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ABSTRACT: The modular synthesis of 7 libraries containing
51 self-assembling amphiphilic Janus dendrimers with the
monosaccharides D-mannose and D-galactose and the disac-
charide p-lactose in their hydrophilic part is reported. These
unprecedented sugar-containing dendrimers are named
amphiphilic Janus glycodendrimers. Their self-assembly by
simple injection of THF or ethanol solution into water or

i . |9n r..,.)%o Oo "1
buffer and by hydration was analyzed by a combination of - 53 . Hctote WG Wi Lot AR By with L sothe

Buffer by Injection
methods including dynamic light scattering, confocal micros-

copy, cryogenic transmission electron microscopy, Fourier transform analysis, and micropipet-aspiration experiments to assess
mechanical properties. These libraries revealed a diversity of hard and soft assemblies, including unilamellar spherical, polygonal,
and tubular vesicles denoted glycodendrimersomes, aggregates of Janus glycodendrimers and rodlike micelles named
glycodendrimer aggregates and glycodendrimermicelles, cubosomes denoted glycodendrimercubosomes, and solid lamellae.
These assemblies are stable over time in water and in buffer, exhibit narrow molecular-weight distribution, and display
dimensions that are programmable by the concentration of the solution from which they are injected. This study elaborated the
molecular principles leading to single-type soft glycodendrimersomes assembled from amphiphilic Janus glycodendrimers. The
multivalency of glycodendrimersomes with different sizes and their ligand bioactivity were demonstrated by selective
agglutination with a diversity of sugar-binding protein receptors such as the plant lectins concanavalin A and the highly toxic
mistletoe Viscum album L. agglutinin, the bacterial lectin PA-IL from Pseudomonas aeruginosa, and, of special biomedical
relevance, human adhesion/growth-regulatory galectin-3 and galectin-4. These results demonstrated the candidacy of
glycodendrimersomes as new mimics of biological membranes with programmable glycan ligand presentations, as supramolecular
lectin blockers, vaccines, and targeted delivery devices.

B INTRODUCTION weak interactions between individual sugars and proteins to
Glycans of glycoconjugates adorn cell surfaces with recognition generate ligand selectivity to sugar-binding protein receptors.
elements for sugar-binding proteins (lectins) to mediate func- In addition to the structure of the glycans, the spatial mode of
tions such as cell—cell recognition and adhesion, initiation of signal-

ing, delivery, and routing, also relevant for immune recogni- Received: April 3, 2013

tion." Multivalent glycan displays are essential to overcome the Published: May 21, 2013
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Figure 1. Modular approaches to the synthesis of seven libraries of amphiphilic Janus glycodendrimers. The numbers in between parentheses represent

the number of Janus dendrimers in the corresponding library.

presentation, its dynamics, and adaptability play a salient role in
turning glycan presence into ligand or counter-receptor
functionality. The goal of understanding the route to specific
recognition and control of cell physiology explains the chemical
efforts toward tailoring diverse multivalent glycoconjugate
displays accomplished via multivalent scaffolds. Mimics of
natural glycoconjugates (glycoprotelns and glycohplds) include
glycopeptides,” glycopolymers,’ glycodendrlmers,4 glycolipo-
somes and synthetlc glycohplds, cyclic clusters such as
cyclophanes,® and glycodynamers.” Their availability facilitates
experimental approaches to understand the functioning of
complex assemblies such as microdomains in membranes and
can also form the basis for potential medical applications such as

blocking undesired lectin binding in inflammation/tumor
progression or 1n infection, or stimulating the immune response
by vaccination.* Glycopolymers, glycodynamers, and glycoden-
drimers provide some accessible mimics for the biodisplay of
glycans, but all require complex multistep synthesis to generate
multivalency and are often built on toxic scaffolds. Vesicles
presenting carbohydrates are more similar to biological cell
membranes but lack precise structure because they are prepared
by coassembly of several components by hydration followed by
multiple fractionation via extrusion.® This results in a random
distribution of carbohydrates over the surface of the vesicle.
Therefore, a simple route to hard and soft vesicles that are fully
programmable in regards to ligand density and type is in demand.
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Scheme 1. Synthesis of the First-Generation Hydrophobic Dendritic Acids 4a—f and of the Alkyne Anhydride 6°
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“Reagents and conditions: (i) H,SO, (cat.), MeOH, reflux; (i) 1-bromododecane or 2-ethylhexyl bromide, K,CO,;, DMF (80 °C); (iii) KOH,
EtOH, (reflux); (iv) DMAP (cat.) CH,Cl, (25 °C); (v) DCC, CH,Cl, (0—25 °C).

Additions to the existing panel of glycoconjugates that mimic
biological membranes will broaden their range of applications.
Recently, we reported a new class of amphiphiles called Janus
dendrimers that self-assemble by simple injection of their ethanol
solution in water into narrow size distribution and stable-in-time
vesicles called dendrimersomes.” Moving toward applicability,
we report here a simple strategy to an accelerated modular
synthesis of the first examples of amphiphilic Janus glycoden-
drimers containing two identical carbohydrates in their hydro-
philic part. They self-assemble by simple injection of their solu-
tion made in water-miscible solvents such as THF and ethanol
into water and buffer and by hydration,® in unilamellar hard and
soft spherical, polygonal, and tubular vesicles”"'® denoted
glycodendrimersomes, aggregates of rodlike micelles”'! named
glycodendrimermicelles, aggregates of Janus glycodendrimers
named glycodendrimer aggregates or, for short, dendrimer
aggregates, cubosomes®'? denoted glycodendrimercubosomes,
and hard lamellae. By analogy with dendrimersomes and other
complex architectures reported to self-assemble from simple
amphiphilic Janus dendrimers,” all supramolecular assemblies
generated in water from Janus glycodendrimers are obtained with
a predictable size that amplifies the multivalency of presentation
of their sugars from 2 to n, display narrow molecular mass distribu-
tion that in the case of vesicles and liposomes is considered to be
monodlsperse,12 and are stable over time. Structurally, they
provide models for biological cell membranes with the typical
glycan presence on their surface. These assemblies are of general
interest as platforms for glycan ligand presentation because they
offer a simple supramolecular approach to simulate the naturally
multivalent display of carbohydrates.">* They also may be
engineered into devices used in the lectin-mediated delivery of
drugs, genes, imaging agents, and pharmaproteins used as thera-
peutics to block lectins and to act as vaccines targeting lectins on
dendritic cells."****'°~"> The spherical nature of the supra-
molecular assemblies produced from self-assembling amphiphilic
Janus glycodendrimers provides an additional advantage to
covalent glycodendrimers* as mimics, because their synthesis is
simple and their water cavity can be exploited. Glycodendri-
mersomes offer an additional advantage to glycodendrimers,* by
providing mimics of the biological membranes rather than only
modeling their surface. Therefore, they are expected not only to
be delivery devices but also to serve the same functions as
covalent glycodendrimers.* To prove bioactivity in binding to
lectins and thereby in principle access the potential applications
mentioned above, we demonstrate selective agglutination of
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glycodendrimersomes of different sizes with the plant lectin
concanavalin A (Con A), the toxic mistletoe lectin Viscum album
agglutinin (VAA), a potential biohazard akin to ricin, the
bacterial lectin PA-IL from Pseudomonas aeruginosa, and two
human lectin members of the galectin family, galectin-3, Gal-3,
and galectin-4, Gal- 4 potently acting in adhesion, growth regulation,
and glycan routing."

B RESULTS AND DISCUSSION

Selection of Modular Synthetic Strategies and Primary
Structures of Amphiphilic Janus Glycodendrimers. Four
accelerated modular strategies were elaborated for the synthesis
of seven libraries of amphiphilic Janus glycodendrimers (Figure 1).

