn® PDI®
degree [pmol/g]®

pH=4 pH=7 pH=19

APTES-PNIPAM-JP | 455+29 0.358 £0.044 0 341 19+04 -20+0.5
PNIPAM-Man-JP 380+16 0.510%0.048 36+12 281 7+0.1 -28+0.5
APTES 128 +3  0.045+0.019 0 40+1 6912 261

APTES-Man 154+4 0.188 + 0.053 48+ 9 49+ 0.5 33+0.5 -44.5

(0) (a) Ry and PDI were determined by DLS at 20 °C, (b) degree of Man functionalization was
determined by using the phenol sulfuric method (see Sl for details). The error bars show the
standard deviation for three independent runs.

The APTES-Man particles show an increase of hydrodynamic radii in comparison to the non-
functionalized APTES particles from 128 nm to 154 nm, a first indication for the successful
conjugation of the glycooligomers. Interestingly, the comparison between JP and JP-Man
shows a decrease from 455 nm to 380 nm. It is possible that this decrease in hydrodynamic
radius after glycooligomer coupling is due to a smaller ion and hydration layer at these

particles.

Phenol sulfuric acid colorimetric test gives the concentration of Man per particle in umol/g.
Both glycofunctionalized particles (APTES-Man and PNIPAM-Man-JP) show similar loading of
Man with 48 + 9 umol gtand 36 + 12 umol g, respectively. We attribute this to the same
concentration of glycooligomer in the functionalization step which will later enable direct
comparison of both particle systems independent of the amount of Man ligands per particle.
As theoretically APTES particles should be able to accommodate twice the number of ligands
on their surface based in comparison to the JPs, this also indicates that potentially for APTES
particles, higher Man loading could be achieved e.g., when using higher amounts of

glycooligomers in the functionalization step. However, this has not been attempted here.

Further characterization of the particles was performed by Zeta potential measurements at
pH values 4, 7 and 10 in water, respectively. Due to the cationic free primary amines on the

surface, the non-functionalized APTES particles have a positive Zeta potential at pH 7.
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Significant differences are seen after functionalization of the particles, as the amines are
converted to amides, resulting in a decrease in the positive surface charge of the particles and
decrease of the Zeta potential roughly by a factor of two. At pH 4, due to protonation an
increase in Zeta potential was observed. As expected, at pH 10, the Zeta potential decreased.
Comparison of non-functionalized and glycofunctionalized particles shows a significant
difference in Zeta potential values, which can be attributed to the change in surface chemistry,
thus demonstrating successful glycofunctionalization. To visualize the glycofunctionalized and
non-functionalized particles, transmission electron microscopy (TEM) images were taken. No
changes in shape were observed, with JPs showing a more homogeneous size distribution than

the APTES particles, both before and after glycofunctionalization (see SI, Figure S12).

Glycofunctionalized particles binding to ConA

First, to study carbohydrate-mediated binding of glycofunctionalized particles vs. potential
non-specific interactions e.g., from the particle surface, an interaction study with ConA was
performed. Therefore, particle dispersions and ConA solutions at defined concentrations were
mixed and turbidity increase was measured. Especially for glycofunctionalized particles
(APTES-Man and PNIPAM-Man-JP) pronounced turbidity was observed.3* As expected,
multivalent receptor ConA can bind to Man ligands also on different particles leading to cluster
formation and precipitation. To quantify the amount of ConA within the clusters as a means
of the binding affinity of the particles, clusters and supernatant containing non-bound ConA
were separated by centrifugation. Non-bound ConA was quantified by UV-vis spectroscopy at
280 nm (see Figure 5B). In parallel, alpha-methylmannose (aMeMan) was added to the
clusters in large excess, competing with particle-ConA binding and dissolving the clusters.
Concentration of ConA dissolved from the clusters was quantified by UV-vis spectroscopy.
Figure 5 shows the results for both, ConA quantified from the supernatant as well as from the
particle clusters. Both Man functionalized particle systems are able to bind similar amounts of
ConA, as was expected based on the similar levels of Man functionalization. The non-
carbohydrate functionalized systems, however, also show ConA binding. This can be
attributed to non-specific interactions likely from the APTES surfaces. This is supported by the
PNIPAM-JPs showing reduced non-specific lectin binding. Likely, PNIPAM chains act as sterical

shield against non-specific protein adsorption below the LCST.4?484% Indeed, APTES particles
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show twice as much ConA binding as PNIPAM-APTES-JPs, which correlates with twice as much
APTES-surface available for protein interactions. Thus, PNIPAM-Man-JPs show lower non-
specific interaction while maintaining a similar level of Man-mediated interactions. In general,
ConA binding is low for both glycofunctionalized particles compared to similar systems that
were previously reported®!. This could indicate that not all Man units are accessible for ConA
binding. Due to the umbrella-like glycooligomer structure, the accessibility of the Man units
in the main chain could be hindered, thereby decreasing the overall number of Man ligands

that is available for ConA binding.
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Figure 5. A) Schematic presentation of interaction study of particles with ConA. B) Absolute
guantities of bound and non boud ConA binding for 100 ug particle and 1 mg ConA. The error

bars show the standard deviation for three different runs.

Further studies on the interaction of the different particle systems with ConA were performed
by fluorescence microscopy. Therefore, particles were statistically labeled with Rhodamine B

and incubated with FITC labeled ConA (see experimental section for labeling conditions). Here
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again, cluster formation between particles and ConA is observed. In comparison to APTES-
Man, PNIPAM-Man-JP showed smaller aggregates, which can be attributed to the shielding
effect of PNIPAM. The aggregates could subsequently be inhibited by addition of aMeMan,
which confirmed the specific binding between mannose and CRDs of ConA. Examination of
non-functionalized APTES particles and JPs with ConA showed no interaction based on the
fluorescence of particles and ConA. However, particle-particle aggregation was observed for

both, non-functionalized APTES and JPs (see Sl).

Glycofunctionalized particles binding to E. coli

After showing the successful glycofunctionalization of the particles and the binding towards
ConA, binding to E. coli was investigated by fluorescence microscopy. E. coli are covered with
so-called pili that present Man-recognizing FimH receptors.** These receptors can bind to Man
ligands on cell surfaces and thereby act as cell attachment factors and important mediators of
bacterial infection processes.***> By blocking these receptors with competing ligands in so-
called anti-adhesion therapy, inhibition of the cell attachment can be achieved and thereby

reduce or stop the infection.’

The inhibitory potential of the particles was quantified using an adhesion inhibition assay on
E. coli-binding mannan-coated microplate surfaces. The microplates were incubated
fluorescent E. coli in presence or absence of the different particles and the fluorescence signal
was determined using a microplate reader (Figure 5). Upon addition of methyl a-D-mannose
(MeMan), a well-known FimH binding molecule, the Man-binding sites are blocked, E. coli
cannot bind to mannosylated surfaces anymore, and the fluorescence signal is decreased.?*
At a particle concentration of 0.1 mg ml?, fully non-Man functionalized APTES particles
showed no inhibition and PNIPAM-APTES-JP showed weak inhibition signifying weak non-
specific interactions. In comparison to aMeMan, APTES-Man and PNIPAM-Man-JP showed a
high inhibitory potency, as was expected for such particle-based systems from previous
studies e.g., using Man-functionalized gold nanoparticles to inhibit E. coli.3> As expected, the
inhibition was somewhat weaker for APTES-Man-JP since it was not fully coated with Man.
Furthermore, the fully mannosylated APTES-Man particles may inhibit more bacteria since it
could form large clusters with E. coli, whereas APTES-Man-JP likely does not lead to further

clustering since the side of the particles facing away from the bacteria does not bind. Thus,
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PNIPAM-Man-JPs bind fewer E. coli than APTES-Man at the same concentration and thus are

expected to also show a lower inhibition potency.
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Figure 5: Adhesion inhibition assay: A) E. coli attaches to mannan coated microplates via the
FimH receptor, which can be read out by GFP-fluorescence. In presence of inhibitors blocking
the receptor, the bacterial adhesion is reduced signifying the inhibitory potential. B) The
relative inhibition (normalized to aMeMan) for the different particles. The error bars show the

standard deviation for three independent experiments.

To directly observe the binding of E. coli with the particles and the potential formation of large
clusters, fluorescence microscopy was employed. Rhodamine B-labeled APTES-Man or
PNIPAM-Man-JP, as well as the non-functionalized APTES and PNIPAM-APTES-JP as negative
controls were added to the bacteria suspension. As suspected, APTES-Man particles form large
clusters of particles and bacteria (Figure 6) as has also been described for other glyco-
functionalized particle systems before.*¢4” In contrast, PNIPAM-Man-JPs show the formation
of predominantly discrete aggregates where single bacteria are covered by several PNIPAM-
Man-JPs forming a particle corona or shell around the bacterium (Figure 6). Importantly, non-
mannosylated APTES and PNIPAM-APTES-JPs show no bacterial binding. To further
demonstrate the specificity of binding between E. coli and glycofunctionalized particles,
binding was inhibited by the addition of aMeMan (see SI). Cluster formation for both glyco-
functionalized particle systems can be fully inhibited further demonstrating that binding is
mediated by specific carbohydrate interactions (see Sl for further details). This confirms the
results obtained from the adhesion inhibition assay on microplates and shows that indeed the

Janus particle approach is useful when inhibition without further glycoclustering is desired.
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PNIPAM-Man-JP @ 20 °C =§ PNIPAM-Man-JP @40 °C

(p APTES-Man @ 40 °C

Figure 6: Particle attachment to E. coli: A) The bacteria (green) bind only few PNIPAM-APTES-
JPs (red) at 20 °C and show a low tendency of cluster formation. B) Above the phase transition
temperature large clusters of particles and-E. coli are present. C), D) For APTES-Man clusters

of particles and bacteria form regardless of the temperature. Scale bars: 10 um.
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Based on the temperature-switchable PNIPAM hemisphere of JPs, bacterial binding studies
were also carried out above and below 32 °C, the LCST of PNIPAM. When looking at PNIPAM-
Man-JPs as well as full PNIPAM-APTES-JPs at 40°C, as expected, clustering of the particles due
to collapse and aggregation of PNIPAM is observed (Figure 6). For the PNIPAM-Man-JPs
formation of both, particle clusters as well as clusters containing bacteria and particles is
observed (see Figure 6 and Sl). At the same temperature, we observe no significant differences
for the APTES-Man particles as they do not carry any PNIPAM chains (see SI). This
demonstrated that by the design of glyco-JPs, additional functions beyond pure carbohydrate

mediated binding, such as thermoresponsivity, could be implemented.

Conclusion

Glycofunctionalized particles that are uniformly coated with carbohydrate ligands are well-
known to result in the formation of large bacteria-particle aggregates. To demonstrate the
ability of glyco-JPs to form single bacteria-particle aggregates here we successfully synthesized
JPs with presenting Man glycooligomers in one hemisphere and PNIPAM in the other
hemisphere. Glycofunctionalization of the particles was verified by Zeta potential and a
colorimetric test. Binding studies with ConA and E. coli were conducted via precipitation,
inhibition competition experiments and fluorescence microscopy. While PNIPAM-Man-JP
showed a halo-like arrangement on the surface of E. coli and resulted in isolation of single
bacteria, the APTES-Man particles formed large clusters with E. coli due to their uniform
glycofunctionalization. Furthermore, temperature-dependent experiments with PNIPAM-
Man-JP and non-functionalized PNIPAM-APTES-JP showed particle aggregation above the
LCST of PNIPAM. Thus, the Janus-type glycofunctionalization lead to a well-controlled
aggregation behavior of single bacteria-particle clusters and the ability to trigger formation of
larger clusters upon external stimuli. Future studies will further explore the glyco-JPs in more
complex bacterial inhibition studies including disruption of biofilms as well as for the delivery

of antibacterial e.g. through release from the PNIPAM hemisphere.
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Supporting Information

Sweet Janus Particles: glycofunctionalized Janus particles for the

binding and inhibition of E. coli

1. Materials:

Acetone (2 99.8%), trimethylamine (analytical grade), Toluene (for HPLC) was purchased from
Fischer Scientific. Succinic anhydride (= 99.0%) was purchased from Carbolution Chemicals.
Diethyl ether (with BHT as inhibitor, > 99.8%), triisopropylsilane (TIPS) (98%), (+)-sodium-L-
ascorbate (299.0%), chloroform-d (99,8 atom % D), deuteriumoxid-d, (99,8 atom % D),
dimethylsulfoxid-ds (99,8 atom % D), were purchased from Sigma-Aldrich. N,N-
Diisopropylethylamine (DIPEA) (> 99%), potassium hydroxide (> 85%) was purchased from Carl
Roth. Methanol (100%), ethylacetate (>99.9%), n-hexan (299.8%) and acetic anhydride
(99.7%) were purchased from VWR BDH Prolabo Chemicals. Dimethylformamide (DMF)
(99.8%, for peptide synthesis), tert-butanol (= 99.0%), piperidine (99%), sodium methoxide
(97%), sodium diethyldithiocarbamate (99%) and copper (Il) sulfate (98%) were purchased
from Acros Organics. Dichloromethane (DCM) (99.99%), Triethylsilane (= 98,0 %),
trifluoroacetic acid (> 99,0 %) were purchased from Fluorochem. Benzotriazole-1-yl-oxy-tris-
pyrrolidino-phos202lycofunctionalizatphosphat (PyBOP) were purchased from Iris Biotech
GmbH. The anion resin (AG1-X8, quarternary ammonium, 100-200 mesh, acetate form) was
purchased from BioRad. TentaGel® resin were purchased from Rapp Polymere. Methyl-a-D-
mannopyranoside (>99%), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-
hydroxysuccinimide (NHS), Citric acid, anhydrous, was purchased from Alfa Aesar (>99.5%).
Diethylenetriamine was purchased from Merk (>98%), di-tert-butyldicarbonate (99,0 %) was
purchased from Novabiochem. Ethanol (>99.9%). was purchased from Chemsolute. 3-
aminopropyltriethoxysilane (APS, 97%, ABCR), , dichloromethane (>99%, Acros), copper(Il)
bromide (99.999%, Aldrich), tin(ll) 2-ethylhexanoate (95%, Aldrich), N,N,N’,N”,N"-
pentamethyldiethylenetriamine (PMDTA, 99%, Aldrich), ethyl a-bromoisobutyrate (EBiB, 98%;
Aldrich), toluene (99.8%, Aldrich), chloroform (99.8%, Aldrich), tetrahydrofuran (>99%, Acros),

methanesulfonic acid (99.5%, Aldrich), diethyl ether (99.7%, Aldrich), tert-butyl acrylate (tBA,
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98%, Aldrich; was passed prior to polymerization through basic, neutral, and acidic aluminum

oxides). N-Isopropylacrylamide (Aldrich, 99%) was recrystallized from hexane.

