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We present the synthesis of so called amphiphilic glycomacromolecules (APGs) by using solid-phase
polymer synthesis. Based on tailor made building blocks, monodisperse APGs with varying compositions
are synthesized, introducing carbohydrate side chains and crosslinkable units at defined positions within
the macromolecule. Self-assembly of the APGs is characterized via spectroscopic as well as scattering
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techniques and reveals structural dependencies between APG composition and self-assembly behavior
such as the formation of spherical vs. worm-like micelles. Furthermore, polymerizable units within the
APGs allow for fixation of the self-assembled structures. Carbohydrate presenting micelles are then evalu-
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Introduction

The self-assembly of amphiphilic structures is one of the key
principles in the organization of living matter e.g. the for-
mation of cellular membranes and organelles."™ Also in the
synthetic world, amphiphiles are ubiquitous and play key roles
in our everyday life e.g. in cleaning and emulsification. In
general, amphiphiles can be classified by different parameters:
their origin - biological or synthetic, their headgroups - cat-
ionic, anionic, amphoteric or non-ionic, as well as their size -
low or high molecular weight.> An important class of high
molecular weight amphiphiles are blockcopolymers with co-
valently linked hydrophilic and hydrophobic blocks leading to
the formation of polymeric aggregates such as micelles.®™°
Typical low molecular weight amphiphiles are surfactants
such as sodium dodecyl sulfate or 1-palmitoyl-2-oleoyl-glycero-
3-phosphocholine. In between these two regimes exists the
class of peptide amphiphiles as introduced by Stupp and co-
workers, consisting of a peptide fragment forming the hydro-
philic head group attached to a fatty acid as hydrophobic tail
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ated as inhibitors of bacterial adhesion demonstrating their potential for biomedical applications.

component."** Special focus has been devoted to the develop-
ment of peptide amphiphiles forming nanofibers and their appli-
cation in different areas of regenerative medicine. A key feature
here is the display of bioactive motifs within the peptide head
group that allows for specific interactions e.g. with proteins and
cells. Recently a trisulfated monosaccharide has been introduced
into a peptide amphiphile with the resulting nanofibers mimick-
ing the natural polysaccharide heparin sulfate and showing
advanced biological function eg in bone regeneration."*
Previously we have introduced precision glycomacromolecules, a
class of biomimetics that allows for the sequence-defined presen-
tation of carbohydrate ligands on a monodisperse oligoamide
scaffold.">'® These molecules have been shown to mimic the
multivalent binding of natural oligosaccharides or glycoconju-
gates such as the glycopeptides but offer the potential to intro-
duce additional functionality such as light switchability or sec-
ondary binding motifs."”*° Furthermore, we could show that pre-
cision glycomacromolecules can be used in a bottom-up
approach giving access to high molecular weight materials e.g.
through polyaddition or grafting-to strategies.>*" Inspired by the
work on peptide amphiphiles, here we explore the possibility to
use precision glycomacromolecules as head groups in tailor-
made amphiphiles and generate self-assembly structures with
potential bioactivity.