Libraries 1 and 2 shown in the first two left side columns from
Figure 1 are constitutional isomers and were expected to provide
the shortest synthetic routes to self-assembling amphiphilic Janus
glycodendrimers. The modular synthetic methodologies for
these two libraries involve the synthesis of twin-hydrophobic
dendrons containing n-alkyl groups and are functionalized with
alkyne or azide attached directly to the focal point of the Janus
dendrimer precursor. In the second step of this modular
methodology, the unprotected monosaccharides D-mannose
and Dp-galactose, containing alkyne and azide aglyconic groups
as models for any other carbohydrate headgroups, were rapidly
combined with the complementary twin-hydrophobic dendrons
via copper-catalyzed click chemistry. Discrimination between
alkyne vs azide at each of the two dendrimer frangments as the
preferred mode of synthesis together with assembly was the
driving force behind these experiments. The modular strategy
employed in the synthesis of library 3 consisting of a mixture of
constitutional isomers is similar to that used for libraries 1 and 2
except that, to increase solubility, the n-alkyl groups of the twin-
hydrophobic dendrons were replaced with branched alkyls. A
third modular approach was used to construct libraries 4 and 6
(third column from the left side of Figure 1). Library 4 contains a
succinic ester spacer between the twin-hydrophobic dendrons
and their alkynes used in the click chemistry. This spacer was
incorporated to enhance solubility and flexibility, and as shown
later, an important factor in recognition studies. This library
contains D-mannose, D-galactose, and p-lactose in the hydrophilic
part of the Janus dendrimers. The fourth modular approach
(libraries 3, S, and 7) incorporates hydrophilic oligooxyethylene
spacers between the carbohydrate and the twin-hydrophobic
dendrimers. These spacers were expected to increase hydro-

philicity, flexibility, and solubility.
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Scheme 2. Synthesis of the Twin-Hydrophobic Dendrons Functionalized with Alkyne and Azide Groups at Their Apex”
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“Reagents and conditions: (i) p-Anisaldehyde, HCI, water (25 °C); (ii) propargyl bromide, NaH, DMF (0—25 °C); (iii) CH;CO,H—water (50 °C);
(iv) DCC, DPTS, CH,Cl, (25 °C); (v) HBr, H,SO,—AcOH (reflux); (vi) NaN;, DMSO (110 °C); (vii) benzaldehyde, HCl, water, (viii) H,, Pd/C,

MeOH-CH,Cl, (25 °C); (ix) 6, DMAP, pyridine, CH,Cl, (25 °C).

These modular strategies evolved during the analysis of the
structure and properties of the supramolecular assemblies
generated from each individual library of amphiphilic Janus
glycodendrimers and were directed toward the construction of
soft single-type glycodendrimersomes containing D-mannose,
D-galactose, and D-lactose in the hydrophilic part, which are
glycan ligands for the five lectin receptors selected for binding
experiments. Details of these design strategies and their selection
will be discussed in each subsection dedicated to the synthesis
and analysis of individual libraries. This study required the investiga-
tion of no less than seven libraries containing S1 compounds
demonstrating the challenges encountered when taking the
concept of simple amphiphilic Janus dendrimers that self-
assemble into dendrimersomes’” to the more complex
amphiphilic Janus glycodendrimers that self-assemble into
glycodendrimersomes.

Synthesis of Twin-Hydrophobic Dendrons Function-
alized with Alkyne and Azide Groups. The first-generation
hydrophobic dendritic acids 4a—d were synthesized from natural
phenolic acids'* as reported previously’'® (Scheme 1). Com-
pounds 4e,f are new derivatives synthesized by the same pro-
cedures as those used for the previously reported compounds.”
Esterification of protocatechuic acid (1a),'**"# a-resorcylic acid
(1b),"* and gallic acid (1c)"*** i refluxing MeOH with H,SO,
as catalyst yielded methyl 3,4-dihydroxybenzoate (2a), methyl
3,5-dihydroxybenzoate (2b), and methyl 3,4,5-trihydroxy-
benzoate (2c) in 73—83% yield. Etherification of 2a—c with
1-bromododecane or 2-ethylhexyl bromide gave first-generation
hydrophobic esters 3a—f containing linear and branched alkyl
groups on the periphery in 46—99% yield. The hydrophobic first-
generation dendritic acids 4a—f were obtained by the hydrolysis
of the corresponding esters 3a—f with KOH in refluxing ethanol
(94—100% yield).
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The modular methodology elaborated for the preparation of
libraries of amphiphilic Janus glycodendrimers involves three
independent steps. The first one consists of the synthesis of three
libraries of twin-hydrophobic dendrons functionalized with
alkyne directly attached to their apex, via a succinic ester at
their apex, or with azide directly attached to the apex (Scheme 2).
In the first step of this synthesis, pentaerythritol 7 was mono-
protected with p-anisaldehyde under acidic conditions to
generate the methoxybenzylidene acetal 8 in 80% yield."®
Compound 8 was etherified with propargyl bromlde to produce
9 in 91% yield after column chromatography.'” Deprotection of
9 with HOAc in water yielded 10 (90% yield)."”® Esterification of
10 with 4a—d in the presence of DCC/DPTS in CH,Cl,
produced 1la—d in 33—95% vyield after column chromatog-
raphy. Bromination of 7 with HBr and H,SO,—AcOH at reflux
generated 12 in 34% yield which upon reaction with NaNj in
DMSO at 110 °C for 16 h produced 13 in 92% yield.
Esterification of 13 with 4a—f with DCC/DPTS in CH,Cl, at
25 °C generated 14a—f in 87—99% yield. The second library of
hydrophobic twin-dendrons functionalized with alkynes on their
periphery contains a succinic ester spacer that connects the
alkyne to the pentaerythritol branching point (Scheme 2,
bottom). In this case, pentaerythritol 7 was monoprotected as
benzylidene acetal 15" (61% yield), which after esterification
with 4a—c produced 16a—c in 93—98% yield. Deprotection of
the benzylidene acetal by hydrogenolysis using Pd/C and H,
generated 17a—c in 99—100% yield. The esterification of 17a—c
with the acetylene anhydride 6,'® that was prepared by the
esterification of propargyl alcohol with succinic anhydride
followed by dehydration with DCC (bottom of Scheme 1),
produced 18a—c in 60—88% yield.

Synthesis of the Glycosyl Azides of b-Galactose,
p-Mannose, and p-Lactose. The stereoselective synthesis of

dx.doi.org/10.1021/ja403323y | J. Am. Chem. Soc. 2013, 135, 9055—9077
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Scheme 3. Stereoselective Synthesis of the Glycosyl Azides 23, 27, 32, and 37
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Scheme 4. Synthesis of the Propargylated Glycosides 41a,d, 43a—d, and 45°

H o/\,OH —’> HO\/\o’\

38b (28%) 39b
0

no~4O~Hon W Ho™ V)'\O’\\\

n )
38c:n=1 39¢:n =1
38d:n=2 39d:n=
. AcO _OAc . OH_.oH
A o TR
36-59%) AcO 0. (82-96%)Ho. 0.
( ) AcO (‘/\O‘)n\\\ OH '(‘/\O‘)'n\\\

40a:n=0 #la:n=0
40d:n =3 Md:n=3

AcO=AcO i HO=HO

25 2 5 ACO Q —IV> HO Q
(24-79%) AcO (91-100%) HO
IRRAN A

42a:n=0 43a:n=0 n
42b:n = 43b: n =
42c:n=2 43c:n=2
42d:n=3 43d:n=3

. AO _OAc v MO (o
20 Mo
(47%) Aco'&A— % 9% &A, ’%
OAc ACO O‘/\O‘)‘\ 0(/\0‘)'\

“Reagents and conditions: (i) NaH, propargyl bromide, toluene (25 °C); (ii) propargyl bromide, ‘BuOK, THF (25 °C); (iii) 39b—d, or propargyl
alcohol, BF,Et,O, CH,Cl, or CH,CN (0—25 °C); (iv) 1 M MeONa in MeOH (25 °C).

the glycosyl azides of p-galactose,”**' p-mannose,”**" and p-lactose™ the presence of AcONa gave the f-anomer 20 (47% yield)*® that

is outlined in Scheme 3. Acetylation of 19 with Ac,O at reflux in was transformed into the a-anomer 21 with HBr/AcOH.%*
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Scheme 5. Modular Synthesis of Constitutional Isomeric Libraries 1 (46aa to 46cb) and 2 (47aa to 47cb) Containing 12
Amphiphilic Janus Glycodendrimers with p-Mannose and p-Galactose and the Summary of Their Self-Assembly by Injection of

Their THF Solution into Water”
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“Reagents and conditions: (i) CuSO,-SH,0, sodium ascorbate, THF/water (25 °C).