2. Instrumentation:

Nuclear Magnetic Resonance spectroscopy (NMR): *H-NMR (600 MHz) spectra were recorded
on a Bruker AVA—CE Il - 600. Chemical shifts of all NMR spectra were reported in delta (6)
expressed in parts per million (ppm). For 1H-NMR the residual, non-deuterated solvent was
used as internal standard (6 4.79 ppm for D20). The following abbreviations are used to

indicate the multiplicities: s, singlet, d, doublet; t, triplet; m multiplet.

Reverse— Phase - High Pressure Liquid Chromat—graphy - Mass Spectrometry (RP-HPLC-MS):
Measurements were performed on an Agilent 1260 Infinity instrument coupled to a variable
wavelength detector (VWD) (set to 214 nm) and a 6120 Quadrupole LC/MS containing an
Electrospray lonization (ESI) source (operated in positive ionization mode in a m/z range of
200 to 2000). As HPLC column a Poroshell 120 EC-C18 (3.0x50 mm, 2.5 um) RP column from
Agilent was used. The mobile phases A and B wcan H20/ACN (95/5) and H20O/ACN (5/95),
respectively. Both mobile phases contained 0.1% of formic acid. Samples were analyzed at a
flow rate of 0.4 mL/min using a linear gradient starting with 100% mobile phase A reaching
50% mobile phase B within 30 min. The temperature of the column compartment was set to
25 °C. UV and MS spectral analysis was performed within the OpenLab ChemStation software

for LC/MS from Agilent Technologies.

Ultra-High —esolution - Mass Spectrometry (UHR-MS): UHR-MS measurements were
performed with a Bruker UHR-QTOF matrix 4G instrument with a direct inlet via syringe pump,

an ESI source and a quadrupole followed by a Time of Flight (QTOF) mass analyzer.

UV-VIS photometer: UV-VIS spectroscopic measurements were performed using a dual-trace
spectrometer Specord® 210 Plus from Analytik Jena AG . The instrument was operated using
Win Aspect Plus software. For ConA concentration determination, a Spectral Scan from 270-

290 nm was used. The concentration of ConA expressed in terms of the monomer (M= 26 500
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g/mol) was then determined at 280 nm applying the Beer-Lambert law with €280= 26380 M!
cm for divalent ConA. The Fmoc deprotection efficiency was surveyed at 301 nm in a spectral
scan from 280-320 nm. The Coupling Efficiency was determined at 290 nm in a spectral scan
from 280-320 nm. All solutions were placed in a 3.5 mL precision quartz glass cuvette (d = 1

cm) from Hellma Analytics.

Freeze dryer: The final oligomers were freeze dried with an Alpha 1-4 LD plus instrument from

Martin Christ Freeze Dryers GmbH. The Main Drying method was set to -55 °C and 0.1 mbar.

DLS and Zeta potential: The hydrodynamic radius of the microgels was determined by dynamic
light scattering using Malvern Zetasizer nano ZS. The zeta potential was determined with the

same instrument.

Fluorescence Microscopy: An inverted microscope (Olympus IX73, Japan) equipped with an
Olympus 60x NA 1.35 oilimmersion objective (Olympus, Japan), and a CMOS camera (DMK

33UX174L, the Imaging Source, Germany) was used for the fluorescence microscopy.

Microplate reader: The fluorescence measurements were conducted using the FLS980
Fluorometer from Edinburgh Instruments and with a CLARIOstar plate reader from BMG

Labtech.

Surface Plasmon Resonance Spectroscopy: The measurements were performed on a Biacore
X100 from GE Healthcare Life Sciences, Uppsala, Sweden. The sensograms were recorded with
the Biacore X100 Control Software and evaluated with the Biacore X100 Evaluation Software.

For the measurements a CM5 sensor chip from GE Healthcare Life Science was used

204



Results

3. Synthesis:

Building Block Synthesis:
1-(Fluorenyl)-3,11-dioxo-7-(pent-4-ynoyl)-2-oxa-4,7,10-triazatetradecan-14-oic acid, TDS !
The overall yield of the synthesis was 23%.

1H-NMR (600 MHz, DMSO-d6): 6 = 11.84 (br s, O-H), 8.03 (t, 3JHH = 5.75 Hz, N-H), 7.87 (d,
3JHH=7.55 Hz, 2H, Ar-H), 7.67 (dd, 3JHH=7.36, 4JHH = 2.47 Hz, 2H, Ar-H), 7.43 (t, 3/JHH=7.44
Hz, 3H, Ar-H),7.39 (t, 3JHH=5.93 Hz, N-H), 7.37 — 7.30 (m, 2H, ar-H), 4.30 (d , 3/JHH= 6.82 Hz,
1H, C(O)OCH2CH), 4.27 (d, 3JHH= 6.94 Hz, 1H, C(O)OCH2CH), 4.21 (t, 3JHH = 6.79 Hz, 1H,
C(O)OCH2CH), 3.34-3.22 (m, 4H, NCH2CH2NH), 3.21 - 3.06 (m, 4H, NCH2CH2NH), 2.78 -2.70
(m, 1H, C(O)CH2CH2CCH), 2.54 — 2.47 (m, 2H, C(O)CH2CH2CCH, overlapped by DMSO-d5),
2.46 —2.38 (m, 2H, C(0)CH2CH2CCH), 2.37 — 2.25 (m, 4H, C(O)CH2CH2COOH).

ESI-MS: M/z calcd. for C28H31N306 [M+H]+ 506.2; found 506.2.

1-(9H-Fluoren-9-yl)-3,14-dioxo-2,7,10-trioxa-4,13-diazaheptadecan-17-oic acid, EDS 4
The overall yield of the synthesis was 59%.

1H-NMR (600 MHz, DMSO-d6): & = 11.86 (br s, O-H), 7.94 — 7.85 (m, 3H, N-H, Ar-H), 7.69 (d,
3JHH=7.46 Hz, 2H, Ar-H), 7.41 (t, 3JHH = 7.46 Hz, 2H, Ar-H), 7.33 (t, 3JHH= 7.50 Hz, 2H, Ar-H),
4.30 (d, 3JHH=6.97 Hz, 2H, C(O)OCH2CH), 4.21 (t, 3JHH = 6.92 Hz, 1H, C(O)OCH2CH), 3.50 (s,
4H, OCH2CH20), 3.44 —3.35 (m, 4H, NHCH2CH20), 3.19 (g, 3/HH =5.82 Hz, 2H, NHCH2CH20),
3.14 (q, 3JHH = 5.87 Hz, 2H, NHCH2CH20), 2.42 (t, 3JHH = 6.72 Hz, 2H, C(O)CH2CH2COOH),
2.32 (t, 3JHH = 7.22 Hz, 2H, C(O)CH2CH2COOH).

ESI-MS: M/z calcd. for C25H30N207 [M+H]+ 471.2; found 471.2, [M+Na]+ 493.2, found 493.2.
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Synthesis of (2-azidoethyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranosidel®
The overall yield of the synthesis was 17%.

1H-NMR (300 MHz, CDCI3): & = 5.34 (dd, 3/HH= 10.01, 3.44 Hz, 1H, H3), 5.29 (d, 3/HH= 9.99
Hz, 1H, H4), 5.26 (dd, 3JHH= 3.33, 1.72 Hz, 1H, H2), 4.86 (d, 3JHH= 1.45 Hz, 1H, H1), 4.27 (dd,
3JHH= 5.32 Hz, 2JHH= 12.26 Hz, 1H, H6), 4.11 (dd, 3JHH= 2.35 Hz, 2JHH= 12.27 Hz, 1H, H6),
4.06 — 4.01 (m, 1H, H5), 3.89 — 3.83 (m, 1H, OCH2CH2N3), 3.69 — 3.63 (m, 1H, OCH2CH2N3),
3.52 — 3.40 (m, 2H, OCH2CH2N3), 2.15 (s, 3H, OCH3), 2.09 (s, 3H, OCH3), 2.04 (s, 3H, OCH3),
1.99 (s, 3H, OCH3).

ESI-MS: M/z calcd. for C16H23N3010 [M+NH4]+ 435.2; found 435.3.

Synthesis of TT-Linker: The new trivalent building block TT-linker was synthesized in a three-

step procedure.

O (0]
e S K g
HO o~ Yo~ o HO )J\ J<
NH, > N (6)
: N
Protection of amino group \
HO HO Br
1 o
Functionaization of
hydroxy groups

/0 ”)WOH - v /O N)J\ok

Figure S1: Schematic representation of the synthesis of TT building block.
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Synthesis of tert-Butyl (1,3-diehydroxy-2-(hydroxymethyl)p207lycofuncyl)carbamat 1 6
HO

In a 500 ml round bottom flask, 10 g (83 mmol) of tris(hydroxymethyl)-aminomethane was
dissolved in a mixture of 50 ml methanol and 50 ml tert-butanol. A solution of 23.42 g (23 ml,
107 mmol) di-207lycofunctidicarbonate in 100 ml tert-butanol was added via a dropping
funnel. The reaction solution was stirred at room temperature for 18 hours. The reaction was
monitored by thin layer chromatography using an ethyl acetate/ethanol mobile phase (5:1
vol%), followed by staining with anisaldehyde/sulfuric acid. After complete conversion of the
starting material, the solvent was concentrated on the rotary evaporator and the product 1
precipitate as a solid. The product was filtered, washed with ice-cold ethyl acetate and dried
in vacuo. Product 1 was obtained in the form of a crystalline white solid and dried on the

vacuum line.
Yield: 98%

1H NMR (300 MHz, DMSO-ds,): & (ppm) = 5.73 (s, 1H, NH), 4.47 (t, 3) = 5.7 Hz, 3H, OH), 3.49
(d, 3J = 5.8 Hz, 6H, CH,-OH), 1.37 (s, 9H, CHs).

LC-MS: m/z calculated for CaH1sNOs [M+Na]* 244.2; found 244.2.
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Figure S2: 300 MHz *H-NMR spectrum of 1 in D;0 at 25°C.
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Figure S3: MS-spectrum of 1.
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Synthesis of tert-Butyl (1,3-bis(prop-2-yn-1-yloxy)-2-((prop-2-yn-1-

yloxy)methyl)p209lycofuncyl)carbamat 2 [©!

\
(0]

P

N

H
0]
|{

15.5 g (70 mmol) of 1 was dissolved in dry DMF in a 500 ml three-neck flask. 50 g (24.5 ml, 420
mmol) of propargyl bromide (80 wt% in toluene) was added via a dropping funnel in nitrogen
atmosphere. The reaction was cooled to 0 °C and 23.5 g (420 mmol) of ground potassium
hydroxide was added in portions. The reaction mixture was then heated to 35 °C and stirred
under nitrogen atmosphere for 24 hours. The reaction was followed by thin layer
chromatography (hexane/ethyl acetate, 7:3 vol%). After completion of the reaction, 100 ml of
ethyl acetate was added to the reaction mixture and the mixture was extracted once with 400
ml of ethyl acetate and three times with 300 ml of water. The organic phases were combined
and dried over magnesium sulfate. The solvent was removed via rotary evaporator and the
crude yellow product was purified by column chromatography (n-hexane/ethyl acetate, 7:3%

by volume). Product 2 was isolated as a yellow oil.
Yield: 29 %

1H NMR (300 MHz, CDCls-d): & (ppm) = 4.86 (s, 1H, NH), 4.09 (d, “/u = 2.4 Hz, 6H, C-CH2-0),
3.72 (s, 6H, O-CH2-C=CH), 2.39 (t, Y/ = 2.4 Hz, 3H, CH2-C=CH), 1.38 — 1.33 (s, 9H, CH3).

LC-MS: m/z calculated for C19H2sNOs [M+Na]* 358,4; found 358,2.
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Figure S4: 300 MHz *H-NMR spectrum of 2 in CHCls-d at 25°C.
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Figure S5: MS-spectrum of 2.

210

1
1000

00



Results

Synthesis of 4-((1,3-bis(prop-2-yn-1-yloxy)-2-((prop-2-yn-1-yloxy)methal)propan-2-yl)amino)-

4-oxobutanoic acid 3

In a 500 ml round bottom flask, 9 g (26.8 mmol) of 2 was dissolved in 90 ml of
dichloromethane. The reaction solution was cooled to 0 °C and 61 ml (536 mmol) of
trifluoroacetic acid was slowly added dropwise. The reaction mixture was stirred at room
temperature for four hours and the conversion was followed by thin layer chromatography
(dichloromethane/methanol, 9/1 vol% + 1 drop of acetic acid). After complete conversion, the
dichloromethane solvent was removed on the rotary evaporator. The trifluoroacetic acid was
evaporated from the reaction solution by azeotroping with toluene. The dark red crude
product was then precipitated in ice-cold diethyl ether, centrifuged, and the diethyl ether

phase was rotated in on the rotary evaporator.

The crude product (13.12 g) was placed in a 500 ml round bottom flask and dissolved in 270
ml dichloromethane followed by 2.69 g (26.8 mmol) of succinic anhydride. The pH of the
reaction solution was adjusted to pH = 10 by addition of 11.14 ml (80.4 mmol) of triethylamine
and stirred at room temperature for three hours. Reaction conversion was followed by thin
layer chromatography (dichloromethane/methanol, 10:1 vol % + 1 drop of acetic acid). After
complete conversion, the reaction solution was extracted three times with 250 ml of 10% citric
acid. The organic phase was dried over magnesium sulfate, and the solvent was removed on

the rotary evaporator. The crude product was recrystallized in dichloromethane.