Results and discussion
Synthesis of amphiphilic precision glycomacromolecules

Our synthetic strategy relies on a library of dimer building
blocks comprising a free carboxy group and a Fmoc-protected
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amine group together with functionalized monosaccharide
ligands that we established for their stepwise assembly on
solid support. Starting from a commercially available amine-
functionalized resin and applying standard Fmoc-peptide
coupling protocols, dimer building blocks are assembled in a
stepwise fashion giving the scaffold. Using for example build-
ing blocks with alkyne side chains and different main chain
motifs, alkyne groups are introduced at different positions
along the scaffold. These then allow for site selective introduc-
tion of carbohydrate motifs via Cu-mediated azide-alkyne con-
jugation of azido-functionalized carbohydrate derivatives.'®
Based on this concept, the head group of the targeted amphi-
philic precision glycomacromolecules (APGs) is composed of
the carbohydrate units, the building blocks presenting the
carbohydrate and the C-terminus of the molecule. The hydro-
phobic tail can include additional building blocks elongating
the macromolecular scaffold and an N-terminal fatty acid
(Fig. 1). The straightforward variation of the combination of
different building blocks gives access to a library of APGs. In
this first study, we focus on APGs presenting only one carbo-
hydrate ligand per molecule but selectively exchanging single
building blocks, vary the type of carbohydrate, the linker and
the alkyl chain of the tail group (Fig. 2). Making use of our pre-
viously established library of building blocks suitable for solid
phase polymer synthesis, the following building blocks were
chosen for this study: as functional building blocks TDS (triple
bond functionalized diethylenetriamine coupled with succinic
anhydride) and BADS (benzyl azide functionalized diethyl-
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enetriamine coupled with succinic anhydride) were used to
introduce carbohydrate ligands via CuAAC reaction.>”> Both
building blocks will result in a triazol motif within the linker
unit, however, BADS will introduce an additional benzyl
moiety whereas TDS carries an alkyl spacer. For the hydro-
phobic tail, two new building blocks, HDM (hexamethyl-
enediamine coupled with maleic anhydride) and HDS (hexa-
methylenediamine coupled with succinic anhydride), were
developed. HDM introduces an alkene functionality into the
main chain of the APG, which will be used for post micelliza-
tion crosslinking while HDS serves as all alkyl derivative for
comparison. Additionally, three fatty acids with respective
chain lengths of C10, C12 and C15 were introduced as term-
inal hydrophobic components.

We first synthesized a structure composed of a glycine and
a mannose coupled to the functional TDS building block as
head group and HDM and lauric acid as tail group (APG 1,
Fig. 2). Derived from APG 1, seven more APGs were synthesized
by systematically adding, removing or exchanging building
blocks in order to later determine the impact on APG self-
assembly (Fig. 2). The first two variations, APG 2 and 3, were
synthesized to examine the influence of different chain
lengths of the terminal fatty acid. Therefore, only the
N-terminal fatty acid was altered and all other parts of the
molecule were kept the same. Following, for APG 4, only the
carbohydrate moiety was exchanged from mannose to galac-
tose. Although galactose and mannose are stereoisomers they
exhibit different properties especially considering their inter-
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Fig. 1 Overview of the utilized building blocks and their position in the APG, general solid phase synthesis of APGs exemplary shown for structure 1

(Gly-TDS(Man)-HDM-C12).

4796 | Polym. Chem., 2021,12, 4795-4802

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1py00422k

Open Access Article. Published on 17 2021. Downloaded on 05.11.2025 21:44:42.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

Ho, OH
Ho-é
HO ¢

o}

HO N
N
\_\
HO' OH TDS(Man)-C12, APG7 © an
N

o]
HzNNN’\’N‘/\NJLC“Hﬂ

Variation of charge and hydrophob|C|ty =

HOOOH HO--g O;..OH
HO' bH N Gly-TDS(Man)-HDS-C12, APG 6 HO' ©oH
N

N
o n o 0 0

HOKNNH'\,N\AH”\/\“NMHRCNHH
o o

Variation of polymerizable unit

o H o O H o

Gly-BADS(Man)-HDM-C12, APG 8

H
NN’\’N‘/\NUN’\MNWC”H” N
o

Varlatlon of I|nker

HO

Ho-( .o
N Gly-TDS(Man)-HDM-C12, APG 1 R AN
)

° H
HO}J\/NR’\)lN’\'NwNHN’\N\'NTfC"HB
H H H o

View Article Online

Paper

Gly-TDS(Man)-HDM-C10, APG 2

o H o °© o o H

HOKNNH»\,N\/\HHH/\/\/\,N“&SMB
o

Variation of aliphatic tail

5 Gly-TDS(Man)-HDM-C15, APG 3
N

0o
HDKNNNNN‘/‘NUN’\/\/\/N

o

Varlatnon of aliphatic tail

o 0
o Ho(" .0
HO' oH TDS(Man)-HDM-C12, APG 5 HO OH ) Gly-TDS(Gal)-HDM-C12, APG 4
N 1
HNT(\)Ol N° U N._cun A r U i
2 NN — e 11723 N N N__CqH.
I u u 'r:l( *g HO' T(\)'“N'\' ‘/‘N N’\M Tf 11723