Compound 21 was treated without isolation with NaN; in DMSO
to produce the f-p-glycosyl azide 22 in 98% yield after column
chromatography.® Standard Zemplén de-O-acetylation of 22
with MeONa in MeOH generated 23 (99%).%° Acetylation of 24
with Ac,O catalyzed by I, produced the mixture of a- and
B-anomers 25 in 99% yield.*® The a-azide 26 was obtained by
reacting 25 with TMSN; in the presence of SnCl, in CH,Cl, in
96% yield after column chromatography.”' Reaction of 26 with
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MeONa in MeOH at 25 °C produced 27 (99% yield).”' Compound
28 was acetylated under the same conditions as for 19 to give the
f-anomer 29 (95% yield) 23 which was reacted with 2-bromoethanol
in the presence of BF;.OEt, in CH,Cl, at 25 °C to give 30.
Compound 30 was treated without purification with NaNj to
give 31 (60% for two steps). Standard Zemplén de-O-acetylation
of 31 with MeONa in MeOH at 25 °C produced 32 (98%).”
Intermediate 29 was also reacted with tetra(ethylene glycol)
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monotosylate 34. Compound 34 was prepared from tetra-
(ethyzlsene glycol), 33, and TsCl in the presence of pyridine as
base.

Lactosyl acetate 29 was reacted with 34 in the presence of
BF,-OEt, in CH,Cl, at 0—25 °C and subsequently with NaN; in
the presence of Nal in DMF at 70 °C to generate 36 in 99% yield.
Final lactosyl azide 37 was obtained in 98% yield by the reaction
of 36 with MeONa in MeOH.”’

Synthesis of the Propargylated Glycosides of p-Galactose,
p-Mannose, and p-Lactose. Compounds 39b—d were synthe-
sized in 28%, 90%, and 93% yield (after purification by column
chromatography) by the monoetherification of ethylene glycol,
38b, di(ethylene glycol), 38c, and tri(ethylene glycol), 38d, with pro-
pargyl bromide following literature procedures (Scheme 4).*%*°
Glycosylation of 20, 25, and 29 with propargylated alcohols,
39b—d was performed in either CH,Cl, or CH;CN and was
catalyzed with BF;-Et,O at 0 °C to yield 40a,d (36—59% yield),
42a—d, and 44 in 26—79% yield after purification by column
chromatography.®>*! Standard Zemplén de-O-acetylation of
40a,d, 42a—d, and 44 with MeONa in MeOH at 25 °C produced
41a,d, 43a—d, and 45 in 82—100% yield.>**'

Accelerated Modular Synthesis of Two Constitutional
Isomeric Libraries Containing 12 Amphiphilic Janus
Glycodendrimers Presenting p-Mannose and p-Galactose.
The first of the two constitutional isomeric libraries of amphi-
philic Janus glycodendrimers was synthesized by an accelerated
modular synthesis via click chemistry-mediated assembly>” of the
twin-hydrophobic dendrons containing alkynes directly attached
to their apex, 11a—c from Schemes 2, with the glycosyl azides 23,
27 of p-galactose and p-mannose from Scheme 3. This process
generated the six amphiphilic Janus glycodendrimers 46aa,ab,-
ba,bb,ca,cb from the left two columns of Scheme 5. The second
constitutional isomeric library was produced by the click
chemistry of the twin-hydrophobic dendrons containing the
azide groups at their apex 14a—c from Scheme 2, with the
glycosyl alkynes 41a, 43a from Scheme 4 to generate the six
amphiphilic Janus glycodendrimers 47aa,ab,ba,bb,ca,cb from the
right two columns of Scheme S. These libraries were designed to
select the most suitable methodologies and products.

Self-Assembly of Janus Glycodendrimers by Injection
of Their THF or Ethanol Solution into Water and Analysis
by DLS, Cryo-TEM, and Micropipet-Aspiration Experi-
ments. Hard and Soft Assemblies. The simplest method for
the self-assembly of amphiphilic molecules into vesicles and
liposomes involves the injection of their solution in a water-
miscible solvent such as ethanol or THF into water or buffer.®
This methodology has been shown to be efficient for the self-
assembly of amphiphilic Janus dendrimers into monodisperse
vesicles called dendrimersomes.”*® The resulting assemblies
were first analyzed by dynamic light scattering (DLS) for size,
polydispersity (PDI), and stability in time. Assemblies stable in
time were subsequently analyzed by cryogenic-transmission
electron microscopy (cryo-TEM) to determine their structure.
Sharp edges in various supramolecular assemblies indicate struc-
tures generated from crystalline or glassy unilamellar membranes
that will be called hard assemblies, while continuous surfaces
indicate fluid or soft assemblies. Micropipet aspiration
experiments’* carried out on giant vesicles obtained by hydration
are complementary to cryo-TEM experiments in the discrim-
ination between hard and soft glycodendrimersomes. This
combination of methods will be used to discuss the results
summarized in Scheme 5 for the constitutional isomeric libraries
1 and 2. Compounds 46aa,ab display limited solubility in THF.
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All other Janus glycodendrimers from Scheme 5 are soluble in
THF but not in ethanol. Assemblies of compounds 46aa,ab
produced by the injection of 100 uL of their solution containing
1.25 mg/mL in THF into 2 mL of Millipore water generated a
final concentration of 0.0625 mg/mL that is stable for less than 1 h.
To overcome the limited solubility of 46aa,ab in THF, various
modifications of their primary structure were investigated. They
include the replacement of n-alkanes from their hydrophobic
twin-dendrons with branched alkanes and incorporation of
various hydrophilic and hydrophobic spacers in different parts of
the Janus glycodendrimer. These modifications will be discussed
in the next sections. Injection of an aliquot of THF solutions
(100 pL of 10 mg/mL) of all Janus glycodendrimers from
Scheme S except 47aa (100 uL of 1.25 mg/mL), 47ab,cb (100 uL
both of 2.5 mg/mL), into Millipore water (2 mL) followed by 5 s
of vortex mixing induces self-assembly. The size distribution
values of all assemblies from Scheme S are narrow and within the
values that are considered monodisperse for vesicles.”'23
Traditionally, monodisperse vesicles are prepared by hydration
followed by complex and multiple extrusion procedures.'”**
The dimensions of all assemblies from Scheme S range from
114 to 126 nm and are suitable for drug delivery and other applica-
tions.'”** These Janus dendrimers self-assemble into solid
lamellae (Figure 2a,c), solid vesicles named solid or hard glyco-

Figure 2. Selected cryo-TEM images of solid lamellae assembled from
(a) (34)12G1-PE-TRZ-Gal, 46aa, (b) solid glycodendrimersomes
assembled from (3,4)12G1-PE-TRZ;-Man, 47ab, (c) solid lamellae
assembled from (3,4,5)12G1-PE-TRZ-Gal, 46ca, and (d) polygonal
glycodendrimersomes assembled from (3,4,5)12G1-PE-TRZ-Gal,
46¢b.

dendrimersomes (Figure 2b), glycodendrimer aggregates
(Figure SF7c,d,g, Supporting Information), and tubular and
polygonal dendrimersomers (Figure 2c,d).