Yield: 67%

1H NMR (300 MHz, CDCls-d): & (ppm) = 10.26 (s, 1H, COOH), 5.96 (s, 1H, NH), 4.11 (d, 4) = 2.4
Hz, 6H, C-CH,-0), 3. 79 (s, 6H, O-CH,-C=CH), 2.63 (t, 4) = 6.9 Hz, 2H, NH-C=0-—H,), 2.51 - 2.42
(m, 5H, Ha, CH2-C=CH, CH2-COOH).

211



Results

13C NMR (600 MHz, CDCls-d): & (ppm) = 177.18 (s, COOH), 172.21 (s, C(=O)NH), 79.57 (s, C-
C=H), 74. 93 (s, C=H), 68.47 (s, CH;-0), 59.96 (s, tert-C), 58.75 (s, O-CH3), 31.38 (s, CH,COQOH),
29.70 (s, CH2(C=0)).

LC-MS: m/z calculated for C17H2:NOg [M+H]* 335.4; found 336.2 tg = 19.56 min. (MeCN/H.0
1:1 vol %).
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Figure S6: 300 MHz *H-NMR spectrum of 3 in CHCls-d at 25°C.
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Figure S7: 300 MHz 3C-NMR spectrum of 3 in CHClz-d at 25°C.
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Figure S8: 3 detected with relative purities >95% by RP-HPLC analysis.
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Figure S9: HR-ESI-MS of 3.

The synthesis of glycooligomer was performed according to the description in section Methods
via solid phase polymer synthesis.
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1H-NMR (600 MHz, D0): & (ppm) = 8.04 and 7.87 (2s, 6H, H-9), 4.68-4.91 (m, 12H, H-10), 4.58
(s, 6H, H-13), 4.11- 4.06 (m, 6H, H-11), 3.94-3.89 (m, 6H, H-11’), 3.85 (s, 6H, H-12), 3.75-3.57
(m, 48H, H-3/H4/H-c/H-d/H-f/H-f)), 3.50-3.43 (m, 14H, H-1), 3.38-3.31 (m, 30H, H-5/H-6/H-a)
3.09-2.96 (m, 9H, H-a/H-8) 2.81-2.76 /m, 3H, H-8’) 2.58-2.44 (m, 34H, H-2/H-7).

ESI-MS: exact mass: 3372,5428: [M+2H]?* calculated 1687,3, found 1686,9; [M+3H]**
calculated 1125,2, found 1125,3; [M+4H]* calculated 844,1, found 844,2; [M+5H]>* calculated
675,5, found 675,6.

RP-HPLC (Linear gradient of 5-95% acetonitrile in water over 30 min at 25°C): tg = 5,44 min.

Determined relative purity > 95%.
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Figure S10: 600 MHz 'H-NMR spectrum of 215lycofunctionalizatcromolecule in HDO at 25°C.
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Figure S11: Left: 216lycofunctionalizatcromolecule detected with relative purities >95% by RP-

HPLC analysis. Ri216lycofunctionalizatcromolecule

Phenol-Sulphuric Acid Method:

This method was reported by Dubois et al. and was used to estimate the degree of mannose
functionalization on the particles. [ First, to a 250pL particle solution were added 250 pL of a
5 weight percent aqueous phenol solution and 1250 uL of concentrated sulfuric acid. The
mixture was then stirred for 30 minutes at room temperature. The concentration of Mannose
was determined at 490 nm in a spectral scan of 450-550 nm at 25 °C using the Specord® 210
Plus dual-trace spectrometer from Analytik Jena AG. As a reference, Milli-Q water was used
and the absorbance at 490 nm of control series B, C and the zero sample (250 plL water, 250
uL 5 wt% aqueous phenol solution, 1250 pL concentrated sulfuric acid) was subtracted from

the absorbance at 490 nm. Measurements were performed in triplicate.

ConA and Mannan experiments:

Glass surfaces were coated with mannan by drop casting. For this purpose, a solution of
mannan with a concentration of 1.2 mg-mL-1 in carbonate buffer is prepared. The solution is
transferred to an ibidi 8 well slide and left to dry overnight under constant agitation. After

washing with PBS buffer for 3 times the wells are filled with the sample solution.
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TEM-Microscopy:

The TEM images were performed on a Zeiss TEM 902. A suspension with a concentration of 1

mg/ml in water was used for the images.

APTES APTES-Man PNIPAM-APTES-IP PNIPAM-Man-JP

Figure S12: Overview of functionalized and naked particles measured via TEM. The scale bar
represents 1 um.

Fluorescence microscopy experiment:

RhodamineB-labeled particles were suspended in 10mM PBS buffer (1 mg/ml). A 96-well plate
was coated with ConA-FITC in LB buffer (LBB). To do this, 30 pL of ConA solution (200 pg/ml in
LBB) was added to the wells (Ibidi slides) and shaken for 2 hours. The wells were then rinsed
three times. Stock solution of the particles was then added to the plate and made up with LB
buffer to achieve concentrations of 0.5 mg/mL in the plate. The plate was incubated at RT for
1 h and then examined under a fluorescence microscope. Then, aMeMan (200 mM in LBB)
was added and incubated overnight at RT. Before taking fluorescence images, the solutions in
the well plate were washed three times with LBB. Measurements were performed in two
different channels, one with GFP filter for ConA (green) and one with Rhodamine filter for the

particles (red). The images were then merged.
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APTES + ConA APTES-Man + ConA

+aMeMan +aMeMan
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Figure S13: Fluorescence microscopy to investigate the binding of Rhodamin B labeled glyco-
particle (red) on FITC-labeled ConA (green) immobilized surface. For APTES-Man big cluster
formation is observed and for Janus-Man smaller clusters were observed. After treatment
with aMeMan the clusters were washed off the ConA surface. The images were recorded in
red and green channels and then merged. The scale bar represents 20 um.
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4.5 Sweet carbon dots: synthesis of carbohydrate-functionalized carbon

nanoparticles and their cellular uptake
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Abstract

Carbon nanoparticles (CNPs) are coupled covalently to various monosaccharides as well as
glycooligomers and studied for their interaction with different tumor cell lines overexpressing
carbohydrate-recognizing lectin receptors. Glyco-functionalized CNPs (glyco-CNPs) show
reduced cell cytotoxicity. Differently monosaccharide-conjugated CNPs show an enhanced
uptake rate as compared to both pristine as well as glycooligomer-coated particles. However,
coating with mannose, galactose, N-acetylglucosamine or glycooligomers derived thereof
does not influence uptake into different cancer cell lines overexpressing mannose-recognizing
lectin receptors. The intracellular distribution of the glyco-CNPs shows that — similar —o
pristine CNPs - they are preferably stored in the endolysosomal pathway. Overall, this study
supports the potential use of glyco-CNPs in biomedical applications but also highlights ongoing
challenges when trying to achieve their receptor-mediated uptake via carbohydrate-

recognizing cell surface receptors.

1. Introduction

Functionalized nanoparticles and their application in biomedical research have developed into
a mature scientific field over the last two decades.’ Multicolor fluorescence spectroscopy
based on quantum dots is used routinely within various diagnostic medical protocols.*®
Carbon nanoparticles (CNPs)”8 are a promising complement to conventional semiconducting
guantum dots in these respects, due to their low mass, intrinsic water solubility, easy
functionalization and low toxicity.>!° They have been used as intracellular pH meter,!!
selectivity enhancers during cisplatin!? or doxorubicin®?® uptake, or in confocal fluorescence
microscopy#*€, to name just a few examples. Surface functionalization has been employed to
further tailor the properties of CNPs for specific applications such as their passivation with
polyethyleneglycol (PEG) and use in bacterial’ and cancer cell'® uptake and imaging or the
improvement of their overall biocompatibility by functionalization with ionic liquid moieties.*®
However, so far there are only a few studies on functionalizing CNPs with carbohydrates.?°
Carbohydrate-functionalization of nanoparticles is a well-established strategy to obtain
improved biological properties such as improved biocompatibility or even achieve selective

targeting of cell surface receptors.?! First studies by the Galan group on lactose-functionalized
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CNPs has demonstrated the potential to achieve increased bioavailability and obtain diffuse
cell internalization into human cancer cells.???3 Recently, Cooper et al. showed that lactose-
functionalized CNPs localize in the lysosome after cell uptake.?* While the potential to employ
the carbohydrate-functionalization of CNPs to target specific carbohydrate-recognizing
receptors such as lectins has been successfully demonstrated with protein arrays?®> and in
targeting the adhesins of bacteria?, it is still unclear if the improved cancer cell internalization
is related to a receptor mediated or rather a passive uptake mechanism.?° A potential specific
uptake was shown in a recent study by Ortega-Munoz et al where they observed enhanced
uptake of mannose or lactose-functionalized CNPs with cells expressing surface receptors
specific either for mannose or lactose, respectively.?” From the carbohydrate-
functionalization of other nanoparticles it is well understood that not only the type but also
the linkage or presentation of the carbohydrates can affect receptor interactions.?®?° Since
single carbohydrate-receptor interactions are typically weak, nature as well as chemists
employ multivalency — the presentation of multiple carbohydrates on a natural or synthetic
scaffold — to increase the overall binding strength.3° To the best of our knowledge, so far
carbohydrate functionalization of CNPs has relied on the conjugation of single carbohydrates
(mono- and disaccharides). In this study, we employ our previously established solid phase
polymer platform to derive multivalent carbohydrate-functionalized oligomers and attach
these to CNPs to now derive carbohydrate-functionalized CNPs (glyco-CNPs) with increased
degrees of carbohydrate functionalization in comparison to direct attachment of the
according monosaccharides (Figure 1). The glyco-CNPs are then studied for both, their
fluorescent properties as well as cell uptake in dependence of the type of carbohydrate f-
nctionalization - the type of monosaccharide as well as mono- vs. multivalent attachment.
Special focus is devoted to human cancer cell lines overexpressing mannose recognizing

receptors (MCF-7 and MDA-MB-231) in comparison to a control cell line (HEK-293).

Q,l( /\f& EDC/NHS  H,N o
@ i
H
H,N j’*ﬁ
NH,

Figure 1: Schematic presentation of the carbohydrate-functionalization of CNPs
through attachment of glycooligomers.

CNP trivalent Mannose
conjugated gylcooliogomer
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2. Experimental details
2.1 Materials for the synthesis

Acetone (2 99.8 %), trimethylamine (analytical grade), Toluene (for HPLC) was purchased from
Fischer Scientific. Succinic anhydride (= 99.0 %) was purchased from Carbolution Chemicals.
Diethyl ether (with BHT as inhibitor, > 99.8 %), triisopropylsilane (TIPS) (98 %), (+)-sodium-L-
ascorbate (299.0 %), chloroform-d (99,8 atom % D), deuteriumoxid-d> (99,8 atom % D),
dimethylsulfoxid-ds (99,8 atom % D), were purchased from Sigma-Aldrich. N,N-
Diisopropylethylamine (DIPEA) (299 %), potassium hydroxide (> 85 %) was purchased from
Carl Roth. Methanol (100 %), ethylacetate (>99.9 %), n-hexan (299.8 %) and acetic anhydride
(99.7 %) were purchased from VWR BDH Prolabo Chemicals. Dimethylformamide (DMF)
(99.8 %, for peptide synthesis), tert-butanol (> 99.0 %), piperidine (99 %), sodium methoxide
(97 %), sodium diethyldithiocarbamate (99 %) and copper (II) sulfate (98 %) were purchased
from Acros Organics. Dichloromethane (DCM) (99.99 %), Triethylsilane (98,0 %),
trifluoroacetic acid (> 99,0 %) were purchased from Fluorochem. Benzotriazole-1-yl-oxy-tris-
pyrroli225lycofunctionalizatexafluorophosphat (PyBOP) were purchased from Iris Biotech
GmbH. The anion resin (AG1-X8, quarternary ammonium, 100-200 mesh, acetate form) was
purchased from BioRad. TentaGel® resin were purchased from Rapp Polymere. Methyl-a-D-
mannopyranoside (>99 %), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-
hydroxysuccinimide (NHS), Citric acid, anhydrous, was purchased from Alfa Aesar (>99.5 %).
Diethylenetriamine was purchased from Merk (>98 %), di-tert-butyldicarbonate (99,0 %) was

purchased from Novabiochem. Ethanol (>99.9 %). was purchased from Chemsolute.

2.2 Materials for cell culture and uptake experiments

Fetal Bovine Serum purchased from Sigma. RPMI 1640 purchased from Biowest
Penicillin/Streptomycin Solution was purchased from Sigma. Dubecco’s phosphine buffered
saline (DPBS) without Ca?* and Mg?* was purchased from Gibco. Trypsin/EDTA Solution was
purchased from Sigma. Ethylenediaminetetraacetic acid di-sodium salt (>99 %) was purchased
from Grissing GmbH. Dublecco’s minimal essential medium (DMEM) high glucose with
sodium pyruvate was purchased from Biowest. Formaldehyde (4 %) in PBS was purchased
from Alfa Aesar. Celllight Lysosomes RFP, BacMam 2.0 and the CyQuant XTT viability assay

were purchased from Invitrogen.
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See Sl for information on methods employed in this study.