Variation of charge

Fig. 2 Overview of the synthesized APGs 1-8.

action with carbohydrate recognizing proteins. Another head
group alteration was realized for APG 5, where the C-terminal
glycine was omitted. This results in a change of head group
charge, where structures with a C-terminal glycine carry a free
carboxy group, while removing the amino acid leads to a non-
charged amido group. For APG 6, HDS was used instead of
HDM, thus removing the alkene moiety within the tail group.
For APG 7 both, glycine and HDM, were excluded. For APG 8,
the mannose unit was attached to the scaffold via a BADS
instead of the TDS building blocks thereby introducing an
additional aromatic motif into the head group.

Synthesis of all APGs followed previously established proto-
cols of solid phase polymer synthesis."® In short, for APG 1-4,
6 and 8, coupling of building blocks on a glycine preloaded
Tentagel® resin was performed using benzotriazol-1-yl-oxytri-
pyrrolidinophosphonium hexafluorophosphate (PyBOP) as
activation reagent and five equivalents of building block. For
APG 5 and 7, a Tentagel® S RAM resin was used. After full
assembly of the scaffold including both head and tail group,
the carbohydrate units were introduced using Cu(i)-catalyzed
azide-alkyne cycloaddition (CuAAC). APGs were cleaved from
the resin, isolated by precipitation in diethyl ether and further
purified by dialysis or if needed by preparative HPLC resulting
in APGs with purities >90% (see Table S27). All structures were
verified by "H-NMR, HPLC-MS and HR-ESI (see Fig. S6-307 for
analytical data of all compounds).

Determining the critical micelle concentration (CMC)

In this study we aim at systematically exploring the effect of
exchanging single building blocks in the APG structure on the
self-assembly properties. Therefore, in a first series of experi-
ments, the CMC was measured. All AGPs showed spontaneous
formation of micelles above the CMC. Typically, pyrene is used
as fluorescence probe to determine the CMC via the change of
the ratio of two vibronic bands (v; at 4 = 372 nm and vy at A =

This journal is © The Royal Society of Chemistry 2021
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383 nm).>>>® However, APGs of this study showed intrinsic

fluorescence overlapping with the relevant wavelength range,
requiring extensive background corrections and thus rendering
this method less suitable for APGs (see Fig. S41-447%).
Therefore, Nile red as a highly solvatochromatic dye providing
fluorescence in the higher wavelength region of the visible
light was used as alternative dye for CMC read-out.>”*® The
quantum yield of Nile red in unpolar solvents like n-heptane is
80 times greater than in acetone, thus upon solubilization
inside the micelles the fluorescence intensity should markedly
increase (see Fig. $45 and 461).>° Table 1 summarizes the data
for the Nile red as well as pyrene CMC measurements. Where
both methods could be applied, resulting CMC values agree
within an error margin of <20%. In a first subset (APG 1 - APG
3), the influence of the length of the terminal fatty acid on the
CMC was investigated. As expected, the CMC decreases with
increasing chain length of fatty acids (Table 1).°*?' The
measured CMC values range between 3.41 mM for the
decanoic, 0.64 mM for the dodecanoic and 0.15 mM for the
pentadecanoic acid, respectively. Overall, the CMC values are
higher compared to peptide amphiphiles of similar size.>**
Comparing the CMC of APG 1 (0.64 mM) to well-known dode-
canoic alkyl tail bearing anionic and non-ionic surfactants like
SDS (8.2 mM), pentaethylene glycol monododecyl ether
(0.07 mM) and carbohydrate based surfactants like n-dodecyl-
B-p-glucopyranoside (0.19 mM), CMCs of the APGs lay in
between ionic and non-ionic surfactants. To further investigate
this, APG 5 and 7 with a C-terminal non-charged amide
instead of the charge bearing glycine moiety were analyzed.
APG 5 precipitated in solution over a period of one hour and
did not form colloidally stable aggregates, thus no CMC could
be determined. This finding highlights the importance of a
charged head group to provide sufficient colloidal stability of
the formed aggregates. APG 7 was stable and a CMC of 1.7 mM
was determined, which is higher than comparable similar