Compounds 46aa,ab self-assemble into sheetlike solid lamellae
(Figure 2a,c). These 2D sheetlike as well as other solid mor-
phologies imply that their membrane is either crystalline or
amorphous below its glass transition temperature. Both prevent
the closing process required to form a 3D vesicle. A hard vesicle is
a 3D particle constructed from a unilamellar bilayered mem-
brane in a way similar to that for regular fluid and soft vesicles
(Figure 2b). The sharp edges/corners of the structure indicate
that its membrane is rigid. The glycodendrimer aggregates are
not traditional micelles because micelles should have dimensions
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Scheme 6. Modular Synthesis of Library 3 (48aa to 49bb) Containing 11 Amphiphilic Janus Glycodendrimers with Branched
Hydrophobic Alkyl Groups and p-Mannose and p-Galactose in Their Hydrophilic Part and the Summary of Their Self-Assembly by

Injection of Their THF Solution into Water”
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of about two molecular lengths of the Janus dendrimer, which
are smaller than sizes observed (Figure SF7c,d,g). The glyco-
dendrimer aggregates are hard droplets consisting of a Janus
glycodendrimer-rich phase suspended in water which are similar
to a hard oil droplet (Figure SF7c,d,g). The phase separation of
hydrophilic and hydrophobic segments happens only on the
particle surface but not inside where it is disordered due to slow
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kinetics. Compound 46cb generated a mixture of morphologies
indicating that the rates of formation of each morphology are
similar (Figure 2d, Figure SF7h), and/or that they have similar
stabilities. It should be noted that at concentrations smaller
than 0.5 mg/mL, the nanotubular morphology is dominant
(Figure SF7h), while at concentrations higher than 0.5 mg/mL,
the polygonal glycodendrimersome that has a shape similar to an
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icosahedron is dominant (Figure 2d). A quantitative and com-
parative analysis of solid and soft assemblies by a combination
of cryo-TEM and micropipet-aspiration experiments will be
presented in a different section. Cryo-TEM images of structures
assembled from 46ab,ba,bb,cb, and 47aa,ba,ca,cb of libraries
1 and 2 are in Figure SF7.

Modular Synthesis and Analysis of Library 3 Containing
11 Amphiphilic Janus Glycodendrimers with Branched
Alkyl Groups in Their Hydrophobic Part and b-Mannose or
p-Galactose. The low solubility of Janus glycodendrimers from
libraries 1 and 2 (Scheme S) prompted us to explore pathways to
prevent membrane crystallization and enhance solubility and
flexibility to generate soft assemblies.

Three twin-hydrophobic dendrons containing branched alkyl
groups in their hydrophobic part and alkyne (11d) or azide
(14d—f) groups were combined with the carbohydrates 23 and
27 containing azide groups, with the carbohydrates 41a and 43a
containing the alkyne directly attached, and with 41d that has the
alkyne attached to the carbohydrate via a tri(ethylene glycol)
spacer. This provided eleven Janus glycodendrimers (Scheme 6).
All these Janus glycodendrimers are soluble in THF (10 mg/mL
to 40 mg/mL) and after injection produced concentrations in
water from 0.5 mg/mL up to 2 mg/mL. The injection in water of
their THF solutions generated assemblies with polydispersity
ranging from 0.03 to 0.20. Five of these Janus glycodendrimers,
49ac,aa,ab,bb,cb, produced only soft glycodendrimersomes with
size ranging from 42 to 167 nm. Compounds 49ba,ca assemble
into mixtures of soft glycodendrimersomes and dendrimer
aggregates, 48aa,ab,cc into dendrimer aggregates, while 49bc
into mixtures of dendrimer aggregates and cubosomes. The
analysis of the structure of cubosomes will be presented in a later
section. These experiments demonstrated a remarkable improve-
ment in solubility, polydispersity, and ability to generate single-
component glycodendrimersomes. Selected examples of cryo-
TEM experiments are shown in Figure 3. Compounds with

Figure 3. Selected cryo-TEM images of glycodendrimersomes assembled
from (a) (3,4)2Et8G1-PE-TRZ-Man, 49aa, (b) (3,4)2Et8G1-PE-TRZ-
3EOGal, 49ab, (c) (3,5)2Et8G1-PE-TRZ;-3EOGal, 49bb, and (d)
(3,4,5)2Et8G1-PE-TRZ-3EOGal, 49¢cb.

branched alkyl chains in the hydrophobic side and a long tri-
(ethylene glycol) spacer in the hydrophilic side (Figure 3b,c,d)
induce the formation of high-quality glycodendrimersomes.
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Interestingly, for the branched compound without hydrophilic
spacer (Figure 3a), the resulting glycodendrimersomes possess
walls with two distinct membrane thicknesses. The thick wall is
three times larger than that of the regular thin wall which is about
the thickness of two Janus dendrimer lengths (~7 nm). The
inner wall of the thick vesicles has darker color than the rest of the
wall, indicating a more ordered and denser packing of mole-
cules forming the vesicle wall, while the lighter color signifies a
disordered aggregate of compound-rich phase surrounding the
vesicle. This appearance suggests that the absence of the
hydrophilic spacer does not favor the assembly of unilamellar
membranes but instead induces the formation of kinetically
trapped intermediates such as thick-wall vesicles that cannot be
stabilized into unilamellar vesicles.

The efficiency of soft vesicle formation is also dependent on
the number and position of the alkyl chains from the hydro-
phobic side (Scheme 6, Figure 3). Cryo-TEM images of struc-
tures assembled from 49ca,ba,ab,aaac,bc of library 3 are in
Figure SF8, Supporting Information.

Modular Synthesis and Analysis of Library 4 Contain-
ing Six Janus Glycodendrimersomes with a Succinic Ester
Spacer in the Hydrophobic Part and b-Mannose, b-Galactose,
or p-Lactose. A second approach to enhance solubility and
flexibility involved the incorporation of a succinic ester spacer in
between the twin-hydrophobic dendron and its alkyne groups,
while maintaining linear n-alkyl groups on the periphery of the
dendron (Scheme 7). The twin-hydrophobic dendrons 18a—c
were coupled with carbohydrates containing the azide group
attached directly (23, 27), to generate the six Janus glyco-
dendrimers from Scheme 7. These molecules show acceptable
solubility in THF to result after injection in a concentration of
025 to 0.5 mg/mL in water. The polydispersity of their
assemblies is narrow (0.14 to 0.21).

The dimensions of assemblies resulted from these Janus den-
drimers range from 131 to 182 nm. However, their 3,4-disub-
stituted dendrons (S0aa,ab) generate solid lamellae and vesicles,
while the 3,5-disubstituted compounds (50ba,bb) produce
dendrimer aggregates. Only the 3,4,5-trisubstituted molecules
(50ca,cb) lead to interesting assemblies consisting of mixtures of
tubular and soft spherical glycodendrimersomes and also bundles
of tubular dendrimersomes. Figure 4 illustrates examples of these
assemblies. Solid vesicles displaying an asymmetric shape with
sharp edges are shown in Figure 4a,b. The curved feature in the
TEM images is the projection of curved solid lamellae with an
edge-on orientation. They are membranes that are too stiff to
form a 3D hard vesicle by closing the broken solid vesicle.

The nanotubular structures from Figure 4c aggregate and
produce bundles at high concentration. At concentrations lower
than 0.25 mg/mL, single tubes are observed. The hexagonal
arrangement of rings observed in Figure 4c is the projection of
tubular bundles with their long axis perpendicular to the film.
This image indicates that the nanotubes possess uniform
diameter and length. In addition, their diameter to length aspect
ratio appears to be constant. Cryo-TEM images of structures
assembled from compounds 50bb,ba are in Figure SF9a and
SE9b, Supporting Information.

Modular Synthesis and Analysis of Library 5 Contain-
ing 12 Janus Glycodendrimers with Linear Hydrophobic
n-Alkyl Groups and bp-Mannose or p-Galactose Con-
nected by Mono-, Di- and Tri(ethylene glycol) Spacers.
Libraries 1, 2 (Scheme 1), and 4 (Scheme 7) contained linear
n-alkyl groups in their hydrophobic part. To increase solubility
and flexibility, a succinic ester spacer was incorporated between
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Scheme 7. Modular Synthesis of Library 4 (50aa to 50cb) Containing 6 Amphiphilic Janus Glycodendrimers with Hydrophobic
Linear n-Alkyl Groups, a Succinic Ester Spacer, -Mannose, bD-Galactose, or p-Lactose in their Hydrophilic Part and the Summary

of Their Self-Assembly by the Injection of Their THF Solution into Water”
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the hydrophobic and hydrophilic fragments of the Janus
dendrimers from library 4. Libraries 1, 2, and 4 generated mostly
hard assemblies and tubular vesicles. The replacement of the
linear n-alkyl groups with a branched hydrophobic segment
together with a tri(ethylene glycol) spacer produced only vesicles
(see 49ab,bb,cb from library 3 of Scheme 6). Therefore, we

decided to investigate the role of ethylene glycol spacers in the
case of Janus dendrimers containing linear n-alkyl groups in their
hydrophobic part. Subsequently, we combined 14a—c with
43b,c, 41d, and 43d containing ethylene glycol, di(ethylene
glycol), and tri(ethylene glycol) spacers between D-mannose
or D-galactose and the alkyne group to generate the library S
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Figure 4. Selected cryo-TEM images of solid lamellae and solid glyco-
dendrimersomes assembled from (a) (3,4)12G1-PE-spacer-TRZ-Man,
50ab and (b) (3,4)12G1-PE-spacer-TRZ-Gal, 50aa; tubular glycoden-
drimersome bundles assembled from (c) (3,4,5)12G1-PE-spacer-TRZ-
Man, 50cb; mixture of tubular and spherical glycodendrimersomes
assembled from (d) (3,4,5)12G1-PE-spacer-TRZ-Gal, 50ca.