2.3 Solid Phase Synthesis of Glycooligomers

Glycooligomers for functionalization of CNPs were synthesized by stepwise coupling and
deprotection of tailor-made building blocks (bb) on the solid support — the so-called solid
phase polymer synthesis as presented previously.31-33 The reactions were each carried out in
10 ml polypropylene syringe reactors with a polyethylene frit and a Luer stopper from
Multisynthech GmbH. A TentaGel® R Trt resin prefunctionalised with ethylenediamine and a
loading of 0.20 mmol/g was used as solid phase and the batch size was 0.1 mmol.
Functionalizable triple tribond linker (TT-linker) and an ethylene glycol containing spacer bb

EDS were used to build up the backbone of the glycooligomer.

a) Coupling and deprotection of the building blocks: First, the resin was swollen two times for
15 min in DCM and then washed three times with DMF. Coupling of EDS and TT-Linker was
performed by shaking for 90 min with a solution of 5 eq of bb, 5 eq of PyBOP, and 10 eq of
DIPEA in DMF, followed by washing ten times with DMF. After each bb coupling the resin was
shaken with a solution of 25 vol% piperidine in DMF for 15 min to remove the Fmoc protecting
group, and then washed three times with DMF. This was followed by shaking again with the

piperidine solution for 15 min and washing ten times with DMF.

b) Copper(l)-catalyzed alkyne-azide cycloaddition (CuAAC): Three a-D-mannopyranosides
were simultaneously conjugated to theoligomeric backbone via CUAAC. For this, 2.5 eq of (2-
azidoethyl)-2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside per alkyne was dissolved in DMF,
30 mol% of sodium ascorbate and 30 mol% of copper sulfate per alkyne was dissolved in
water. The copper sulfate solution was drawn up first, followed by the carbohydrate solution,
and finally the sodium ascorbate solution. The reactor syringe was covered with aluminum foil
and shaken overnight. The resin was then washed three times with a 23 mM solution of
sodium diethyldithiocarbamate in DMF/H,0 (1:1, v/v), three times with DMF, and three times
with DCM. The washing steps were repeated with the three solutions until no further

coloration of the wash solution was observed.

c) Deprotection of mannopyranoside/galactopyranoside side chains: For the deprotection of

the acetate groups of the mannopyranoside/galactopranoside analogs attached to the
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oligomeric backbone, the resin was shaken with a solution of 0.1 M NaOMe in MeOH for 60

min and then washed 10 times with MeOH, 10 times with DMF, and 10 times with DCM.

d) Cleavage from the resin: The resin was shaken with a solution of 65 vol% TFA, 30 vol% TIPS
and 5 vol% DCM for 20 min. Afterwards the solution was added to cold diethyl ether and the
product precipitated as white solid. The white precipitate was centrifuged off, and the
procedure was repeated three times. The solid was then dissolved in water and the product

was isolated byeze-drying.

2.4 Microwave assisted carbon nanoparticle synthesis

CNPs were prepared via microwave assisted pyrolysis of citric acid (CA) and
diethylenetriamine (DETA) following a modified version of the method originally published by
Qu et al.?%, as described in detail elsewhere®. 210 g anhydrous CA (Alfa Aesar) and 340 mg
DETA (Merk) were added to a 10 ml sealed pressure vessel (CEM), which was subsequently
placed in a microwave reaction chamber (CEM Discover). The mixture was treated in the
microwave reaction chamber at 180 °C for a hold time of 150 s under continuous stirring. The
reaction was quenched with pressurised air cooling after the hold time was reached.
Temperature, pressure, and power were recorded during the process. The product was
dissolved in DI water and dialyzed in a 100-500 Da dialysis tube (10 ml, Float-A-Lyser) against
2 L of deionized water. The water was exchanged three times within 48 h. The dialysed
product was lyophilized and redissolved in phosphate buffered saline (pH 7.4). The as
prepared particles have previously been characterized regarding their size and shape with
transmission electron microscopy (TEM) and atomic force microscopy (AFM) as well as
regarding their chemical composition with X-ray photoelectron microscopy (XPS), CHN
elemental analysis and Raman spectroscopy, as described by our group elsewere®. To
summarize briefly, the results indicate few layer graphitic nanoparticles with an average
diameter of 3.3 nm and a mixture of sp2 and sp3 carbon domains, that also contain substantial

amounts of nitrogen oxygen.
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2.5 Preparation of glyco-CNPs

Prior to glycofunctionalization, one half of the CNPs were combined with succinic anhydride
before glyco-functionalization so that the amine groups on their surface would react with the
CNPs and change them into extra carboyl groups. These CNPs were referred to as AcCNPs in
the following, whereas the untreated CNPs were referred to as CNPs. The CNPs or AcCNPs
were dissolved in MilliQ-H,0 and EDC, NHS and the carbohydrates or glycooligomers were
added to the solution. The mixtures were stirred overnight at room temperature. The mixture

was purified by dialysis (MWCO:500 Da) for 24 hours. Glyco-CNPs were isolated by ze-drying.

2.6 Cell culture

MCF-7 and MDA-MB-231 cells were both cultivated in medium consisting of RPMI 1640 with
10 % foetal bovine serum (FBS) and 1 % penicillin/streptomycin (PS) solution. HEK cells were
cultivated in medium consisting of DMEM high glucose (Dublecco’s Minimal Essential
Medium) with 10 % FBS and 1 % PS solution. All cell lines were split twice per week using

trypsin and EDTA as detachment agent, with an exposure tof 3-4 min.

2.7 Confocal microscopy

The cells were imaged with a Zeiss LSM 710 confocal microscope. The cells were seeded at a
density of 10.000 cells per well and incubated in their respective full cell culture medium
without phenol red and CNPs, in a concentration of 500 pg/ml, 24 h prior to imaging in tissue
culture treated 8 well p-slides (lbidi). In the cases in which the lysosomes were stained,
transient transfection was performed also 24 h prior to the measurement. To facilitate the
expression of a fusion protein of the lysosome resident protein LAMP1 and RFP, 20 ul of the
reagent Celllight Lysosomes-RFP, BacMam 2.0 (Invitrogen) were added to the respective wells.
Right before imaging the medium with CNPs was aspirated out of the well, the cells were
washed with PBS and replaced by fresh full medium without phenol red. To image the CNPs
the build in 405 nm diode laser was used for excitation. A 543 nm HeNe-laser was used for

excitation to image the RFP-td lysosomes.
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2.8 Flow cytometry

To determine the cell uptake of CNPs and glyco-CNPs, flow cytometry measurements with the
FACSLyric (BD Biosciences) were conducted. The cells were incubated with 500 pug/ml CNPs in
full medium without phenol red in a 24 well plate 24 h prior to the flow cytometry
measurements. Before the measurement, the medium was aspirated out of the well plates
and the cells were washed with 0.5 ml PBS and subsequently treated with 100 pl trypsin and
EDTA solution per well for 4 minutes at 37 °C, to facilitate detachment. A total of 600 pl of full
medium were added to inactivate the trypsin. The suspension was transferred to round
bottom tubes and centrifuged at 300 g for 5 minutes. The supernatant was discarded, and the
cells were redistributed in PBS with 0.75 mM EDTA. The suspension was filtered through a cell
strainer with a mesh size of 40 um, to remove remaining clusters and retain single cells in
suspension. The cells were transferred to round bottom tubes, again centrifuged at 300 g for
5 minutes and the supernatant was discarded. The cells were fixed with 200 pul of 0.5 %
formaldehyde and measured. Since all particles show different quantum yields ® and
extinction coefficients €, the measured signals F cannot be compared to infer the uptake of
nanoparticles. Thus, the signals were divided by the Brightness B = ® ¢, which is
approximately proportional to the ratio of the number of emitted photons and incident
photons per Concentration.

Uptake,qss X oy
Since € was determined in relation to the mass concentration in solution the resulting uptake
relates to the mass of particles taken up into each cell and can be compared for particle

species with differeroperties.

2.9 XTT viability assay

For the XTT Cell Viability Assay a XTT kit was used from Sigma Aldrich. Cells were seeded in 96
well plates at a density of 5000 cells/well in 100 pL full growth medium without phenol red. A
total of 10 pL of the respective CNP solution (5 mg/ml) was added to a finale volume of 100 pL

per well, to yield a final CNP concentration of 0.5 mg/ml. Incubation was performed for 48 h
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at 37 °C and 5 % CO;. For background subtraction wells only containing 100 uL full growth

medium and 10 nM solutions of CNPs in MilliQ water were prepared.

XTT working solution was prepared immediately before use by heating XTT solution to 37 °C
and gently swirling the solution until a clear solution is obtained. For one 96 well plate to be
tested 5 mL of XTT solution were mixed with 25 pL activation reagent. Subsequently, 50 uL of
the activated XTT solution were added to each well to obtain total volumes of 100 uL. After
3 h further incubation at 37 °Cand 5 % CO; absorbance at 475 nm and background absorbance

at 660 nm was recorded Il wells.

2.10 Fluorescence correlation spectroscopy (FCS)

FCS was performed on the Olympus Fluoview 1000 confocal microscope available via the
CAi@HHU in Claus Seidel’s lab. The setup is modified with a 6-channel detection unit with
single photon sensitivity (HydraHarp 400, PicoQuant). Measurements were performed with a
U Plan S Apo objective 60x with water immersion and a numeric aperture of 1.2. The particles
were excited with a 405 nm continuous wave diode laser and the channels for vv and vh
polarization were subsequently correlated using the Kristine software correlator.”* To yield
the diffusional correlation time a model for diffusion through a gaussian focal volume without
blinking was fitted to the data. To determine the diffusion coefficient D and the hydrodynamic
radius ry rhodamine 110 with the known diffusion coefficient of (4.3+0.3) x10~(-10) m?/s was

used as a reference. Rhodamine 110 was excited with a 488 nm pulsed diode laser.

3. Results and discussion
Synthesis of glyco-CNPs

We opted to use CNPs prepared by microwave assisted pyrolysis from citric acid and
diethylenetriamine, leading to free carboxy and primary amine groups at the surface of the
CNPs, as was previously established.3” In addition to acceptable fluorescence properties, these
CNPs are extremely stable known to have only a marginal toxicity, even on the gene expression
level.3® CNPs have been characterized regarding their size and shape with transmission

electron microscopy (TEM) and atomic force microscopy (AFM) as well as regarding their
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chemical composition with X-ray photoelectron microscopy (XPS), CHN elemental analysis and
Raman spectroscopy described previously.®> In summary, few layer graphitic nanoparticles
with an average diameter of 3.3 nm and a mixture of sp2 and sp3 carbon domains, that also
contain substantial amounts of nitrogen and oxygen, were obtained. Glycoconjugation on
these CNPs was performed by using amide coupling attaching amine-functionalized
monosaccharides as well as glycooligomers to carboxy groups present on the CNP surface. To
increase the number of carboxy groups and thereby potentially increase the degree of
glycoconjugation, one half of the particles was first coupled to succinic anhydride in order to
react with the amine groups present on the CNP surface and turn them into additional

carboxylic groups (AcCNPs) (see Figure 2).

A) Synthesis and Gylcofunctionalization of CNPs
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Figure 2: A) Synthesis and glycofunctionalizaticih-.gfm(gll\-l-ﬁ’g;-"-I-'Hénal-\i'F-’"sm\-/\-/”e-lré"|-orepa-ré-a--dgiﬁ--gl
microwave assisted pyrolysis from citric acid and diethylenetriamine, leading to free carboxy
and primary amine groups at the surface. One part of the CNPs were further functionalized by
succinic anhydride (AcCNPs) to increase the carboxyl groups and therefore increase the level
of glycofunctionization. The glycofunctionalization was occurred by activation of the carboxyl
groups on the surface of the paticles by EDC/NHS. B) Set of synthesized glyco-CNPs and their
degree of functionalization degrees determined by 'H-NMR and by using an internal standard.
For more details see SlI.
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For glycofunctionalization, three different monosaccharides were employed: Mannose (Man),
N-Acetylglucosamine (GIcNAc) and Galactose (Gal). All three monosaccharides are known to
bind to different types of cell surface lectin receptors. For example, different human cancer
cell lines have been shown to overexpress Mannose receptor (MR) such as MDA-MB-231
breast cancer cells used in this study.3”*® GIcNAc residues binds to vimentins on the cell
surface which occurs in the cytoplasm of all cells.3*4° Gal functionalized CNPs could potentially
target asialoglycoprotein receptors known for their expression on endocytotic cell by
hepatocytes, e.g. HepG2 cells.* In addition to conjugation of the monosaccharides,
glycooligomers presenting multiple copies of Man or Gal were synthesized according to
previously established solid phase polymer protocols*>4® and applied for the functionalization
of the CNPs. In short, stepwise conjugation of tailor-made building blocks using standard
Fmoc-peptide coupling protocols on resin provided access to sequence-defined
oligo(amidoamines) with alkyne side chains, which were used for further conjugation of
carbohydrate-azide derivatives via a copper-mediated click reaction (CuAAc)** (see the Sl for
analytical data of the products). All glycooligomers were isolated with a free primary amine
group at the C-terminus by using an ethylendiamine-preloaded resin (see Experimental
Section for more details). This amine group can then be used to attach the glycooligomers via
amide coupling to the carboxylic groups present on the CNP surface. Therefore, CNPs as well
as AcCNPs were first activated with EDC/NHS and then conjugated with different amine-
functionalized monosaccharides (Man, GIcNAc and Gal), trishydroxyamine (TRIS) as non-
carbohydrate control as well the amine-functionalized glycooligomers presenting either Gal
or Man (see Figure 2). After the glycofunctionalization the excess of monosaccharides and

glycooligomers were removed by dialysis (see ESI, 232lycofuncti.

The multivalent presentation of carbohydrates by use of the glycooligomers is expected to
increase binding and thus potentially also cell uptake, e.g. through increased statistical
possibility of monosaccharide units encountering a cell surface receptor.*> Furthermore, the
hydrophilic chain installed in the glycooligomer provides flexibility of CNP presented
carbohydrates and may potentially increase the accessibility of the ligands in binding to cell

surface receptors.
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Characterization of glyco-CNPs

First, the degree of functionalization of the glyco-CNPs was studied by *H NMR, see Figure 3.
Hydroquinone was used as an internal standard and compared to either the anomeric protons
of the carbohydrate (green frame) or the protons of the triazole ring of the glycooligomers
(grey frame), which provided the overall carbohydrate concentration. Successful
glycofunctionalization was demonstrated for both AcCNPs and CNPs, but with different
degrees of functionalization. While AcCNPs are expected to have more available carboxyl
groups that should in turn lead to a higher degree of glycofunctionalization, they show lower
carbohydrate concentration as compared to the glycofunctionalized CNP system, see Figure
1C. This can potentially be attributed to steric effects, where —in contrast to—our expectation
- the lower carboxylic group density on the CNP surface results in better accessibility for
glycofunctionalization. Based on this finding, only the CNP system was used for
functionalization with glycooligomers. Confirming and quantifying the degree of carbohydrate
functionalization was again performed via NMR (see Figure 2). In the NMR spectra, we
identified an EDC contamination (red frame in Figure 3) for the monosaccharide functionalized
CNPs. Since we were unable to remove this contamination with extensive washing protocols,
this is likely either covalently attached to the surface of the CNPs or strongly adsorbed through
ionic interactions. Since the EDC contamination present also after dialysis against high ionic
buffer (PBS), covalent binding strikes us as more plausible. This contamination is not seen in
the CNPs functionalized with glycooligomers, which could be related to the flexible oligomer

covering a larger surface area on the CNPs, thus preventing EDC binding to the surface.