Polym. Chem., 2021,12, 4795-4802 | 4797
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Table 1 Overview of the determined CMC values for the amphiphilic
oligomers

CMC in CMC in PBS
Oligomer MQ [mM] buffer [mM]
Gly-TDS(Man)-HDM-C12 (APG 1) 0.64° + 0.07-0.95”  0.59 +0.01
Gly-TDS(Man)-HDM-C10 (APG 2)  3.41%+ 0.08 n.m.
Gly-TDS(Man)-HDM-C15 (APG 3)  0.15% + 0.01 0.06 + 0.004
Gly-TDS(Gal)-HDM-C12 (APG 4) 0.68% + 0.07-0.74°  0.63 +0.07
TDS(Man)-HDM-C12 (APG 5) Precipitation precipitation
Gly-TDS(Man)-HDS-C12 (APG 6) 1.819+0.02-2.36°  0.49 + 0.001
TDS(Man)-C12 (APG 7) 1.70* £ 0.19 1.98 + 0.02
Gly-BADS(Man)-HDM-C12 (APG 8)  0.33% + 0.01-0.34"  0.30 = 0.01

“CMC determined with fluorescence assay using nile red, error values
represent standard deviations. > CMC determined with fluorescence
assay using pyrene, error values represent standard deviations. “ CMC
determined using DLS measurements, error values represent standard
deviations. n.m. = not measured.

non-ionic surfactants such as n-dodecyl-p-p-glucopyranoside.
Potentially, not only the carbohydrate moiety but also a part of
the oligoamide backbone serves as headgroup, which could
lead to this increased CMC. Additionally, the aliphatic carbo-
hydrate linker was exchanged by an aromatic linker for APG 8
leading to a 2 times lower CMC than for APG 1 (see Fig. 3).
Since we plan on using self-assembled APGs in biological
assays, we also determined the CMC in PBS buffer, a typical
buffer system e.g. in lectin binding or bacterial adhesion

a) 75000 APG 1 b) 300000 APG 8
~ 50000 > 200000
s s
g g 033 mM
£ 25000 £ 100000
0 0
0.1 1
Concentration [mM] Concentration [mM]
) 1800 DLS: APG 8 D a0 DDLS: APG 8
1200 1200
73 =
600 D,=2.78x10"2 m?s! 600 D,=754s"
0 0
0 2x10"  4x10™  ex10" 0 2x10"  4x10"  ex10™
a*[m?] q*[m”’]
Fig. 3 (a and b) Exemplary CMC curves of APG 1 and 8, (c and d)

exemplary angle dependent data from cumulant fits of the DLS (c) and
DDLS (d) measurements for APG 8.
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studies.'®?” It is well known that the salt or ion concentration
can strongly influence the CMC, thus differences for APG
CMCs in water vs. buffer could be expected.*® Overall, the
CMCs of the charged APGs (1, 3, 4, 6, 8) decreased while for
the only non-ionic APG 7 the CMC increased (see Table 1). A
decrease for the charged APGs was expected as the ions in the
PBS buffer reduce the static repulsion between the head
groups, thus facilitating the micellization process.*® The CMC
of non-ionic surfactants is generally not influenced by the ion
concentration but is highly sensitive regarding temperature.’”
Maybe here a change in the ambient temperature led to the
increased CMC.

Studying micellar structures with DLS/DDLS

While the largely different CMC values are a first important
indication for the change in self-assembly behavior observed
for the different APGs, more detailed information is required
especially on the size and shape of the assembled structures.
Therefore, multiangle dynamic light scattering (DLS) and
depolarized dynamic light scattering (DDLS) experiments were
performed on selected APGs (Table 2). Exemplary data from
DLS and DDLS measurements are shown in Fig. 3¢ and d. In
ordinary, polarized DLS measurements, the mean relaxation
rate, T, scales linearly with the square of the scattering vector,
¢°, indicating that only translational motion is probed in the
respective time- and g-range. The slope of the linear fit to the
data provides the translational diffusion coefficient, D;. In con-
trast, the DDLS data show a distinct positive offset of the relax-
ation rates, which is related to the rotational diffusion coeffi-
cient, D;, while the slope of the linear fit again corresponds to
D,. Surprisingly, all APGs except for the non-charged APG 7
showed formation of cylindrical micelles as indicated by a
strong signal in the DDLS data and further supported by
atomic force microscopy (AFM) and transmission electron
microscopy (TEM) images (see Fig. 5). For single tail surfac-
tants found in literature, mostly spherical micelles are
observed unless conditions are drastically altered e.g. to high
ion concentrations.?® It has been shown for peptide amphi-
philes that intermolecular structure formation such as f-sheet
formation can lead to predominantly cylindrical assemblies.*®
Hartgerink et al. provided evidence in a systematic study that
for peptide amphiphiles intermolecular hydrogen bonding is
the key driver in amphiphile packing.** By systematically
exchanging amide bonds by methylated amide bonds they
demonstrated that below a certain threshold of amide bonds