(Scheme 8) containing 12 Janus glycodendrimers. All Janus
glycodendrimers from Scheme 8 are soluble both in THF (5 to
10 mg/mL) and in ethanol. After injection, their concentration in
water ranges from 0.25 to 0.5 mg/mL. The polydispersity of
these assemblies ranges from 0.05 to 0.26 and their size from
43 to 222 nm. Cryo-TEM images of structures assembled from
Slaa,ab,ac,ad,cc,cd are in Figure SF10, Supporting Information.
The 3,4-disubstituted hydrophobic segments of the Janus
dendrimer (top row in Scheme 8) lead to solid lamellae for
51aa and solid vesicles for S1ab,ac,ad. The replacement of the
3,4-disubstituted hydrophobic part with a 3,5-disubstituted
(middle row in Scheme 8) produced soft vesicles for 51ba,bb,bc
and cubosomes for S1bd. The transition from 3,5-disubstitution
to 3,4,S-trisubstitution (bottom row in Scheme 8) changed the
assemblies in water from soft to hard generating solid lamellae for
S1ca,cb,cc,cd. Selected examples of soft and hard assemblies
from library S are in Figure S. The dependence of the structure
assembled in water on the 3,4-, 3,5-, and 3,4,5-substitution
patterns is in line with the molecular mechanism of unilamellar
structure formation reported in a previous publication for simple
dendrimersomes.”®

Modular Synthesis of Library 6 Containing Five Janus
Glycodendrimers with and without Succinic Ester Spacer
and p-Lactose Connected via Mono- and Tetra(ethylene
glycol) Spacers. The main goal of these investigations is to
delineate the molecular principles producing single-type soft
glycodendrimersomes and other complex glycoarchitectures
with pD-mannose, D-galactose, and D-lactose on their periphery.
The experiments reported in Schemes 6 and 8 provided
molecular instructions for the design of soft glycodendrimer-
somes presenting D-mannose and D-galactose. Scheme 9
demonstrates the development of the molecular principles that
yield glycodendrimersomes with D-lactose as sugar headgroup.
On the basis of the experience accumulated with the other
libraries, 3,4-, 3,5-, and 3,4,5- di- and trisubstituted hydrophobic
patterns with and without succinic acid ester and alkyne, 11a—c,
and 18c, were selected and combined with p-lactose-containing
ethylene glycol and tetra(ethylene glycol) spacers connected to
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the azide group, 32 and 37, to generate the five Janus glycoden-
drimers from Scheme 9. All these Janus glycodendrimers are
soluble in THF (5 to 40 mg/mL), and their assemblies are stable
over time in water in the range of concentrations from 0.25 to
2.0 mg/mL. The polydispersity of these assemblies ranges from
0.15 to 0.29, while their size varies from 46 to 406 nm. With the
exception of 52ad, the only 3,4-disubstituted compound which
forms a mixture of soft vesicles and bundles of rodlike micelles,
all other Janus glycodendrimers generate soft glycodendrimer-
somes. It is interesting that 52ad forms rodlike micelles aligned
side by side. This complex arrangement leads to a long ribbonlike
structure (Figure 6b). Additional selected cryo-TEM pictures of
these assemblies are in Figure 6 and of glycodendrimersomes
assembled from 52cd in Figure SF9c.

Modular Synthesis of Library 7 Containing Six Janus
Glycodendrimersomes with Branched and Linear Hydro-
phobic Alkyl Groups and p-Lactose Connected via a
Tri(ethylene glycol) Spacer. The diversity of glycodendri-
mersomes with D-lactose was increased by combining linear and
branched alkyl groups in the hydrophobic part of the twin-
dendrons containing azides (14a—f) with Dp-lactose containing
the alkyne group attached via a tri(ethylene glycol) spacer (45)
(Scheme 10). This strategy provided six new Janus glycoden-
drimers. Library 7 generated a remarkable series of results.
All Janus glycodendrimersomes from Scheme 9 are soluble in
THEF, and their assemblies are stable over time in water in concen-
trations higher than 0.5 and up to 2.0 mg/mL. Even at these high
concentrations in water these assemblies display size distribu-
tions ranging from 0.17 to 0.23 and sizes from 97 to 393 nm.
Janus glycodendrimer 53aa assembles in a combination of soft
glycodendrimersomes and rodlike micelles, while 53ca produces
solid vesicles and lamellae. Compounds S53ba,daeafa self-
assemble into soft glycodendrimersomes. Representative cryo-
TEM are shown in Figure 7.

The morphology of rodlike micelles assembled from 53aa
(Figure 7a) is similar to that obtained from 52ad (Figure 6b).
It was observed that self-assembly shifted toward a higher
concentration of soft vesicles for the case of $3aa compared with
52ad. This indicates that vesicle formation is favored by a shorter
hydropbhilic spacer (tri-, 53aa, vs tetra(ethylene glycol), 52ad).

The small sheetlike features from Figure 7c are a suspension of
solid lamellae coexisting with a high concentration of soft
glycodendrimersomes

Discrimination between Hard and Soft Glycodendri-
mersomes and Determination of Their Structure and
Physical Properties. A combination of techniques including
confocal microscopy on giant glycodendrimersomes containing
hydrophobic dyes in their membrane, micropipet-aspiration
experiments on giant glycodendrimersomes, and cryo-TEM
before and after annealing above the melting or glass transition
temperature of the assembly was used to discriminate between
soft and hard glycodendrimersomes. Figure 8 shows examples of
micropipet-aspiration experiments performed on soft (Slbc,
52dd in Figure 8a) and hard (50aa, Slad in Figure 8a) giant
glycodendrimersomes prepared by hydration. The solid
membranes made from S50aa, S1ad cannot be aspirated, and,
therefore, the vesicle from S0aa buckles in response to the
applied suction pressure. On the other hand, the mechanical
properties of fluid dendrimersomes can be determined through
the micropipet-aspiration in which a controlled pressure applied
to the vesicle results in a uniform tension along the membrane.
Two such examples generated from 51bc, 52dd are in Figure 8a.
Figure 8b illustrates the comparison of the elastic moduli of
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Scheme 8. Modular Synthesis of Library § (51aa to 51 cd) Containing 12 Amphiphilic Janus Glycodendrimers with Linear n-Alkyl
Groups, D-Mannose, or D-Galactose Connected via Mono-, Di-, and Tri(ethylene glycol) Spacers and Summary of Self-Assembly

by Injection of THF or EtOH Solution into Water”
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glycodendrimersomes obtained from 52dd, 51bc,bb with that of
polymersomes made from the diblock copolymer PEQO;4-b-
PBD,s and of liposomes made from the lipid HSPC. 36
In response to the increase in membrane tension, the fluid vesicle
stretches and exhibits a lateral expansion, resulting in an increase
in area. The slope of the area change in response to the
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membrane tension is the elastic modulus of the membrane. The
linear change in membrane area in response to the applied mem-
brane tension indicates that the glycodendrimersomes obtained
from 52dd, 51bc,bb are generated from a fluid unilamellar
membrane (Figure 8c). Vesicles of 52dd were able to stretch to
critical area strains greater than 20%, while vesicles of S1bc were
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Figure S. Selected cryo-TEM images of glycodendrimersomes assembled from (a) (3,5)12G1-PE-TRZ;-3EOGal, S1ba, (b) (3,5)12G1-PE-TRZ -
3EOMan, S1bb, (c) (3,5)12G1-PE-TRZ;-2EOMan, 51bc; glycodendrimercubosomes assembled from (d) (3,5)12G1-PE-TRZ;-1EOMan, 51bd; solid
lamellae assembled from (e) (3,4,5)12G1-PE-TRZ;-3EOGeal, S1ca, and (f) (3,4,5)12G1-PE-TRZ-3EOMan, 51cb.