Visualization by TEM was already a challenge for the non-functionalized CNPs, since the
particles are composed mainly of carbon and a high-resolution microscope is required due to
the dispersion on an ultrathin amorphous carbon lattice. Since the glyco-functionalization by
the monosaccharides and glycooligomers also mainly consists of carbon atoms, it can be
assumed that no difference between non- and glyco-functionalized CNPs would be observed
by TEM. As alternative method, well-established for the analysis of similar small particle
systems, diffusion ordered spectroscopy (DOSY) measurements were performed to evaluate
the change of the hydrodynamic radii before and after glyco-functionalization for CNP, AcCNP,
GIcNAc-CNP and GIcNAc-AcCNP. All derived diffusion coefficients lie in the range of 4 — 6 x 10

10 m? 51, corresponding to hydrodynamic radii around 0.4 nm. These values are almost
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independent of the type and degree of glyco-functionalization (see Table 1 and SI). However,
it is known that CNP synthesis from citric acid and DETA produces smaller fluorophores
besides larger particles, which are then likely to be detected by DOSY and fluorescence
diffusion spectroscopy. According to Qu et al, larger fragments are detected by NMR after
further degradation of small molecules. Also in the NMR in Figure 2, in addition to the typical
CNP peaks, peaks of smaller fluorophores can be seen, which may be located at the edges of

the CNPs and therefore cannot be separated by dialysis.*¢-48
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Figure 3: 'H NMR spectra of pristine and functionalized CNPs. Hydroquinone was used as
internal standard (blue frame). Green frame: anomeric proton signal of Man/Gal. Grey frame:
signal from the protons of the triazole ring of the glycooligomers. The EDC signal is framed in
red.
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Fluorescence spectroscopy reveals that all functionalized CNPs show a weak but noticeable
redshift of the fluorescence maximum, while the shape of the spectrum remains

approximately constant (see ESI Table S2).
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Table 1: Hydrodynamic radii rq of non-functionalized CNP and AcCNP and after GIcNAc-
functionalization determined by DOSY. The diffusions coefficients were all in the same range
between 4-6 x 101° m? s, so that the resulting radii are also in the range of rp=0.4 nm.

before after
glycofunctionalization glycofunctionalization
CNP 0.340-0.475 GIcNAc-CNP 0.319-0.493
AcCNP 0.333-0.537 GIcNAc-AcCNP 0.265-0.480

Additionally, comparing CNPs before and after glycofunctionalization, fluorescence
correlation spectroscopy (FCS) measurements were performed (see the section experimental
details). A simple model was fitted for a diffusing particle species without blinking. Due to the
relatively low excitation wavelength (405 nm), there is strong scattering that affects the signal-
to-noise ratio compared to larger wavelengths (488 nm), so the resulting autocorrelation
function is quite noisy. Assuming that the particles are spherical, the results of the
measurements were obtained for hydrodynamic radii in the range of ry=0.5 nm using
rhodamine as the reference molecule. Thus, the results are in agreement with the results of

the DOSY measurements.

In summary, the CNPs were successfully functionalized with glycooligomers and incorporation
could be determined by 'H-NMR analysis. The particles functionalized with glycooligomers
carry a factor of 2 to 3 greater carbohydrates compared to the monosaccharide
functionalization, which can be attributed to the trivalent head group on the glycooligomer
and verifies that the loading can be increased by using glycooligomers. The analysis by DOSY
and FCS demonstrate consistent hydrodynamic radii of ry=0.4-0.5 nm, which is also
compatible with previously reported results from other groups, despite the difficulty of

further analyses.

Cell toxicity and cell uptake studies of glyco-CNPs

With this set of glyco-CNPs in hand, we then performed flow cytometry, confocal microscopy,
and XTT assays to determine their cellular uptake rates, subcellular distribution, and cell
toxicity, respectively. Two breast cancer cell lines MCF-7 and MDA-MB-231 as well as the

embryonic kidney cell line HEK-293 were employed in these experiments. Whereas MCF-7
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cells were chosen because of their high uptake of CNPs shown in previous studies>, MDA-MB-
231 was chosen as a further breast cancer cell line and overexpress MR on their surface®®->°,
and HEK293 with low MR expression was chosen as a non-cancer cell line.*? In all cell lines
tested, glyco-CNPs showed lower cell toxicity as determined via the cell viability 24 h post
incubation and quantified via XTT assay as compared to pristine CNPs (see Figure 4). This
difference is particularly significant for HEK-293 cells, where pristine CNPs lead to decrease in
cell viability to 29 %, whereas glycol-CNPs maintain cell viability at 47-59 %. To quantify
cellular uptake, glyco-CNPs were incubated with the different cell lines for 24 h and flow
cytometry was performed quantifying the fluorescence per cells as a means236lycoantify the
amoung of glyco-CNPs per cell. In order to express the results as the total mass of
nanoparticles per cell, the fluorescence intensity of an event detected in flow cytometry was
corrected with the brightness of each particle species (see SI, Table S1). Here, the quantum
yield under an excitation wavelength of 360 nm was determined using Coumarin 1 with a
guantum yield of 0.5 as a reference. The excitation coefficient is obtained from a fit of

Lambert-Beer’s law to the concentration dependence of the absorption. We define the

brightness of a particle type as the product of the quantum yield and the extinction coefficient.

I 50% Oligo-TriGal-CNP
- 59% Oligo-TriGal-CNP
HEK-293 ] f;/;’“/ Gal-ChP
B b
T 29% Man-CNP
CNP
B 58%
}i 65%
MDA-MB-231 = 70%
i 67%
B+ 53%
] 88%
Ji 93%
MCF-7 = 95%
7 93%
i 86%
T T T T T T T
0% 20% 40% 60% 80% 100%
Viability

Figure 4: Cell viability after 24h incubation with glyco-CNPs for HEK-293, MDA-MB-231 and
MCF-7 cells as determined by XTT assay.

We observe an approximately two- to threefold increase in uptake rate for monosaccharide
functionalized CNPs compared to CNPs functionalized with glycooligomers or the pure CNPs

(see Figure 5a). This is surprising as the glycooligomer functionalized CNPs have higher number
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of carbohydrates per particle (see Figure 1C). However, we also observe almost no difference
for the uptake of one type of glycofunctionalization for the different cell lines. Only the Man-
functionalized CNPs show a slightly elevated uptake in the HEK-293 cells. This is
counterintuitive to the expectation that rather the MR overexpressing cancer cell lines (MDA-

MB-231 and MCF-7) should show increased uptake here.

Overall, our results rather indicate a non-specific uptake and seem to show no involvement of
carbohydrate recognizing cell surface receptors in the uptake of glyco-CNPs from this study.
We tentatively explain this uptake behaviour using the following, qualitative picture: During
endocytosis, both pristine and glycoconjugated CNPs are taken up from the encapsulated
extracellular solution; the uptake rate is proportional to the density of the CNPs in solution. In
addition to this process, monosaccharide-conjugated CNPs may adhere to the outer
membrane surface, likely due to non-specific, physical interactions. This picture is

commensurate with a quantitative estimation (see SlI).

Subcellular localization of glyco-CNPs

While we did not observe any clear influence of the type of carbohydrate on the cellular
uptake of glyco-CNPs, it is still relevant to also investigate subcellular distribution. On the one
hand this shows that indeed glyco-CNPs can be taken up by the cells and on the other hand
this can give additional insights on how glycofunctionalization might affect subcellular
distribution. Confocal microscopy revealed that all glyco-CNPs accumulate in small sub-spaces
inside MDA-MB-231 cells, which most likely correspond to vesicles in the endo-lysosomal
pathway (Figure 3 (b), (c).) This is in agreement with previous studies on pristine CNPs.%®
Pristine and glyco-CNPs share this characteristic subcellular distribution 24 h after their

incubation.

To explore this further, MCF-7 and MDA-MB-231 cells were incubated with CNPs, Man-CNPs,
Gal-CNPs, Oligo-TriMan-CNPs and Oligo-TriGal-CNPs and labelled lysosomes (see Sl, Figure S40
and S41). The colocalization of the CNPs and the fusion protein LAMP-1 indicates that the
CNPs are (at least to a large extent) lysosomal cargo. If particles are taken up via endocytosis,
the endocytic vesicle usually merges with an early endosome, that matures into a late

endosome. If no interaction with other organelles occurs, the late endosome merges with a
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lysosome, where the particles end up.>! It was also already previously shown that CNPs with
amino groups on the surface tend to be trapped inside of lysosomes owing to the acidotropic
behaviour of weakly basic amines.>> While the lysosomes accumulate in a perinuclear region>3,
they never enter the nucleus under physiological conditions. Therefore, the nuclear region is
spatially strictly distinct from the lysosomes. While CNPs prepared or modified via other
protocols have been shown before to enter the nucleus®?, we do not observe nuclear entry
for the glyco-CNPs. The fact that glycoconjugation of the CNPs does not influence the viability
of the cells supports the picture that the nanoparticles are captured in the endolysosomal

pathway, where they exert only a marginal influence on cellular metabolism.

MDA-MB-231 | = (a)

Oligo-TriGal-CNP MCE-7 IE_:'
HEK-293

MDA-MB-231 [
Oligo-TriMan-CNP MCF-7 [

HEK-293

MDA-MB-231 .
Gal-CNP MCF-7
HEK-293
MDA-MB-231 .
Man-CNP MCF-7 ——

HEK-293
MDA-MB-231 .

CNP MCF-7
HEK-293

T I &= v =5 ¢ | J &
00 05 10 15 20 25 3.0 35 40 45
mean adj. uptake [a.u.]

Figure 5: (a) CNP uptake as determined from flow cytometry measurements. Confocal
microscopy on MDA-MB-231 cells after uptake of pristine (b) and mannose-conjugated (c),
CNPs. The fluorescence signal (cyan) in (b) and (c) was linearly scaled to ensure the best
utilization of the dynamic range, while displaying all acquired data. Therefore, (b) and (c) only
allow for a qualitative assessment of the subcellular distribution and intensity values may not
be quantitatively compared against each other between both images. Quantitative
assessments of the uptake are valid based on the values derived from flow cytometry
measurements (a). The size of the scale bars is 5 um.

238



Results

4. Conclusions

In conclusion, we have prepared a series of glycofunctionalized CNPs using both
monosaccharides as well as multivalent glycooligomers. NMR studies were used to verify the
conjugation of carbohydrates and glycooligomers to the particle surface and to determine the
degree of functionalization. Indeed, CNPs functionalized with glycooligomers enable a two- to
threefold increase in the overall degree of carbohydrate functionalization. In comparison to
pristine CNPs, glyco-CNPs show reduced cell cytotoxicity. Uptake studies with different cell
lines showed an approximately threefold increase for the monosaccharide functionalized
CNPs compared to the pristine and glycooligomer-functionalized CNPs. Potentially
carbohydrate motifs in the glycooligomers-CNP conjugates are less accessible for interactions
with cell surface receptors. However, for CNPs functionalized with different monosaccharides
we see only very little difference in their cell uptake despite using cell lines with distinctly
different overexpression of carbohydrate recognizing receptors, specifically MR. This indicates
that cell uptake of glyco-CNPs of this study is not or only very little cell surface receptor
mediated. Nevertheless, confocal microscopy shows that glyco-functionalization does not
alter the intracellular distribution in which nanoparticles are preferentially taken up into the
endolysosomal pathway, making these glyco-CNPs potentially attractive for cell imaging or
drug delivery applications. To further investigate the uptake mechanisms into the cell and
enable receptor mediated uptake, future studies could investigate the effects of using more

complex oligosaccharide ligands or non-carbohydrate ligands such as antibodies.
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Results

1. Instrumentation:
Nuclear Magnetic Resonance Spectroscopy (*H-NMR) and DOSY

'H-NMR (600 MHz, 300 MHz), 3C-NMR and DOSY spectra were recorded on a B—uker AVANCE
[l - 600. Chemical shifts of all NMR spectra were reported in delta (8) expressed in parts per
million (ppm). For 'H-NMR, the residual, non-deuterated solvent was used as internal
standard (6 4.79 ppm for D20, 6 7.26 ppm for CDCl3). The following abbreviations are used to

indicate the multiplicities: s, singlet, d, doublet; t, triplet; m multiplet.—
Reversed Phase - High Pressure Liqui— Chromatography - Mass Spectrometry (RP-HPLC-MS)

Analyses were run on an Agilent 1260 Infinity instrument equipped with a variable wavelength
detector (VWD) (set to 214 nm) and a 6120 Quadrupole LC/MS with an Electrospray lonization
(ESI) source (operated in positive ionization mode in a m/z range of 200 to 2000). As HPLC
column a Poroshell 120 EC-C18 (3.0x50 mm, 2.5 um) RP column from Agilent was used. The
mobile phases cannd B were H,O/ACN (95 %/5 %) and H,O/ACN (5 %/95 %), respectively. Both
mobile phases contained 0.1 % of formic acid. Samples were analyzed at a flow rate of
0.1 mL/min using a linear gradient starting with 100 % mobile phase A reaching 50 % mobile
phase B within 30 min. The temperature of the column compartment was set to 25 °C. UV and
MS spectral analysis was performed within the OpenLab ChemStation software for LC/MS

from Agilent Technologies.

Microplate reader

The fluorescence measurements were conducted using the FLS980 Fluorometer from

Edinburgh Instruments and with a CLARIOstar plate reader from BMG Labtech

Optical spectroscopy

Excitation emission matrices (EEM) and absorption spectra of the products were measured
with a Horiba Duetta Spectrometer. The fluorescence quantum yields (QY) were determined
with the method of Williams et al..[!! To elaborate briefly, the absorption A, at the wavelength

of interest and the spectrally integrated emission signal E, = fod/l, when exited at the
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wavelength of interest, of the sample as well as the absorption A,.r and integrated emission
signal E,.r of a reference fluorophore with a known QY ®,..r are determined at different

i

concentrations. Via linear regression to the plot of F; against A;, the slope m; = % was
i

found for the sample and the reference. The QY of the sample is calculated with the expression

2
D, = Opes—=-—* , with the refractive indices of the solvent of the sample n, and the
Mref Nyef

reference fluorophore n,.r. Coumarin 1 in ethanol with a QY of 0.50 was used as a

reference.l!