Table 2 Overview of the determined CMC values for the amphiphilic oligomers

Oligomer D, [m’*s™']* Ry [nm]* D, [s7']" L [nm]* r [nm]*
Gly-TDS(Man)-HDM-C12 (APG 1) 3.99 x 107" 61.6 n.e.” n.e.” n.e.”
TDS(Man)-C12 (APG 7) 3.97 x 107 61.9 n.m.° n.m.’ n.m.’
Gly-BADS(Man)-HDM-C12 (APG 8) 2.78 x 1072 88.3 75.4 460 24.4

“Translational diffusion coefficient (D), hydrodynamic radius (Ry), rotational diffusion coefficient (D,), length of the cylindrical micelle (L),
radius of the cylindrical micelle (r). ” Not evaluated due to a high dispersity, values were not extracted.  Not measured because micelles were

spherical.
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the micellar shape changes from a rod-like to a spherical
shape.

Potentially, the oligoamide scaffold of APGs can undergo
intermolecular interactions based on the amide groups within
the backbone similar to those of peptide structures leading to
the formation of cylindrical micelles. Interestingly, omitting
the C-terminal charge within the head group and the hydro-
phobic building block HDM in the tail, results in a different
structure of the assembly with APG 7 forming spherical
micelles. Based on DLS and DDLS data, spherical micelles of
APG 7 have a fairly large hydrodynamic radius, Ry, of 61.9 nm
(see Table 2). APG 7 has only three amide bonds compared to
five amide bonds e.g. in APG 1, supporting the hypothesis that
intermolecular interactions of the amide groups in the
scaffold lead to cylindrical assemblies. While the non-charged
APG 5, which also has five amide bonds, showed insufficient
colloidal stability for DLS and DDLS experiments, AFM pic-
tures derived from freshly prepared solutions shows cylindrical
micelles (see Fig. S64f). Thus, comparing APG 5 and APG 7
also supports that — similar as was found for the peptide based
amphiphiles - the number of amide bonds seem to critically
affect the micellar shape.

To further access the cylindrical micelles of APG 1 and APG
8 the light scattering data were fitted using the approach intro-
duced by Garcia de la Torre et al.*>*' For most APGs and also
for APG 1 correlation functions indicated a high polydispersity
or rather a mix of micelles with strongly different aspect ratios,
thus the fit model could not be applied. Interestingly, when
exchanging the linker within the head group introducing an
additional aromatic motif for APG 8, dispersity of the micelles
decreased while the shape remained cylindrical. Presumably,
the benzene moiety increases interactions between the head-
groups of the micelles via n—x interactions, thus forming more
rigid and more uniform micelles as was previously observed
for other self-assembly structures.”” The cylindrical micelles
were in average round 460 nm long and 49 nm in diameter,
which equals an aspect ratio of 9.4.