only able to extend to 5—10% critical area strains. These results
show that the membrane of 52dd has an elastic modulus of
49.6 + 15 dyn/cm (average result obtained with 11 vesicles) and
is more elastic than that of S1bc, with an elastic modulus of
163 + 30 dyn/cm (average result obtained with 13 vesicles).
Figure 8d indicates that unlike polymersomes of PEO;,-b-PBD 4,
vesicles of 52dd display hysteresis. The filled circles are based on
measurements during initial vesicle stretching. Open circles are
measurements taken during vesicle relaxation. Figure 8e,f
presents confocal microscopy images of giant soft glycoden-
drimersomes formed by Slbc and 52dd, respectively. A
microphotograph of giant solid glycodendrimersome of S1ad is
in Figure 8g. The giant glycodendrimersomes (size larger than 10 ym)
were prepared by the film hydration method.” Soft vesicles
(Figure 8e,f) exhibit a uniform spherical shape, while hard vesicles
(Figure 8g) display a less regular structure, thus confirm-
ing the results of the cryo-TEM and micropipet-aspiration
experiments.

The thickness of the membrane forming the vesicle wall was
measured from the cryo-TEM images.”” The membrane
thickness is approximately equal to the length of two Janus
glycodendrimers (6.8 & 0.5 to 7.5 + 0.5 nm) that construct the
unilamellar bilayer except for the thick vesicles obtained from
49aa,ba (Table ST1, Figure SF23, Supporting Information).

The annealing effect of the solid lamellae was also studied.
Figure 9 shows the cryo-TEM images of the nanostructure
formed by S51cb before and after annealing. The sample was
prepared by injection at room temperature with a concentration
of 0.5 mg/mL in water.

A solid lamellae constructed from the stiff membrane formed
by S1cb is in Figure 9a. After annealing at 60 °C, above the glass
transition temperature, for 30 min, a change from solid lamellae
to spherical vesicles was observed (Figure 9b). This result
indicates that the solid lamellae with sharp edges in the as-
prepared solution represents a kinetically trapped morphology
constrained by the stiff membrane. Upon annealing above the
glass transition temperature, the membrane becomes flexible and
closes up to form a soft spherical vesicle. The wall may become
solid again or change back to a solid lamellae when the
temperature is brought back to room temperature. So far, the
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Figure 6. Selected cryo-TEM images of (a) glycodendrimersomes
assembled from (3,5)12G1-PE-TRZ-4EOLac, 52bd, (b) rodlike glyco-
dendrimermicelle bundles assembled from (3,4)12G1-PE-TRZ-4EOLac,
52ad, (c) glycodendrimersomes assembled from (3,4,5)12G1-PE-
spacer-TRZ-4EOLac, 52dd, and (d) glycodendrimersomes assembled
from (3,4,5)12G1-PE-spacer-TRZ-1EOLac, 52dc.

vesicles investigated remain smooth and spherical in shape as in
the case shown in Figure 9b. These experiments reveal that
glycodendrimersomes are the thermodynamic product of self-
assembly in water. Additional cryo-TEM images of solid glyco-
dendrimersomes assembled from S1cb obtained after annealing
are presented in Figure SF11, Supporting Information.

To our knowledge, the transition from tubular and solid
lamellae to spherical vesicles upon annealing was observed onl
once in the case of a stereocomplex of amphiphilic peptides.”
The experiments reported here indicate that this morphological
change could be general for solid aggregates generated from hard
amphiphilic assemblies in water.

Assembly of Glycodendrimersomes with Different
Dimensions by the Injection Method. Vesicles with different
diameters and narrow polydispersity are desirable to relate
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Scheme 9. Modular Synthesis of Library 6 (52ad to 52dd) Containing 5 Amphiphilic Janus Glycodendrimers with Linear
n-Alkyl Groups and p-Lactose and Summary of Self-Assembly by Injection of THF Solution into Water
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structure to activity in bioassays important for use as delivery
nanocontainers, vaccines, lectin blockers, and targeted delivery
devices and for molecular recognition experiments with program-
mable glycan ligand presentations of biological membranes.
They are also required for the determination of their structure
and physical properties.

Therefore, the preparation of glycodendrimersomes with
different dimensions by the injection method was investigated.
Figure 10 shows the concentration—size relation experiments on
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the assembly of glycodendrimersomes from 49bb by injection in
water to a final concentration in water from 0.125 mg/mL to
10 mg/mL. The DLS results (Figures 10a) demonstrated the
increase of vesicle size with increasing the final concentration in
water. At 10 mg/mL, the solution is opaque due to the large
particle size and high particle density but does not exhibit any
sign of precipitation. At a concentration above 10 mg/mlL,
vesicles with an average size on the order of a micrometer were
obtained. These results demonstrated that it is possible to
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Scheme 10. Modular Synthesis of Library 7 (53aa to 53fa) Containing 6 Amphiphilic Janus Glycodendrimers with Linear and
Branched Alkyl Groups and p-Lactose and Their Self-Assembly by Injection of Their THF Solution into Water
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generate giant glycodendrimersomes by simple injection. These
giant vesicles are stable in water and buffer even at concentrations
higher than 10 mg/mL. Figure 10b—f shows the corresponding
cryo-TEM images at the indicated concentration. The relation-
ship between size and concentration observed by DLS is
supported by cryo-TEM. Cryo-TEM images at concentrations
higher than 4 mg/mL reveal multiple giant vesicles squeezing
themselves in the copper grids because of large size and high
particle density. These vesicles freely deform when touching each
other, indicating the high flexibility of their soft vesicle wall.
Other glycodendrimersomes exhibit a similar dependence
between size and concentration. Cryo-TEM images of 49ab,
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52bd,dd, 51ba, and 49aa over a range of concentrations are in
Figures SF12—SF16, Supporting Information.

Structure of Glycodendrimercubosomes by the Anal-
ysis of the Fourier Transform of Their Cryo-TEM.
Cubosomes are 3D bicontinuous liquid crystal particles with
cubic lattice symmetry assembled from amphiphilic molecules
displaying a large specific surface area. Figure 11 shows the cryo-
TEM images of cubosomes formed by S1bd at a concentration
of 1.0 mg/mL. The unique structure of cubosomes and their
ability to simultaneously incorporate water- and oil-soluble com-
pounds led to an active area of research for controlled-release
applications.>®
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Figure 7. Selected cryo-TEM images of glycodendrimersomes and rodlike glycodendrimermicelles assembled from (a) (3,4)12G1-PE-TRZ;-3EOLac,
53aa, (b) glycodendrimersomes assembled from (3,5)12G1-PE-TRZ;-3EOLac, 53ba, (c) glycodendrimersomes and solid lamellae assembled from
(3,4)2Et8G1-PE-TRZ;-3EOLac, 53da, (d) solid and polygonal glycodendrimersomes assembled from (3,4,5)12G1-PE-TRZ;-3EOLac, 53ca, (e)
glycodendrimersomes assembled from (3,5)2Et8G1-PE-TRZ-3EOLac, 53ea, and (f) glycodendrimersomes assembled from (3,4,5)2Et8G1-PE-TRZ;-
3EOLac, 53fa.
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Figure 8. (a) Micropipet aspiration of soft glycodendrimersomes from (3,5)12G1-PE-TRZ;-2EOMan, S1bc and (3,4,5)12G1-PE-spacer-TRZ-
4EOLac, 52dd, and solid glycodendrimersome from (3,4)12G1-PE-spacer-TRZ-Gal, 50aa and (3,4)12G1-PE-TRZ-1EOMan, 51ad; scale bar is 25
um. (b) Comparison of elastic moduli of glycodendrimersomes from 52dd, S1bc, and 51bb with polymersomes of PEO;,-b-PBD ;4 and liposomes from
lipid HSPC. (c) Plot of tension vs areal strain for glycodendrimersomes from 52dd, S1bc, and 51bb. (d) Comparison of tension vs areal strain plot for
polymersome PEO;y-b-PBD 4 and glycodendrimersome 52dd. In d, filled circles are measurements during initial vesicle stressing, and open circles are
measurements during vesicle relaxation. Confocal microscopy images of (e, f) giant soft glycodendrimersomes and (g) giant hard glycodendrimersomes
containing the hydrophobic Nile red dye.

