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Multifaceted Glycodendrimers With Programmable Bioactivity
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We report the sequential construction of a set ofiltimalent structures using
cyclotriphosphazene (CTP) units, which were extaigiused as primary or secondary cores
o implementing branching. The utilization of classicanvergent and divergent approaches,
together with accelerated dendritic strategies a@imy orthogonal sequences, double-
exponential and double-stage methodologies will decumented and discussed.
Straightforward generation of non-conventional glyendritic systems with surfaces rich in
selectable headgroups, despite a low number ofrileed generation, was achieved with the
15 efficient assembly of highly functionalized ABnd AB; nanosynthons. The versatility of the
methodology allowed access to a wide variety oficstrally diversified platforms. The
synthesis was completed by peripheral functionatima with spacered saccharides. The
resulting architectures can be drawn as classloaltar topologies, also dumbbell shapes and
“onion peel” design, referred to as hypercores, geedhypermonomers, glycoclusters, and
20 glycodendrimers. The convenient implementation aftwlled topological diversification is
considered instrumental for providing sensitive aontent tools to delineate rules for structure-
activity relationships in carbohydrate-protein {iekinteractions, with possibility to tailor size,
valency, ligand density, and topology. To illustrahe applicability of this approach for
construction of biologically active glycoconjugatemmpetitive surface plasmon resonance
25 studies were performed with a bacterial viruleneetdr and a human adhesion/growth-
regulatory lectin and showed multivalent effects.

Introduction enhancement in the number of added groups at bt

Dendrimers emerged in the late 1970s as monod'esperén each generation. Gradually, the development (ui

and hyperbranched macromolecules, whose topolagees * advanced synthetic approaches based on acceleiated
w0 likened to three-dimensional tree-like fractathtenberg procedures and orthogonal sequent® gave rise to

patterns. Their fascinating architecture has since beensgphis_ticat_ed dendritic architectures_of enhand:mtm_ral
associated to unique mechanical, biophysical anod'vlers't.y.Wlth p.rogrammable propertlgs. As a resuile
biochemical properties, largely governed by an Maintaining St.I‘ICt c.ontrol over.the final structsiremore
extraordinarily  high density of active surfacé complex multifunctional dendrimers have recentlyerc

s functionalities? Historically, functional groups were first described with - compositional diversity including)

introduced at the periphery of homogeneous andt inerdn‘ferent 5an7ature and spatial ggometrles of terminai
* 2) a scaffold allowing orthogonal post

dendritic matrices by classical converdgeand divergerit f“”Ct_'F’”Sj ) _ ) ) S
approaches, often leading to product mixtures. As amod|f|cat|or?_or integrating b!oactlve moieti€sn contrast
additional conceptual drawback, the desired st&pwiﬁtq the previously ad_dgd inert  structural elemeri_iys,
« dendritic growth from a central core required tedio different branched building blocks at each genemtas

H “ D “ H ” H
repetitive synthetic steps, at that time involving reported in “layer-block® or “onion peel” dendrimers.

deprotection/activation sequences that result timeraslow As a result, stralghtforvyard acc.ess to !nnolvatleecmtlc
materials nowadays drives their ongoing integratficio
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cutting-edge research fields ranging frcnanoengineering phosphorus-based dendronizedieties to access complex

to medicine” Owing to their potential to mimic natur
glycoconjugates and evanembrane surfaces, in terms
topology® glycodendrimers are considered as valu
s tools in the quest to crack the sugar cdeollowing the
pioneering investigations by Yariet al in the early
1960s™® synthetic macromolecular and monodisp
systems, for  example glycocluster®®  and
glycodendrimers!  also  coined as artificit
10 glycoconjugateshave been developed synthetic tools.
Notably, the wuse of suitedmultivalent structure,
combining selected scaffolds aglycomimetic desigi can
improve our understanding afecognition mechanisr
between the protein interpreters of the glycocodeamely
isthe lectins® and their cognateepitopes, in terms of
selectivity and specificity. Consequently, studying
interactions attributed to the waelbcumente “glycoside
cluster effect™ promises to provide importan
mechanistic insights intothis aspect of biological
20 information transfer, underlyindpacterial/viral adhesio
and infection:”*" tumor cell adhesion and aggregat,?°
and application of vaccinés. Combiring controlled
hydrophilic/hydrophobic and rigidity/flexibility dances,
associated with adequate density and spatial phagssm
s 0f epitopes, appear to be kewctors for optimizing
interactions? In this report, we elaborate dendrin
generation from a distinct core syste8tarting fromthe
beginning of the 19903, the potential ¢ phosphorus-
based dendrimers as scaffoldsvith remarkable
w0 biodegradable and biocompatiblpropertie is being
realized® Steps toward applicationas drug or gene
carriers, anti-HIV agents dluorescent imaging agents,
name a few, have already bednker.”® However,
experience with glycosylatedderivative;, particularly
s cyclotriphosphazene (CTP)-centergtiycodendrimet, is
still rather limited. D the best of our knowledge, orsix
studies described their producti@esides purely synthet
reports on the first glycoclustedescribed in 19¢%° and
more recently for xyloside derivative?’  anti-
winflammatory® and antiadhesin properti*'®?° have then
been described.