Covalent crosslinking of micelles

One of the main drawbacks of non-polymeric micelles is their
instability e.g. against dilution or high ion concentration.** We
experienced such instability first hand preparing samples for
AFM experiments using spin coating at 3000 rpm which effec-
tively destroyed all micelles. Therefore, we additionally
explored the possibility to chemically crosslink and thereby fix
micellar assemblies of APGs. We performed core-crosslinking
experiments for APG 8 containing an alkene motif in the tail
group. The core-crosslinking was performed as a free radical
polymerisation in water with divinylbenzene (DVB) as cross-
linker and 2,2-dimethoxy-2-phenylacetophenone (DMPA) as
initiator. Both components have a very low solubility in water
and thus crosslinking should only occur upon solubilization
inside the core of the APG micelle (see Fig. 4). After irradiation,
cross-linked micelles were purified by dialysis in water. To
demonstrate crosslinking, solution of APG 8 micelles, cross-
linked and non-crosslinked, were dissolved in an ethanol/

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Synthetic scheme of the core-crosslinking procedure for APG 8.

water mixture (1:1) and the intensities as well as the corre-
lation curves of the DLS measurements were compared.

The use of high content of ethanol in this setting should
lead to disassembly of micelles that are not covalently cross-
linked. Indeed, DLS experiments showed higher intensity of
the crosslinked sample of about 5 times in comparison to
non-crosslinked sample. Additionally, the y-intercept of corre-
lation curve for the non-crosslinked sample indicates poor
data quality, which is expected for non-aggregated APGs (see
Fig. S557). To verify the results from the DLS experiments
micellar solutions of APG 7, 8 and crosslinked APG 8 were
studied by transmission electron microscopy (TEM) and
atomic force microscopy (AFM) (see Fig. 5). For APG 7 spheri-
cal micelles with an average diameter of 92 nm and an average
height of 12 nm were observed by AFM. Using TEM only very
few micelles of APG 7 could be visualized with overall smaller
diameters of around 51 nm and greater dispersion (additional
TEM images of APG 7 see Fig. S547). Differences between both

Fig. 5 (a and b) AFM and TEM images of APG 7, (c and d), AFM and TEM
images of APG 8, (e and f) TEM images of crosslinked APG 8 from H,O
(e) and EtOH (f).
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methods could be explained due to possible compression of
the micelles through the AFM tip while measuring, thus flat-
ting the spherical micelles. Additional evidence gives the
average height measured by AFM of only 12 nm, which indi-
cates a flattening.

Furthermore, the high vacuum conditions in the TEM and
the overall low contrast for electrons may influence the precise
determination of the micelle dimensions. For APG 8, polydis-
perse, cylindrical micelles with lengths between 60 nm up to
1100 nm and an average core width of 17 nm were observed by
TEM. AFM showed similar results but again with a lower dis-
persity compared to TEM. However, dried cylindrical micelles
are expected to have a broad distribution with respect to their
length. Since the length of the cylindrical micelles continu-
ously changes upon drying, a broad size distribution can be
expected. Interestingly, upon crosslinking of APG 8, the dia-
meter of the micelles reduced to 14 nm, which could indicate
a compactization through the crosslinking (see Fig. 5e).
Crosslinked APG 8 micelles could also be dispersed in and
blotted from ethanol, leading to dense packing of the rods,
which resulted bundles of cylinder micelles packed in parallel
to each other. Overall, comparing these results to the DLS
data, the effective hydrodynamic radii observed for DLS tends
to be greater than the radii observed by AFM or TEM. However,
DLS is measured in solution and considers the hydration shell
of the micelles, while for AFM and TEM the samples are dried
and collapsed on a substrate.

Table 3 Overview of the determined ICsq-values for the selected APGs

Oligomer ICs0-Value [uM]

APG 1 61 +20

APG 3 503 £125

APG 4 No inhibition

APG 6 222 +21

APG 7 135+ 81

APG 8 63 11

Oligomer IC5o-Value® [pg ml™']
APG 8 64 +11

Crosslinked APG 8 253 + 27

“For crosslinked APG 8 ICs, values can only be determined in
[ng ml™"], for direct comparison, ICs, value of APG 8 is given in the
same unit.
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Binding studies of APG

The carbohydrate motif in the head group also allows for first
testing on the interaction of APG based micelles with carbo-
hydrate recognizing proteins such as the model lectin
Concanavalin A (ConA). ConA is a plant lectin derived from jack-
bean, which specifically binds to o-p-mannose and o-p-
glucose.** For this, rhodamine labeled ConA and APG 8 solu-
tions were mixed, incubated and subsequently investigated using
fluorescence microscopy, qualitatively showing ConA binding of
Man-functionalized micelles (see Fig. S56-587).