Their structures can be elucidated by the analysis of the shows cryo-TEM of cubosomes at different orientations. The
Fourier transform of their cryo-TEM images.” Figure 1lab texture of the particle results from the projection of the

9070 dx.doi.org/10.1021/ja403323y | J. Am. Chem. Soc. 2013, 135, 90559077



Journal of the American Chemical Society

Figure 9. (a) Cryo-TEM image of (3,4,5)12G1-PE-TRZ-3EOMan,
51cb obtained from an as-prepared solution at 0.5 mg/mL. (b) Cryo-
TEM image of the same solution after annealing at 60 °C for 30 min.
The transition from solid lamellae to vesicles is observed.

bicontinuous structure of the cubosome. The inset in Figure 11a
shows the Fourier transform of the indicated area. The hexagonal
arranged bright spots are the {110} crystallographic plane
reflections that suggest that the cubosome is oriented along the
[111] direction. In the inset of Figure 11b, the square pattern
resulted from particles oriented along the [112] direction that
shows the reflections of {111} plane. On the basis of these
observations, the cubosome of 51bd exhibits a Pn3m cubic
symmetry. The particle in Figure 11b is tilted about 20° with
respect to that in Figure 11a.

Molecular Design Principles for Janus Glycoden-
drimers Assembling into Glycodendrimersomes with
Narrow Size Distribution and Stable over Time in Buffer.
Figure 12 outlines the structures of the 16 Janus glycodendrimers
that self-assemble by injection in water and/or in buffer in single-
type soft glycodendrimersomes. These soft glycodendrimer-
somes exhibit narrow molar mass distribution and are stable
over time. Their dimensions, polydispersity, and stability in
water (marked blue and yellow) and PBS and HEPES buffers
(marked yellow) are indicated in Figure 12. The dimensions of
glycodendrimersomes assembled in water and PBS are similar
but smaller than those assembled in HEPES. Ten of these
Janus glycodendrimersomes, highlighted in yellow, assemble in
glycodendrimersomes that are also stable in buffer. Six of them
contain a tri(ethylene glycol) or tetra(ethylene glycol) spacer in
the hydrophilic part and a branched or linear 3,5-disubstituted

Figure 11. Cryo-TEM images of (3,5)12G1-PE-TRZ-1EOMan, S1bd
glycodendrimercubosome with Pn3m symmetry at 1.0 mg/mL. The
inset in panel a shows the Fourier transform of a particle with a
hexagonal arrangement of reflections corresponding to {110} crystallo-
graphic planes, indicating orientation along the [111] direction. The
Fourier transform in panel b shows the {111} reflections, indicating
oriention along the [112] direction, which has about a 20° tilt with
respect to panel a.

pattern in the hydrophobic part. Three of them contain the same
oligooxyethylenic spacer length as that of the previous six
molecules but have a 3,4,5-branched or linear hydrophobic
pattern in the hydrophobic part. Only one among these ten has a
3,4-disubstituted branched hydrophobic pattern with the same
hydrophilic spacer length. Based on these observations, the
following molecular design principles were established for the
structure of Janus glycodendrimers that are expected to produce
soft spherical glycodendrimersomes stable in buffer. Any
mono- or disaccharide attached via a tri(ethylene glycol) or
tetra(ethylene glycol) spacer with a 3,5-disubstituted
linear or branched hydrophobic pattern will most probably
self-assemble into uniform single-type soft glycodendrimer-
somes with favorable mechanical properties, narrow molar
mass distribution, and stability over time in buffer. This
conclusion supports previous predictions concerning
the dimensions, stability, and mechanical properties, elabo-
rated for simple amphiphilic Janus dendrimers and dendri-
mersomes.”® An additional requirement for the assembly of

D (nmx107)

Figure 10. (a) Plot of glycodendrimersome diameter vs concentration. The average vesicle size was obtained from DLS measurements. Cryo-TEM
images of glycodendrimersomes assembled from (3,5)2Et8G1-PE-TRZ;-3EOGal, 49bb at concentrations of (b) 1 mg/mL, (c) 2 mg/mL, (d) 4 mg/mL,

(e) S mg/mlL, and (f) 10 mg/mL.
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Figure 12. Structures of amphiphilic Janus glycodendrimers and their single-type soft glycodendrimersomes with narrow polydispersity and good
stability in buffer (marked in yellow) and in water (marked in blue and in yellow) as assembled by injection. The library number is indicated under the

molecule code.

containing tri- and tetra(ethylene glycol) fragments. This
trend explains the results from Figure 12.

Agglutination of Glycodendrimersomes with Plant,
Bacterial, and Human Lectins. Glycodendrimersomes are of
interest to enable specific surface contacts of their glycan display

soft glycodendrimersomes is a glass transition or melting
temperature after hydration lower than room temperature.
Janus glycodendrimers with a 3,4- and 3,4,5-substitution
pattern tend to crystallize while those with a 3,5-substituted
pattern are amorphous with low glass transitions when
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Figure 13. (a) Agglutination of dendrimersomes of (3,5)12G1-PE-TRZ;-3EOGal, (S1ba) and (3,5)12G1-PE-TRZ;-3EOMan, (51bb) in the presence
of Con A and PA-IL. [S1ba] = 0.5 mg/mL (900 uL), [S1bb] = 0.5 mg/mL (600 uL), [Con A] = 0.3 mg/mL (100 uL), [PA-IL] = 0.0625 mg/mL
(100 pL) in HEPES buffer (1.0 mM MnCl, and 1.0 mM CaCl,). (b) Agglutination of dendrimersomes of (3,5)12G1-PE-TRZ-3EOMan, (51bb) at
different concentrations (0 to 0.25 mg/mL, 900 xL) in the presence of Con A (0.125 mg/mL, 100 L) in 10 mM HEPES (1.0 mM MnCl, and
1.0 CaCly). (c) Agglutination of dendrimersomes of S1bb with different sizes in the presence of Con A recorded by DLS. [S1bb] = 0.0625 mg/mL
(400 pL), [Con A] = 0.5 mg/mL (100 uL) in HEPES buffer (1.0 mM MnCl, and 1.0 mM CaCl,).

with receptors in lectin-targeted delivery of a cargo or as
pharmaceuticals when for example they block the lectin-
dependent docking of viruses onto cells.' *** An essential
prerequisite for considering bioapplications is to ascertain the
ligand Dbioactivity of the sugar head groups in molecular
recognition experiments with lectin receptors. Agglutination of
glycodendrimersomes by lectins demonstrates an assumed
amplification of the multivalency of the carbohydrates at the
transition from the Janus glycodendrimer to glycodendrimer-
some from 2 to n. To reveal general reactivity, we present initial
experiments on agglutination of glycodendrimersomes by
various types of plants (the plant lectin concanavalin A,
Con A, that binds to p-mannose,'* and the European mistletoe
lectin Viscum album L. agglutin, VAA,41°_f that reacts with
f-galactosides), bacterial (the f-galactoside-binding lectin PA-IL
from Pseudomonas aeruginosa, a bacterium affecting cystic fibrosis
patients and immunocompromized individuals, that binds to
p-galactose®'*) and human galectine-3, Gal-3, and galectine-4,
Gal-4, sharing binding to p-lactose.*'$ " Qualitative agglutination
experiments were monitored in 10 mM HEPES buffer by a
combination of DLS, UV—vis, and cryo-TEM experiments. DLS
experiments sense the agglutination process by a size increase in
time that is observed upon mixing the appropriate glycoden-
drimersomes with the corresponding lectin. This correlation of
mutually fitting specificities excludes carbohydrate-independent
mechanisms.