The extinction coefficient € was determined from a linear fit to the plot of absorption against
the concentration applying Lambert-Beers-law A = edc, with the concentration ¢ and the
length of the optical path d. Since there is a high degree of uncertainty in the molar mass of

the particles, the concentration is measured in mass per volume.

2. Synthesis and characterization:
Building Block Synthesis:
The synthesis of EDS, Man-N3 and Gal-N3 were proceeded according to literature. 3!

Synthesis of TT: The new trivalent building block TT-linker was synthesized in a three-step

procedure.

HO A ﬂ\oj\oj\o)< " J<

NH, >
Protection of amino group \\‘
HO HO Br

Functionaization of
hydroxy groups

\ 1) TFA \
\o o 2) 00O \o

0 0
0 on 7 o ) Mk
7 < 7 mv
X o Deprotection and functionailzation X
\o \o

3 2

Figure S1: Schematic representation of the synthesis of TT building block.
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Synthesis of tert-Butyl (1,3-diehydroxy-2-(hydrox247lycofuncpropan-2-yl)carbamat 1 [

HO
O
HO )<
%N)ko
H
OH

In a 500 ml round bottom flask, 10 g (83 mmol) of tris(hydroxymethyl)-aminomethane was
dissolved in a mixture of 50 ml methanol and 50 ml tert-butanol. A solution of 23.42 g (23 ml,
107 247lycofunctirt-butyl dicarbonate in 100 ml tert-butanol was added via a dropping funnel.
The reaction solution was stirred at room temperature for 18 hours. The reaction was
monitored by thin layer chromatography using an ethyl acetate/ethanol mobile phase (5:1
vol%), followed by staining with anisaldehyde/sulfuric acid. After complete conversion of the
starting material, the solvent was concentrated on the rotary evaporator and the product 1
precipitate as a solid. The product was filtered, washed with ice-cold ethyl acetate and dried
in vacuo. Product 1 was obtained in the form of a crystalline white solid and dried on the

vacuum line.
Yield: 98 %

1H NMR (300 MHz, DMSO-d6,): & (ppm) = 5.73 (s, 1H, NH), 4.47 (t, 3) = 5.7 Hz, 3H, OH), 3.49
(d, 3J = 5.8 Hz, 6H, CH2-OH), 1.37 (s, 9H, CH3).

LC-MS: m/z calculated for CO9H19NO5 [M+Na]+ 244.2; found 244.2.

247



Results

HO 1
3 0]
HO J<
A
OH £
H,0
3
4
‘A DMSO
2

_ AN 4 ﬂ!\/ A «_.J QAU

—— —_ —_ —_—
6.0 55 50 45 4.0 35 3.0 25 20 15 1.0

f1 (ppm)

Figure S2: 300 MHz *H-NMR spectrum of 1 in D;0 at 25°C.
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Figure 53: MS-spectrum of 1.
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Synthesis of tert-Butyl (1,3-bis(prop-2-yn-1-yloxy)-2-((prop-2-yn-1-yloxy249lycofuncpropan-
2-yl)carbamat 2 [©

™

)

z o ioj<

N

H
o
|ﬁ

15.5 g (70 mmol) of 1 was dissolved in dry DMF in a 500 ml three-neck flask. 50 g (24.5 ml, 420
mmol) of propargyl bromide (80 wt% in toluene) was added via a dropping funnel in nitrogen
atmosphere. The reaction was cooled to 0 °C and 23.5 g (420 mmol) of ground potassium
hydroxide was added in portions. The reaction mixture was then heated to 35 °C and stirred
under nitrogen atmosphere for 24 hours. The reaction was followed by thin layer
chromatography (hexane/ethyl acetate, 7:3 vol%). After completion of the reaction, 100 ml of
ethyl acetate was added to the reaction mixture and the mixture was extracted once with 400
ml of ethyl acetate and three times with 300 ml of water. The organic phases were combined
and dried over magnesium sulfate. The solvent was removed via rotary evaporator and the
crude yellow product was purified by column chromatography (n-hexane/ethyl acetate, 7:3%

by volume). Product 2 was isolated as a yellow oil.
Yield: 29 %

1H NMR (300 MHz, CDCls-d): & (ppm) = 4.86 (s, 1H, NH), 4.09 (d, “Jux = 2.4 Hz, 6H, C-CH2-0),
3.72 (s, 6H, O-CH2-C=CH), 2.39 (t, Y = 2.4 Hz, 3H, CH,-C=CH), 1.38 — 1.33 (s, 9H, CHs).

LC-MS: m/z calculated for C19H2sNOs [M+Na]* 358,4; found 358,2.
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Figure S4: 300 MHz *H-NMR spectrum of 2 in CHCls-d at 25°C.
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Results

Synthesis of 4-((1,3-bis(prop-2-yn-1-yloxy)-2-((prop-2-yn-1-yloxy)methal)propan-2-yl)amino)-

4-oxobutanoic acid 3

In a 500 ml round bottom flask, 9 g (26.8 mmol) of 2 was dissolved in 90 ml of
dichloromethane. The reaction solution was cooled to 0 °C and 61 ml (536 mmol) of
trifluoroacetic acid was slowly added dropwise. The reaction mixture was stirred at room
temperature for four hours and the conversion was followed by thin layer chromatography
(dichloromethane/methanol, 9/1 vol% + 1 drop of acetic acid). After complete conversion, the
dichloromethane solvent was removed on the rotary evaporator. The trifluoroacetic acid was
evaporated from the reaction solution by azeotroping with toluene. The dark red crude
product was then precipitated in ice-cold diethyl ether, centrifuged, and the diethyl ether

phase was rotated in on the rotary evaporator.

The crude product (13.12 g) was placed in a 500 ml round bottom flask and dissolved in 270
ml dichloromethane followed by 2.69 g (26.8 mmol) of succinic anhydride. The pH of the
reaction solution was adjusted to pH = 10 by addition of 11.14 ml (80.4 mmol) of triethylamine
and stirred at room temperature for three hours. Reaction conversion was followed by thin
layer chromatography (dichloromethane/methanol, 10:1 vol % + 1 drop of acetic acid). After
complete conversion, the reaction solution was extracted three times with 250 ml of 10% citric
acid. The organic phase was dried over magnesium sulfate, and the solvent was removed on

the rotary evaporator. The crude product was recrystallized in dichloromethane.
Yield: 67%

1H NMR (300 MHz, CDCI3-d): & (ppm) = 10.26 (s, 1H, COOH), 5.96 (s, 1H, NH), 4.11 (d, 4) = 2.4
Hz, 6H, C-CH2-0), 3. 79 (s, 6H, O-CH2-C=CH), 2.63 (t, 4J = 6.9 Hz, 2H— NH-C=0-CH2), 2.51 - 2.42
(m, 5H, H2, CH2-C=CH, CH2-COOH).
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13C NMR (600 MHz, CDCI3-d): 6 (ppm) = 177.18 (s, COOH), 172.21 (s, C(=O)NH), 79.57 (s, C-
C=H), 74.93 (s, C=H), 68.47 (s, CH2-0), 59.96 (s, tert-C), 58.75 (s, O-CH2), 31.38 (s, CH2COOQOH),
29.70 (s, CH2(C=0)).

LC-MS: m/z calculated for C17H21NOg [M+H]+ 335.4; found 336.2 tg = 19.56 min. (MeCN/H.0
1:1 vol %).
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Figure S6: 300 MHz *H-NMR spectrum of 3 in CHCl3-d at 25°C.

252



Results

\

6 O
O 2 OH 6
| s

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10
f1 (ppm)

Figure S7: 300 MHz *3C-NMR spectrum of 3 in CHCIs-d at 25°C.
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Figure S8: 3 detected with relative purities >95% by RP-HPLC analysis.
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Figure S10: 600 MHz *H-NMR spectrum of Oligo-TriMan in D20 at 25°C.

'H NMR (600 MHz, D,0) 6 8.10 — 8.04 (m, 3H), 4.76 (d, J = 1.7 Hz, 3H), 4.66 (d, J = 3.9 Hz, 6H),
4.58 (s, 6H), 4.08 (ddt, J =10.7, 6.9, 3.4 Hz, 3H), 3.90 (ddd, /= 11.1, 5.7, 3.7 Hz, 3H), 3.83 (ddd,
J=5.2,3.3,1.8 Hz, 3H), 3.73 - 3.56 (m, 84H), 3.48 (q, / = 6.1, 4.7 Hz, 3H), 3.36 (q, / = 5.4 Hz,
33H), 3.12 (g, J = 6.0 Hz, 3H), 3.06 (ddd, J = 9.7, 5.8, 2.3 Hz, 3H).
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Figure S11: Oligo-TriMan detected with relative purities >95% by RP-HPLC analysis.
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Figure S12: HR-ESI-MS of Oigo-TriMan.
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Figure S13: 600 MHz 'H-NMR spectrum of Oligo-TriGal in D20 at 25°C.

IH NMR (600 MHz, D,0) & 8.09 (d, J = 1.4 Hz, 3H), 4.68 (t, J = 5.2 Hz, 6H), 4.59 (s, 6H), 4.37 (d,

J=7.9 Hz, 3H), 4.30 (dt, J = 11.6, 4.6 Hz, 3H), 4.14 — 4.08 (m, 3H), 3.90 (dd, J = 3.5, 1.0 Hz, 3H),

3.53 —3.47 (m, 6H), 3.42 —3.31 (m, 33H), 3.15 (t, J = 6.0 Hz, 2H), 2.59 — 2.41 (m, 37H).
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Figure 514: Oligo-TriGal detected with relative purities >95% by RP-HPLC analysis.
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Figure S15: HR-ESI-MS of OligoTriGal.
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NMR Spectra of glycofunctionalized and non-functionalized CNPs:

Ueclue.1420.fid
QD. 0 Man

| D

! f i [ e A
(%] wn o aQ un NO = O N
N © S © m CRS R @® O
. 2 S ; — " " — ; ; R0 = .
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure S16: 600 MHz *H-NMR spectrum of Oligo-TriMan-CNP in D;0 at 25°C.
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Figure S17: 600 MHz *H-NMR spectrum of Oligo-TriGal-CNP in D20 at 25°C.
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Figure S18: 600 MHz 'H-NMR spectrum of Acid-TRIS-CNP in D;0 at 25°C.
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Figure S19: 600 MHz *H-NMR spectrum of Acid-CNP in D20 at 25°C.
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Figure S20: 600 MHz *H-NMR spectrum of Acid-Man-CNP in D0 at 25°C.

Ueclue.1040.fid
Acid. Galaktose

T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.(

1 (ppm)

4 d 3 o
= oA o
< o o o o

: :

Figure S21: 600 MHz 1H-NMR spectrum of Acid-Gal-CNP in D20 at 25°C.
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Figure S22: 600 MHz *H-NMR spectrum of Acid-GIcNAc-CNP in D;0 at 25°C.
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Figure $23: 600 MHz 1H-NMR spectrum of CNP in D;0 at 25°C.
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Figure S24: 600 MHz 'H-NMR spectrum of Tris-CNP in D;0 at 25°C.
Ueclue.1030.fid
Amine . Mannose
L L_LJ UMJ N
4 d 4 é S &s &
e S -~ - n
< o o o o — AN ™M
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20 1.5 1.0 0.5 0.0
f1 (ppm)

Figure S25: 600 MHz 1H-NMR spectrum of Man-CNP in D;0 at 25°C.
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Figure S26: 600 MHz 'H-NMR spectrum of Gal-CNP in D20 at 25°C.
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Figure S27: 600 MHz 1H-NMR spectrum of GIcNAc-CNP in D0 at 25°C.

Determination of hydrodynamic radii:
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The change of the hydrodynamic radius before and after functionalization for CNP, Acid-CNP,
GIcNACc-CNP and GIcNAc-Acid-CNP was determined by using diffusion-ordered spectroscopy
(DOSY). The DOSY spectra were evaluated with the program GNAT from Manchester NMR
Methodology Group. The diffusions coefficients were entered into the Stokes-Einstein
equation and the hydrodynamic radii were calculated. The diffusions coefficients were all in
the same range between 4-6 x 101° m? s, so that the resulting radii are also in the same

range. Red frame shows the surface related protons e.g. sugar or linker.

kgT
6mNTry

Stokes-Einstein equation D =
Here

D is the diffusions coefficient
kg is Boltzmann’s constant

T is the absolute temperature

n is the solvent viscosity

rn is the hydrodynamic radius.

HO OOH

CNP
ry=0,340-0,475 nm __ H,0
‘;

Cifmion cosflicient | 18 m” &
= — T —
1

el kit (ppen

Figure S28: Diffusions coefficient of CNP showed a hydrodynamic radius of ry =0.340 — 0.475
nm evaluated by the program GNAT.
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Figure S29: Diffusions coefficient of GIcNAc-CNP showed a hydrodynamic radius of rn =0.319 —
0.493 nm evaluated by the program GNAT.
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Figure S30: Diffusions coefficient of Acid-CNP showed a hydrodynamic radius of ry =0.333 —
0.537 nm evaluated by the program GNAT.
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Figure S31: Diffusions coefficient of GIcNAc-AcCNP showed a hydrodynamic radius of ri =0.265
—0.480 nm evaluated by the program GNAT.
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Figure S32: DOSY spectrum of CNP in D0 at 25°C.
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Figure 533: DOSY spectrum of AcCNP in D0 at 25°C.
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Figure $34: DOSY spectrum of GIcNAc-CNP in D0 at 25°C.
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Figure 535: DOSY spectrum of GIcNAc-AcCNP in D0 at 25°C.
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Figure 536: Absorption spectra of functionalized CNPs.
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Figure S37: Emission spectra of the five CNP species. For all functionalized species a slight red
shift of the emission maximum is visible after coupling.
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Table 1: Op271lycofunctionalizatf glycofunctioalized carbon nanoparticles. The quantum yield
at 360 nm was determined with the method of Wiliams at al. using Coumarin 1 as a reference.
The extinction coefficient at 360 nm was determined by fitting Lambert-Beer’s law to the
absorption values at different mass concentrations. The Brightness of each particle type is the
product of the quantum yield and the extinction coefficient. All functionalized particles show a
redshift in their emission spectrum relative to nonfunctionalized carbon nanoparticles. For
more details, please consult the subsection “optical spectroscopy” in section 2 in the
manuscript.