In principle, APGs also allow for the interaction with more
complex biological entities such as E. coli bacteria. Many bac-
terial species including E. coli need to adhere to target cells, in
order to cause an infection.*® Therefore bacterial pathogens
have developed specialized adhesive organelles, which bind to
the outer glycocalyx of the cells. E. coli have type 1 fimbriae
presenting at the tip an a-p-mannopyranoside-specific lectin,
FimH."”*® In order to investigate binding efficacy of the carbo-
hydrates presented by the APGs, we assayed binding of a GFP
expressing E. coli strain to mannan coated surfaces as a model
system.>® Inhibition of E. coli adhesion by APGs is quantified
by their half-maximum inhibitory concentration (ICs,).*® For
all tested APGs 1, 3, 6, 7, 8 and crosslinked APG 8, sigmoidal
inhibition curves were obtained and the according ICs, values
were derived from this data (see Fig. S62t). Overall, the ICs,
values of APGs are in the lower uM region. All APGs show ICsq
values below their respective CMC, except for APG 3. Negative
control APG 4 carrying a non-binding galactose instead of a
mannose moiety showed no inhibition of bacterial adhesion
(see Table 3). Therefore, we assume that APGs interact with the
bacteria as single molecules rather than as micellar assemblies
(see Fig. 6). Indeed, the higher ICs, value, and thus less
efficient inhibition, for APG 3 could indicate that only in this
case APGs assemble into micelles before interacting with the
bacteria.

An increase in binding and thereby decrease in ICs, values
for multivalent constructs such as the APG assemblies could
be expected. However, it is important to keep in mind that at
first a high number of molecules is required to form the
assembly which can then interact with the bacteria according
to our model. Within the assembly, only a fraction of carbo-
hydrates will actually bind to the bacterial receptors, as
observed for phase-separated glycopolymer aggregates.’ In the
future, micellar assemblies from two types of APGs might be

or

Fig. 6 Schematic representation of a single APG binding versus an APG-micelle binding to E. coli bacterium.
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used, combining for example binding and non-binding carbo-
hydrate units in a heteromultivalent fashion. It has been suc-
cessfully demonstrated e.g. for glycopolymers that such hetero-
multivalent constructs can maximize the binding efficiency.”

From the Hill plots, we also derived the cooperativity factor
n, which is given by the slope of the plot at 50% saturation.
The cooperativity factor gives information whether the second
binding event is potentially more (n > 1) or less favorable (n <
1) than the first initial binding.>*"*> Interestingly, crosslinked
APG 8 shows a cooperativity factor n = 2. All other APGs show
cooperativity of around 1 or smaller, which is typically found
for FimH binding also by its natural high mannose type
ligands.>® As already discussed by Whitesides and coworkers,
multivalent structures can lead to higher binding avidity even
if they do not show positive cooperativity.>® However, the fact
that we observe positive cooperativity for the crosslinked
micelle indicates that binding of the bacteria benefits from
this fixed, worm-like multivalent presentation.

Conclusion

In conclusion, we combined solid phase polymer synthesis
with tailor made building blocks to synthesize amphiphilic
glycomacromolecules, the so-called APGs. Eight different APGs
were synthesized varying different structural parameters of the
head and tail group. Investigating their structure-property cor-
relations, we could show that both spherical and cylindrical
micelles are accessible and can be tuned based on the choice
of building blocks installed during APG synthesis.
Additionally, the use of the novel building block HDM allowed
for core crosslinking of the micelles, locking the structure even
at dilutions below the CMC. Carbohydrate motifs in the head
groups of the micellar assemblies remain accessible for
protein binding as shown by incubation with fluorescently
labelled ConA. Inhibition studies demonstrated the potential
of APGs to block bacterial adhesion. Interestingly, crosslinked
worm-like micelles showed positive cooperativity for the
binding to bacteria, indicating a gain in multivalent binding
from this type of carbohydrate presentation. Future studies
will further explore potential applications of APGs e.g. solubil-
ization of drugs and specific targeting via the carbohydrate
ligands including heteromultivalent assemblies.
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