A change in absorbance was invariably detected, revealing
bioactivity of the sugar head groups. Representative UV—vis
experiments over a time course of up to 33 min are shown in
Figure 13a for the agglutination of S1ba with PA-IL and of $1bb
with Con A. Control experiments for S1ba and 51bb in the
absence of the lectin are shown in the bottom of Figure 13a. A
control experiment for sugar specificity, for S1bb with PA-IL, is
shown in the bottom of Figure 13a. The increase in absorbance
with time reflects the agglutination process. A concentration
dependence of the agglutination of Con A with 51bb together
with a control experiment are shown in Figure 13b. A constant
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Figure 14. (a) Agglutination of soft dendrimersomes of (3,5)12G1-PE-
TRZ;-3EOMan, (51bb) in the presence of different concentrations of
Con A. [51bb] = 0.5 mg/mL (900 L), [Con A] = 0 — 0.5 mg/mL
(100 uL) in 10 mM HEPES buffer (1.0 mM MnCl, and 1.0 mM CaCl,)
(a). Corresponding Cryo-TEM images at indicated Con A concen-
tration. The agglutination effect can be clearly visualized (b, c).

concentration of Con A was used in combination with different
concentrations of 51bb. Finally, Figure 13c shows the agglutina-
tion of glycodendrimersomes of different diameters assembled
from 51bb with Con A. Control experiments for each diameter
are also presented. In the range of diameters investigated, the
smallest glycodendrimersome provides the fastest agglutination,
probably due to the highest surface/volume ratio.

These results demonstrate the importance of the injection
method for the simple and rapid preparation of soft glycoden-
drimersomes with different dimensions, mechanical properties,
dynamics, adaptability, and degree of multivalency. In the next
experiment, concentration of Con A was varied while concentra-
tion of S1bb was maintained constant. The agglutination
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Figure 15. Agglutination of dendrimersomes of (3,5)12G1-PE-TRZ-4EOLac, (52bd) in the presence of different concentration of Gal-3 (a) and Gal-4
(b). [52bd] = 1.0 mg/mL (900 uL), [Gal-3] = 0—4.0 mg/mL (100 uL), [Gal-4] = 0—4.0 mg/mL (100 xL) in 10 mM HEPES buffer (1.0 mM MnCl,

and 1.0 mM CaCl,).

monitored by UV—vis is shown in Figure 14a. Figure 14b,c
describes the agglutination of 51bb with Con A monitored by
cryo-TEM. Additional results on agglutination monitored by
cryo-TEM and UV—vis are in Figures SF17, SF19—SF22, and
SF24—SF26, Supporting Information. Having ascertained
bioactivity with the plant leguminous and bacterial lectins, we
next proceeded to test two human lectins. While sharing
specificity to lactose, Gal-3 and Gal-4 have a different molecular
design. Gal-3 has a collagenase-sensitive N-terminal tail relevant
for aggregation when interacting with multivalent ligands, while
Gal-4 presents two carbohydrate recognition domains connected
by a 42-amino acid linker peptide.**

It was thus of interest to ascertain bioactivity to human lectins
as well as characterize the resulting profiles of a monomeric
galectin capable to form aggregates with a bivalent protein of this
family. Figure 15a shows the agglutination of 52bd with Gal-3
(cryo-TEM images in Figure SF19), while Figure 15b displays
the course of agglutination of 52bd with Gal-4 (cryo-TEM
images in Figure SF20). In both cases, the concentration of 52bd
was maintained constant, while the concentrations of Gal-3 and
Gal-4 were varied. Control experiments supporting lectin
dependence of the agglutination experiments are also shown in
Figure 15a,b. Evidently, the obtained courses are different, yet
reaching similar plateau values. The nature of the lectin thus
influences the way agglutination proceeds. In this context, it
should be noted that the mode of counter-receptor cross-linking
on the cell surface will determine the strength of the adhesive
contacts (in trans, between “cells”) and the response by initiating
signaling (in cis, on a “cell” surface), directing attention to further
work along this line. Interestingly, the plant toxin followed a
saturation kinetics for Gal-3. The agglutination profiles of 52bd
with different concentrations of VAA investigated by UV—vis are
shown in Figure SF18a, Supporting Information, while the similar
experiment monitored by cryo-TEM is in Figure SF18b—e.
Compound 51ba that contains p-galactose was also agglutinated
by VAA (Figures SF21 and SF25) and PA-IL (Figure SF22), as
expected based on the specificity of lectins. These results on
courses of agglutination reveal that the glycodendrimersomes
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react differently to lectins, topology and adaptability of the soft
vesicles with favorable mechanical properties playing a role and
thus making them valuable models for further studies to relate
lectin structure and glycan display on the course of agglutination.
To our knowledge, this study is the most comprehensive when
considering the diversity of lectins used.'®

Bl CONCLUSIONS

Seven libraries containing 51 self-assembling amphiphilic Janus
glycodendrimers with three types of biogenic carbohydrates in
their hydrophilic part have been synthesized by a simple and
efficient accelerated modular strategy. These Janus glycoden-
drimers self-assemble by simple injection of their solution in a
water-miscible solvent into water and buffer. The resulting
supramolecular structures were analyzed by a combination of
methods to determine their structure and to delineate the
molecular principles leading to narrow size distribution and
stability over time in water and in buffer for single-type soft and
hard assemblies, including unilamellar spherical, polygonal, and
tubular glycodendrimersomes, Janus glycodendrimer aggregates,
glycodendrimercubosomes, and solid lamellae. Sixteen of these
amphiphilic Janus glycodendrimers result in soft glycodendri-
mersomes with dimensions programmable via the concentration
of the solution from which they are injected. Ten of them, 49ab,
49bb, 49¢cb (library 3), 51ba, 51bb (library S), 52dd, 52bd
(library 6), and 53ba, S3ea, $3fa (library 7) containing the same
carbohydrates form glycodendrimersomes that are also stable in
buffer. Binding studies of these glycodendrimersomes performed
by agglutination experiments with plant, bacterial, and human
lectin receptors of biomedical interest demonstrated bioactivity
of the multivalent ligand display of their sugar headgroups,
supporting potential applications. Of note, the apparent
differences in the courses of agglutination by human Gal-3 and
Gal-4 revealed a topological dimension, beyond the cross-linking
of surface-presented D-lactose in both cases. Therefore, these
assemblies are models of biological membranes to delineate
structure—activity correlations at the level of multivalent, soft,
dynamic, and adaptable surface recognition, also enabling
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exploration of utility for targeting and lectin blocking. Mapping
agglutination courses with native and structurally engineered
proteins, also in the inhibitory setting mimicking physiologically
relevant systems of functional competition,** will be crucial to
test this concept. These experiments demonstrated that glyco-
dendrimersomes provide a new, simple, and eflicient mimic of
cell membranes, broadening the toolbox of glycopolymers,
glycodynamers, glycopeptides, liposomes/nanoparticles, and
glycodendrimers. This new type of programmable surface ligand
display with interactions in cis and in trans extends the applica-
tion of surface-based carbohydrate microarrays that are used in
high-throughput detection and specificity analysis of proteins**
to dynamic measurements in solution, at the same level of
specificities but with more complex functions. Mixing com-
pounds with different headgroups even enables the route toward
cell-membrane-like complexity, offering flexibility and accessi-
bility changes for detailed bioexploration in solution, not
amendable by planar arrays on surface, with read-out for cis-
and trans-interactions and versatile physicochemical analysis
possible on structural properties, as documented by cryo-TEM,
even after exposure to lectins. The library agfroach used to
discover and predict the primary structures”* that are the
platform for glycodendrimersomes is thus taken from principles
of complex supramolecular systems,”** in the realm of glyco-
biology, encouraging both studies on fundamental structure—
activity correlations and on applications. As the initial discovery
of different agglutination courses attests, work toward selective
sugar receptors blocking/targeting, for example in bacterial /viral
attachment, lectin blocking in inflammation/tumor progression,
or delivery to antigen-processing dendritic cells in vaccination,
will be based on these new tools for multivalent display even
possibly beyond carbohydrates as ligands.
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