Oligo- . .
] Oligo-TriGal-
Property CNPs Man-CNPs Gal-CNPs TriMan- CNP
s
CNPs
Quantum
Yield 0.28 £0.03 0.12+£0.01 0.13+0.01 0.31+0.05 0318 £ 0.03
ie
Extinction

coefficient  305+004 0764+0003 1.47+0.01 1.76+0.09 0.657 +0.009
[ mglem?]

Brightness
0.85+0.10 0.09 £+ 0.03 0.19+0.02 0.55+0.012 0.20%0.02

[mgiecm?]

Position of
maximum in
L 445 461 455 447 453
emission

[nm]
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Fluorescence Correlation Spectroscopy
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Figure S38: Fluorescence correlation spectroscopy data for the five different types of NPs. The
data was recorded on a Fluoview 1000 (Olympus) confocal microscope under excitation with a
405 nm continuous wave diode laser. The fit (red) to the experimentally determined correlation
curves (black) assumes one particle diffusing through a gaussian focal volume without any
further bunching terms (blinking).
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Figure S39: Fluorescence correlation curve of rhodamine 110. The data was recorded on a
Fluoview 1000 (Olympus) confocal microscope under excitation with a 488 nm pulsed diode
laser. Rhodamine 110 was used as a reference with known diffusional coefficient D =

2
(43+0.3) x 10—10’"T ls1
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Table S2: Values of the diffusion coefficient D and hydrodynamic radius Ry estimated from the
fits to the FCS data displayed in S38 and $39. Please note that the explanatory power of the
values calculated from the fitted model is limited. The correlation curves are noisy due do large
amounts of scattering at low wavelengths. Therefore, it was reasonable to only fit the simplest
model to the data. If dark states or more diffusing components are present, the actual values
Ry may be deviate beyond the given error estimates (which are only valid for the given model
assumptions).

D [1071° mT] Ry [nm]
CNP 10+ 6 0.21+0.13
Man-CNP 2.8+1.7 0.7+0.5
Gal-CNP 6.61+2.0 0.32+0.10
Oligo-TriManCNP 6+4 0.371+0.24
Oligo-TriGal-CNP 10+5 0.22+0.12
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3. Biological Experiments:

Lysosomes-RFP
Lysosomes-RFP CNPs + CNPs

MCF-7 cells

CNP

Man-CNP

Gal-CNP

Oligo-TriMan-CNP

Oligo-TriGal-CNP

Figure S40: Confocal microscopy images of MCF-7 breast cancer cells. Lysosomes were
fluorescently tagged via a transfection with BacMam 2.0, Lysosomes RFP (Invitrogen) as shown
in the left column. The CNP fluorescence under 405 nm excitation is shown in the middle
column. The right column shows the overlay of both channels. Both channels coincide spatially,
indicating colocalization of the CNPs with the lysosomes. The length of the scale bars amount
to5um.
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Lysosomes-RFP
MDA-MB-231cells  Lysosomes-RFP CNPs + CNPs

CNP

Man-CNP

Gal-CNP

Oligo-TriMan-CNP

Oligo-TriGal-CNP

Figure 541: Confocal microscopy images of MDA-MB-231 breast cancer cells. Lysosomes were
fluorescently tagged via a transfection with BacMam 2.0, Lysosomes RFP (Invitrogen) as shown
in the left column. The CNP fluorescence under 405 nm excitation is shown in the middle
column. The right column shows the overlay of both channels. As in the case of MCF-7 cells
both channels coincide spatially, indicating colocalization of the CNPs with the lysosomes. The
length of the scale bars amount to 5 um.
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4. Explanations for particle dependent uptake rates

The different uptake rates, measured via flow cytometry, depend on the particle type, but not
on the cell type. The CNPs functionalized with oligomers had comparable uptake rates to the
non-functionalized CNPs, while the uptake of nanoparticles functionalized with
monosaccharides saw a two- to three-fold increase in uptake compared to the other CNP

species.

A possible explanation might be that the interaction of the monosaccharides with the cell
surface is enhanced by receptor unspecific interactions since the uptake is independent of the
cell type and therefore of the receptor expression. While the uptake rate of non-functionalized
CNPs and oligomer functionalized CNPs would be mainly determined by the volume
incorporated by the endocytotic vesicles, in this model the uptake rates of the
monosaccharide functionalized CNPs is governed by the particles in the bulk and by those
adsorbed to the inner surface of the endocytic vesicle. From transmission electron microscopy
(TEM) measurements the average diameter of the CNPs was determined to be 3.3 nm and
from atomic force microscopy (AFM) the particle hight was 1 nm — 2 nm and therefore the

number of graphene layers was estimated to be two to three. []

To test whether this assumption is reasonable, i.e. if sufficiently many particles fit on the
surface of a vesicle, we perform an estimate of the distance of the particles on the cell surface
necessary to explain that increase in uptake rate. For these geometry parameters assuming a
honeycomb lattice of carbon atoms for each layer we arrive at an estimate of 5 kDa for the
molar mass per CNP. The average distance at a concentration of 500 pg/ml therefore amounts
to 25.5 nm in solution. Let there be a spherical endocytotic vesicle forming from a cell
membrane invagination with the radius r. The number of incorporated CNPs will be

4 . . . . .
Nincorporated = Enr3cNA with the molar concentration of particles/molecules in solution

mol

c [F] and the Avogadro constant Ny. If there are k-times the number of particles adsorbed

2

. . 4
to the surface, the average area per particle on the surface is therefore Ay = klln—;N =
3Tr3cNg
3 . . . . 3
P The average distance of the particles is then given by as = /Ay = P For

reasonable values of the radius of an endocytotic vesicle (50 nm/100 nm) and k = 2 we arrive

at plausible distances of ag(r = 50 nm) = 22.4nmand az(r = 100 nm) = 15.8 nm.
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Possible mechanisms that increase the interaction rate with the cell surface of
monosaccharide functionalized CNPs compared to the other CNP species may be (1)

electrostatic or (2,3) sugar mediated but not receptor specific:

(1) The non-functionalized CNPs present both carboxylic as well as amino groups. In the
coupling reaction the carboxylic groups are targeted and transition into amide bonds.
The amino groups on the particle surface on the other hand are still present and may
accept protons in aqueous solution. The functionalized CNPs may therefore yield a net
positive potential in solution and adsorb to the surface via electrostatic interactions.
This effect may be reduced in the oligomer functionalized CNPs since the oligomers

can act as spacers of the positively charged particle core to the surface.

(2) The interaction may be sugar mediated and the sugars in the periphery adsorb to
interaction sites on the cell surface. A possible explanation for the oligomer
functionalized CNPs not experiencing a significant increase in their uptake may be that
the oligomers spread out on the surface, thereby covering many interaction sites per
particle, while the monosaccharide functionalized CNPs on the other hand interact

only with few interaction sites and can cover the surface at a larger number density.

(3) The interaction with the cell surface is sugar mediated, but due to the conformational
flexibility of the linkers the sugars on the oligomer functionalized CNPs are only
partially available for binding. For the monomer functionalized CNPs there are only
few degrees of freedom, and the sugars are always available on the surface, but with
increasing linker length the probability of presenting the sugars on the outside

decreases.
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Figure S42: Illustration of possible mechanisms of membrane interaction of different CNP
species and explanation of the relatively low adsorption of oligomer functionalized and pristine
CNPs compared to monosaccharide functionalized CNPs. Subfigure (A) deals with the picture
of electrostatic interaction with protonated amino groups. Subfigures (B) and (C) display sugar
mediated explanations. The oligomer functionalized CNPs may only bind to a lesser extend to
the surface due to (B) the binding to multiple binding sites at once or (C) a lower availability of
the sugars due to linker flexibility.
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Comment on the effect of the protein corona on the uptake of CNPs

In a preliminary experiment we tested the effect of the protein concentration in the growth
medium during incubation on the uptake rate of the CNPs. MCF-7 cells were incubated with
RPMI 1640 and 10% FBS with 500 pg/mL CNPs for 24 h at 37°C and 5% CO». In a different well
MCF-7 cells were seeded in RPMI 1640 and 10% FBS without CNPs. 4 h later, the medium was
aspirated out, the cells were washed with PBS and the medium was replaced by RPMI 1640
without FBS and 500 pg/mL CNPs. The cells were incubated for 20 h at 37 °C and 5% CO.. In
subsequent flow cytometry measurements, there was no difference in the signal and
therefore uptake rate that could not be explained by the 4 h difference in incubation. We
therefore conclude that the formation of a protein corona does not play a major role in

mediating the uptake of our particles.

6
f1 (ppm)

Figure S43: 300 MHz H-NMR spectrum in D,O at 25°C of the test experiment for
the280lycofunctionalizationlycofunctionlization to verify the successful purification by using
dialysis with a cutoff 500Da.
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5. Conclusion and Outlook

Oligo- and polysaccharides presented on cell surfaces play an important role as adhesion,
recognition and signalling molecules in biological systems. They are critical for the
identification of cell-cell communication, proliferation and host-pathogen interactions and
further important biological signal transduction activities. Overcoming the usually weak
binding of individual carbohydrate components, multivalency - the simultaneous presentation
and interaction of several carbohydrate motifs and their associated receptors - is a strategy
used by Nature to boost binding strength. By creating glycomimetics, which present multiple
carbohydrate motifs on a synthetic scaffold such as a polymer or a nanoparticle, this concept
has been effectively adapted for synthetic molecules. On the one hand, these glycomimetics
are used as model systems for understanding the physiological function of carbohydrates and,
on the other hand, they are used in biomedicine e.g., for bio-imaging and bio-sensing in early

detection of cancer cells or as drug delivery systems to combat infectious diseases.

In this thesis, a systematic bottom-up approach was established to derive branched and brush
glycomimetics of different sizes, including branched heteromultivalent and umbrella-like
homo- and heteromultivalent glycooligomers using SPPoS. These glycooligomers represent
the smallest structure being studied for receptor binding. To create larger and more highly
multivalent ligands, these glycooligomers were conjugated to polymers yielding in brush
glycopolymers, liposomes and nanoparticles such as glyco-functionalized carbon
nanoparticles or Janus particles. These ligands share structural properties but also provide
controlled and flexible alterations e.g., the number and type of carbohydrates or length of
conjugated glycooligomers and thus can serve as model systems to systematically study the
correlation between their structure and receptor binding. This was studied in this thesis by

SPR and in collaboration by °>F-NMR competitions assay as well as in cells studies.
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Figure 11: Synthesis of Glycomimetics. SPPoS was utilized to prepare umbrella glycooligomers
and branched glycooligomers. The umbrella glycooligomers were conjugated polymer
resulting in brush glycopolymers and particles yielding in glyco-carbon based nanoparticles
(glyco-CNPs) and glyco-Janus Particles (glyco-JPs).

In the first part of this thesis, based on a trivalent ligand that had previously been developed
as high affinity ligand for Langerin, heteromultivalent branched glycooligomers were
established. (see Figure 12) The binding studies using SPR and °’F-NMR inhibition competition
analysis showed a linear decrease in ICsp when the binding is replaced by non-binding
galactose and confirms a statistical rebinding of Langerin. In a similar manner, the studies were
performed with DC-SIGN, another important C-type lectin of the immune system recognizing
Man with four CRDs, showing even higher binding for the trivalent ligand.. The studies suggest
that statistical rebinding effects are responsible for the higher binding to DC-SIGN as the main
factors for the increased avidity of the trivalent glycomimetic. Conjugation of these
glycooligomers to liposomes allowed flow cytometric analysis of binding to Langerin- and DC-
SIGN-expressing Raji cells. Generally, as expected, the uptake of trivalent mannose-containing
branched glycooligomers was observed to be higher than that of heteromultivalent
glycooligomers. Comparison between cells with different C-type lectins on the cell surface
revealed the highest cell interaction for DC-SIGN-expressing cells. Overall, the interaction of
trivalent glycomimetic ligand on both, receptor and cell level is increased for DC-SIGN,

potentially due to the additional binding site, which increases the binding avidity.
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Figure 12: Branched homo- and heteromultivalent glycooligomers Man3, Man2, Man1 and
Man0 synthesized using SPPoS for binding studies towards trimeric Langerin
(RCSB PDB — 3KQG) and tetrameric DC-SIGN (RCSB PDB - 1XAR).

After the mechanism of statistical rebinding was supported by the synthesis of
heteromultivalent branched glycooligomers and their investigation towards Langerin, in the
next part of the thesis, a novel building block, the so-called TT-linker, was developed for the
preparation of umbrella-like glycooligomers via SPPoS. (see Figure 11) By connecting three
carbohydrate motifs in close proximity, this building block simulates natural ligands of Man-
recognizing C-Typ lectins such as highly branched oligomannosides. Moreover, this structure
resembles an umbrella-like design. The umbrella motif served as the unifying denominator for
the further glycomimetics in this work. The umbrella-like glycooligomers consist, on the one
hand, of a trivalent head group through TT linkers enabling a high carbohydrate density, and,
on the other hand, of an umbrella handle. The umbrella handle allows the binding avidity to
be increased by the incorporation of further binding mannose units, or in the case of non-
binding galactose for potential sterical shielding e.g., to prevent non-specific interaction or

clustering.
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To enable a comparison to previous binding studies using branched glycooligomers, a ligand
composed only of the umbrella head was prepared first. (see Figure 13) As expected, this
ligand leads to a significant increase of the binding affinity to Langerin by a factor of 7
compared to the three-armed branched glycooligomer, which confirms the hypothesis of
kinetically trapped ligand. The introduced hydrophilic handle also showed no effect regarding
the binding affinity to Langerin. However, the comparison to DC-SIGN showed a significant
increase in binding affinity by a factor of 2. In direct comparison to trimeric Langerin, DC-SIGN
consists of four CRDs and thus potentially offers an additional binding site and an increase in
binding affinity is supported by statistical rebinding effects. The investigation of the structures
with additional binding mannose units also shows, as expected, high binding affinity towards
Langerin. An interesting binding behaviour can be observed in the heteromultivalent
umbrella-like glycooligomers. The structure with Man head group and non-binding galactose
umbrella handle shows a decrease in binding by a factor of 2 compared to its counterpart with

Gal head group and Man umbrella handle.
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Figurel3: Inhibition-competition assay using SPR showed a sevenfold increase in the binding
strength of the triple-branched mannose-bearing glycooligomer Man3 to the umbrella
glycooligomer consisting of the umbrella head U(Man) towards Langerin (RCSB PDB — 3KQG).
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The conjugation of these umbrella-like glycooligomers onto liposomes allowed the
investigation of cellular uptake towards Langerin- and DC-SIGN expressing Raji cells in
collaboration with Prof. Rademacher, University Vienna. In general, the flow cytometric
measurements showed no differences in uptake for Langerin-expressing cells. A clear
difference was observed for the uptake analysis conducted on DC-SIGN- expressing cells. The
glycoliposome decorated with an umbrella-like glycooligomer with three EDS units apparently
has the correct length where the trivalent mannose umbrella head is most evident and has
the highest receptor accessibility, resulting in increased cellular uptake compared to other
umbrella-like glycooligomers. Future studies should investigate this mechanism in more detail
for example by combining the trivalent TT-linker with a higher affinity binding motif hL which

was used as positive control in flow cytometric cell uptake analysis.

In the next part of this thesis the umbrella-like glycooligomers were conjugation to a polymeric
scaffold. Umbrella glycooligomers with a hydrophilic handle in different lengths were
synthesized using SPPoS. As polymeric scaffold pPFP poly(active ester) was chosen. Brush
glycopolymers were realized by grafting the umbrella glycooligomers onto a poly(active ester)
scaffold. (see Figure 14) Additionally, brush glycopolymers were labeled with AlexaFlour647
for flow cytometric analysis to investigate the cellular binding on Langerin-expressing HEK293
cells. These analyses showed that a certain side chain length which build the brushes is
required for the recognition of the trivalent mannose umbrella head and Langerin expressed

on the surface of the cells.
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Brush glycopolymer: Multivalent presentation of umbrella glycooligomer
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Figure 14: A set of brush glycopolymers with Man bearing umbrella-like glycooligomer as side
chains were synthesized. Flow cytometric studies towards Langerin-HEK293F cells showed the
highest cellular binding to brush glycopolymer with longest side chains P3 and P4. Studies
towards control cell line EV-HEK293F showed no significant cellular interactions.

The highest cellular binding was observed for P3 and P4 with the longest umbrella-like
glycooligomer consisting of 7 hydrophilic spacer bb EDS. Therefore, it can be assumed that the
brush glycopolymers P3 and P4 have the required side chain length and thus the required
distance from the polymer scaffold for the recognition of the Langerin receptors on the cell
surface. The degree of functionalization applied to the polymer backbone differentiates P3
from P4. While P3 has an degree of functionalization of 34 %, P4 consists of 79 % umbrella
glycooligomer side chains. Although it is expected that P4 has a higher potential to occupy
multiple ligands on the cell and therefore has a high binding, the opposite is observed. In other
studies it was already observed that glycopolymers with lower overall glycan density can
exhibit higher avidity than their high density analogues. This can be attributed e.g., to sterical
hindrance and is indeed confirmed for brush glycopolymers binding to Langerin, where a
lower side chain density results in a higher apparent receptor binding. Thus, this study also
shows that there is a critical density that is the limiting factor for the interaction between

trivalent mannose umbrella head and Langerin in this study.
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To confirm the specific binding to Langerin expressed cells, brush glycopolymers with non-
binding Gal-bearing umbrella head and a chain length of 7 EDS units and a polymer without
carbohydrates were also prepared. The flow cytometric study of these brush polymers on
Langerin expressed cells showed no binding. In addition, all brush glycopolymers were tested
on a cell line without Langerin expression (EV-HEK293F), which served as an additional control
and confirmed the specific interaction between the trivalent mannose units and Langerin on

the cell surface.

Future studies could investigate the effects of using other binding carbohydrates, such as sialic
acids, fucose or sulphated carbohydrate components on umbrella-like scaffolds, or even more
complex oligosaccharide ligands with respect to binding and possible differentiation of
Langerin and DC-SIGN at the lectin and cell level. In addition, the combination of, e.g., a DNA
scaffold and the mannose umbrella head is a way to test selectivity and affinity on cells or
lectin. As a result of their higher selectivity, glycooligomers conjugated on liposomes could

find potential applications e.g., as drug delivery systems in immune therapy.

Another important scaffold for the multivalent presentation of carbohydrates are
nanoparticles. In this thesis, the combination of the umbrella motif with different nanoparticle
systems was explored, leading to glyco-Janus particles (glyco-JPs) and carbon-based glyco-

nanoparticles (glyco-CNPs).

The glyco-JPs were used to study bacterial adhesion towards E. coli. For this purpose, glyco-
JPs were developed combining Man-containing umbrella glycomacromolecules on one
hemisphere of the particle and a poly(N-isopropylacrylamide) (PNIPAM) layer on the opposite
side and termed in as PNIPAM-Man-JP. The glyco-functionalization of the particles was
verified by the zeta potential and a colorimetric test of the so-called sulphuric acid phenol
method. The carbohydrate half-layer provides bacterial adhesion by interacting with lectins
located on the surface of E. coli termed as FimH receptors that specifically recognise mannose,
while the thermoresponsive PNIPAM hemisphere provides steric shielding and prevents

adhesion of multiple bacteria and clustering with other particles (see Figure 15).

Using the choice of PNIPAM as a steric shield, investigate the formation of larger aggregates
triggered by heating above the lower critical solution temperature (LCST), at which the
PNIPAM chains would collapse and potentially result in particle-particle aggregation. To

analyse the binding and clustering behaviour binding studies with ConA and E. coli were
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performed by precipitation, inhibition competition experiments and fluorescence microscopy.
While PNIPAM-Man-JP showed a halo-like arrangement on the surface of E. coli and led to the
isolation of individual bacteria, the uniform glycofunctionalized particleswere used as control
and showed a large cluster formation with E. coli. Furthermore, temperature-dependent
experiments with PNIPAM-Man-JP and non-glycofunctionalized JP showed particle
aggregation above the LCST of PNIPAM. Thus, Janus-type glyco-functionalisation resulted in
controlled aggregation behaviour of individual bacterial particle clusters but retain the ability
to trigger the formation of larger clusters by external stimulus, here temperature. In the
future, more complex bacterial inhibition experiments such as biofilm or their use as
antibacterial drug delivery can be performed to study this mechanism and the interaction of

glyco-JP with FimH receptors.
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Figure 15: Uniform APTES-Man (red) functionalised with umbrella glycooligomer and PNIPAM-
Man-JP (red) functionalised with umbrella glycooligomer on one side and PNIPAM on the
other side were used to study adhesion behaviour towards GFP-expressed E.coli (green).
Analysis by fluorescence microscopy showed that APTES-Man leads to accumulation of
multiple E.coli and particles at both 20 °C and 40 °C, while PNIPAM-Man-JP significantly
reduces this accumulation and adhesion of PNIPAM-Man-JP to individual E.coli is observed at
20 °C. Increasing the temperature to 40 °C leads to the collapse of the particles and thus to
the aggregation of PNIPAM-Man-JP.
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CNPS have attracted a lot of interest in recent years due to their advantageous properties in
comparison to other nanoparticles or fluorophores, such as excellent biocompatibility, low
toxicity, nanoscale size, easy modification and tuneable photoluminescence performance.
Based on these special properties, CNPs are now a promising platform for bioimaging, drug

delivery systems and as antibacterial agents.

In this study, different glyco-functionalised CNPs were prepared using monosaccharides and
umbrella glycooligomers. The degree of functionalisation and conjugation of the
carbohydrates and glycooligomers to the particle surface was evaluated by H-NMR studies
using hydroquinone as an internal standard. The ratio of triazole or anomer protons to
hydroquinone protons showed that the overall degree of functionalisation is increased two-

to threefold when the CNPs are functionalised with glycooligomers. (see Figure 16)
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Figure 16: Series of glyco-CNPs: For the functionalization the carboyxl group of the CNPs and
the amine functionality of the monosaccharide and umbrella glycooligomers Oligo-TriMan and
Oligo-TriGal were conjugated using EDC and NHS coupling methods. The degree of
functionalization was determined by *H-NMR analysis.
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The cellular experiments towards breast cancer cell lines MDA-MB-231 and MCF-7 and non-
cancer cell line HEK-293 showed that glyco-CNPs have lower cytotoxicity relative to non-
glycofunctionalized CNPs. A comparison of the non-functionalised CNPs and the
glycooligomer-CNPs with the monosaccharide-CNPs showed an almost threefold increase in
uptake capacity. The glycooligomer-CNP conjugates may have less accessible carbohydrate
motifs for interaction with cell surface receptors. However, the cellular uptake of CNPs
functionalized with different monosaccharides differs only minimally. Even using cell lines
with different overexpression of carbohydrate recognition receptors, especially mannose
receptor (MR), very little difference in the cellular uptake of CNPs functionalised with different
monosaccharides was observed. This suggests that cell absorption of the glyco-CNPs used in
this study is not or only to a small extent mediated by cell surface receptors. The analysis via
confocal microscopy showed that glyco-functionalisation does not alter the intracellular
distribution in which the nanoparticles are preferentially taken up via the endolysosomal
pathway, potentially suggesting these glyco-CNPs could have applications in cell imaging or
drug delivery. In order to better understand the absorption pathways into the cell and enable
receptor-mediated uptake, future study may investigate the mechanism of cellular uptake
utilizing more complicated oligosaccharide ligands or non-carbohydrate ligands such as

antibodies.

In summary, this thesis demonstrates the construction of glycomimetics in various shapes and
sizes using a bottom-up method, starting with the simplest building block, a TT-linker made
specifically for Langerin. The trivalent design this building block to be used to produce high
affinity langerin glycomimetics. By specific modification of the design of the brush
glycooligomers, binding to Langerin was explored. This thesis thus demonstrated the
successful design of high avidity glycomimetics and their potential to achieve selectivity from
a bottom-up approach starting with a small umbrella-like scaffold that was derived by a target-
based rational design focusing on Langerin. This motif is not only suitable for Langerin as it
enables a higher probability for statistical rebinding also for other multivalent lectins and in
the future can also be explored for other multivalent receptors e.g., the adhesins of bacteria
or the cell receptors of viruses. One of the key advantages of the bottom-up approach is the
high flexibility in then combining the umbrella motif with a variety of other scaffolds as was
successfully demonstrated for polymeric and nanoparticle-based scaffolds of different shape

and size. It is one of the key findings of this thesis that indeed, binding properties of the
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umbrella motif can be translated also into higher valent glycomimetics derived thereof e.g.,
the higher selectivity for DC-SIGN vs. Langerin. This now enables the rational design of
functional materials from such glycomimetics e.g. glycofunctionalized liposomes for a
targeted drug delivery, as was also already demonstrated in a proof-of-concept study in this
work. Based on the importance and abundance of carbohydrates in biological interactions, it
can be expected that glycoconjugates and glycomimetics as were developed in this thesis

continue to play an important role in the development of next generation therapeutics.
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6. Appendix

Abbreviation Definition

ASPGR Asialoglycoprotein receptor

BC Birbeck Granula

BLC B-lymphoblastic cell

CLR C-type lectin receptor

CNP Carbon based nanoparticles

CRD Carbohydrate recognition domain

DC Dendritic Cell

DC-SIGN Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-
integrin

E. coli Escherichia coli

etal. et alii

HCV Hepatitis C virus

HIV-1 Human immunodeficiency virus type 1

JP Janus particle

LC Langerhans Cell

LCST lower critical solution temperature

MR Mannose receptor

TLR Toll-like receptor

Chemicals Trivial name

Alloc Allyloxycarbonyl group

APTES 3-Aminopropyl)triethoxysilane
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Boc
Boc.O
CDCls-d
CD30OD-ds
ConA
D20
DCC
DIPEA
DMF
DVB
EDC
EDS

Fuc
Fmoc(-Cl)
Gal
GlcNac
HOBt
Man
MeCN
NHS
PEG
PNIPAM

pPFP

tert-butyloxycarbonyl

Di-tert-butyl dicarbonate

Deuterated chloroform

Deuterated methanol

Concanavalin A

Deuterium oxide
N,N’-Dicyclohexylcarbodiimide
N,N-Diisopropylethylamine or Hiinig’s base
Dimethylformamide

Divinylbenzole
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
Ethylene glycol spacer building block
Fucose

9-Fluorenylmethyloxycarbonyl chloride)
B-Galactose

N-Acetylglucosamine
1-Hydroxybenzotriazole

a-Mannose

Methyl cyanide or acetonitrile
N-Hydroxysuccinimid

Polyethylene glycol
Poly(N-isopropylacrylamide)

poly(pentafluorophenyl acrylate)
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PyBOP

TES
TDS
TIPS
TFA
TRIS
Trt

TT-Linker

Methods
CuAAC
ESI-MS
LC-MS
NMR

RP-HPLC-MS

SPPoS

SPR

Units and symbols

°C

Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium

hexafluorophosphate

Triethylsilane

Triple bond-functionalized building block
Triisopropyl silane

Trifluoroacetic acid
Tris(hydroxymethyl)aminomethane
Trityl protecting group

Three triple bond-Linker

Definition
Copper(l)-catalyzed azide-alkyne cycloaddition
Electrospray ionization-mass spectroymetry
Liquid chromatography-mass spectrometry
Nuclear Magnet Resonance Spectroscopy
Reverse phase

high-performance liquid

spectrometry
Solid Phase polymer Synthesis

Surface Plasmon Resonance

Definition
degree Celcius
chemical shift

gramm

296

chromatography-mass



Appendix

g/mol gramm per Mol

h hour

ICs0 half maximal inhibitory concentration
Ko equilibrium dissociation constant
Ki inhibitory constant

MHz megahertz

mg milligramm

mmol milli mol

pmol miro mol

min minutes

ml milliliter

nm nanometre

pl microliter

m/z Mass-to-charge ratio

pH pondus Hydrogenii

ppm parts per million

tr retention time

RT Room temperature

RU Response units
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