Based on these encouraging observations, report
here, by adaptinghe large panel of dendritic approacl
encompassing weknown convergent, divergent a

s accelerated approachessynthesis and testing of
functionalized CTP derivatives. Aamily of original
glycodendrimers containing up to 9lycotopes ina
variety in topologies and core framegre prepare and
properly characterized.This study complemes and

s extendsearlier investigations proposed by Maj« et al.,
who nicely demonstrated the versatility of multivale

surface-block, layeblock, and segme-block dendrimers
via divergent strategie¥. The main advantage of the
developed flexible approadh the efficient conjugation of

70 biologically active moietieq,e. spacered lactosides with a
controlled number and densitlp the periphel. Structural
diversity relative to the scaffold itsewas also investigated
by implementing branching unit that confer to each
conjugate a distinct size and shape associated &

s unique spatial and thredimensional distribution ¢
epitopes. NMR (1D, 2D, iffusion), mass spectrometry and
gel permeation chromatographyGPC) measurements
afforded valuable insights to provassumptions on their
required uniformity.

The main goal of thetudywas to validate the concept

s thatthe extensive use of one particular branchingianradl
synthetic facets of dendritic construn could generate a
series of glycosylated architectures with a compbex
programmable structuralheterogeneil. In order to
documentbioactivity of the sugar headgroups and

ss Structural types of desigmompetitive surface plasmon
resonance (SPR) assaygere usedwith two different
lectins, i.e. LecA from Pseudomonas aeruginc and a
naturally processetbrm of a human lectin(trG-3). Both
lectins were chosen due to their physiologicalvahee a:

s Virulence factor and regulator of cell adhesion growth,
respectively.

80

Results and discussion
Synthesis:

The synthetic strategy was essentially based on
constructionof a series of symmetrical arasymmetrical
propargylated CTMased synthons tensure dendritic
growth. Efforts were firstlirectec towards confirming the
os specific  alternated up and dow geometry of
hexapropargylated derivative®* as recently determined

with congenersn both solid state and soluti (Figure 1)*

@ > K‘S%
O P\:‘*@j[}?\
s
/s A

os Figure 1. Structure and ORTEP representation at 50% ellig
probability of hexapropargylat cyclotriphosphazene 1.
Hydrogen atoms were omitted for clar

o, z-'u°

e
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Recrystalliation in a mixture of EBLO/EtOH/hexanes on the preliminary single displacement of chlorine &
and resolution of the singlrystal structure by -ray para-substituted phenollhe reactiorwas followed by the
diffraction analysis led to the expected doublipodal o five-fold introduction of distinct phenic derivatives to
pattern with three branches located above the aleritrg facilitate furtherfunctionalizatiol. The synthesis started

sand the other three belowsde Slfor X-ray data and from the monancorporation of NBoc-protected p-
recrystalliation protocol). The characteristic nearly pla  aminophenoR3** on N;P;Cls, under basic conditions with:
cyclotriphosphazenering with a slight twiste-boat optimized stoichiometries (co2/base: 2/1/5 eq. with co.e
conformation was also observemhder these conditio. s freshly recrystallized fromédxane) to furnish the desired
We next turned our attention towards the synthedi  precursor3 in 60% yield (Scheme 1. As expected, this

o functionalized  AB-type building  block:  from transformation leading to monosubstitt 3 can be
commercially available hexachlorocyclotriphospha monitored by *P NMR spectroscopythat detects the
(N3P:Clg). In this context, a desymetrization process presence of characteristioublet and triplet signals at 22
occurred efficiatly in our hands through a “1+!' «wand 12.9 ppm, respectiveRd(P,P) = 59 Hz§?
sequence, as recently descriBed@his strategy was bas:

————————————————————

{ P NMR of | i Y A —— \
: N,P,Cly | | ‘ YPNMRof3 | : | P NMR of 5 !
1 o H i 1 1 H
D ——— ! | e : | :
'\2524222(01&16141 1 ' { — 1= i !
____________________ 7 1 — 1
g W L YN B W S X0
(:: ;‘: 5 (05eq) AF 4 (8 eq.) il
N »  BocH —< >—0—N3P3CI5 >  Bocl ':—@—O-N;P; 0—@—0
ClI=b\-P—Cl Cs,C0; anh. Cs,CO; anh. =
G a THF , 66°C , 18h. 3 THF , 66°C , 18h. 5 s
N3P3Clg 60% 87%

1) TFA | DCM
052C03anh. 010240(: 3h30
(0.5eq.) | THF , 66°C , 18h. P - - " 2) c|/\n’":| DIPEA , DCM

54% f IPNMROf7 | HN@O NP O
i H i a4 = 0t024°C 18h. zge/;s
/_: ! 1
C|5P3N3'0—©_0 e, | — "“\—‘ ; i AB; System 6
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2 (8eq) ;g 3 0 to 24°C , 3h30 A
JocHN O1NsP;—0 O  — HN@O N3P3—-0—©—0
Cs,CO; anh. = 2 C./\rrc' 48% =
THF , 66°C , 18h. <k " 8 o 2 steps
83% et B e, . DIPEA, DCM 58 ABsSystem

| 31P NMR of 8 0 to 24°C , 18h.

i 1
H i
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Scheme 1Synthesis of asymmetrical ABype polypropargylate CTPs6 and9. Inserts:*'P NMR zoomed sections intermediates.

» Five units of monopropargylated hydroquinoi4® will represent a keyuilding block for thesynthesis of
were then introduced with a87% vyield under simila  complex phosphazenmsed dendritic architectureThe
conditions,except for the use of a large excess of ph4 inverted sequence was also invgated in parallel to
and CsCOs. Once againmultinuclear NMR spectroscy obtain synthor. Mono-introduction of phenol derivativ
confirmed the structure of the protected 5 building « 4 was performed with a 54% yield, followed by compi

ssblock 5. Notably, '"H NMR-spectroscopical monitoril replacement of theemaining five chlorine atoms wit2.
indicated agreement for relative integrations of five Removal of the fiveNBocrotecting grouy in 8 occurred
propargylic protonsd4.65 anddé2.52 ppm) compared = in the presence ofTFA in DCM to obtain the
the oneof the three methyl of the Boc protecting grc  corresponding  salt. Final functionalization  witl
(62.52 ppm). Furthermore®P NMR also illustratei e chloroacteyl chlorideinder basi conditions furnished the

s completion of the reaction with a symmetrical wipsignal  desired inverted ABsysten 9 in a 48% vyield over two
at 69.8 ppm. Classical TFAwediated deprotecti, steps.
followed by amidation in the presence of an excek Glycosylationwas achievewith the azide of spacered
DIPEA and chloroacetyl chloride afforded synt 6. It lactoside 10* used as amonomer orpresented in a

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |3
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multivalent display to enablemultiplication of the
glycotope. Such weddée structures were easily
synthesized from 3% and 1-5 branching motifsi.e.
the known polypropargylated ABTRIS-based derivative
s11°® and AB; phosphazene-centeredompound 6,
respectively (Scheme 2 this context, standaiCUAAGC®
conditions were applied for the thrémed grafting of10 to
obtain halogenated dendrob2. A modified protoco

=~ o P
-E'-.._/O?? NH 1
ACO _onc Z 10, CuSO,5H;0 , Na Asc
Ao o THF/H,0
P c 50°C (3h.) then r.t. (18h.)
Cl
Ac oL 55%
AcO
o
‘\-O\__\ N=N
AcO O \_N.

Q9 X
AcO-

&. NeN i
Ao AcO-7R= 0\/\0-‘\,0\/-\0/\," &
N‘ |

D-./"‘Of\/
AcQ o-./‘-o"’
Xuaf NaN; , Nal , DMF
) DMF , 70°C , 18h.
'14)

7%
DMF

heQ O Ofc
A
AcO AcO R 0O g N
10

10, CuS0,4.5H,0, Na Asc
THF/H,0
50°C (3h.) then r.t. (18h.)
83%

NaNj; , Nal , DMF
,70°C , 18h.

isinvolving a stoichiometric use of (' reagent was
necessary to properlyaccess the As glycosylated
congener13. Introduction of azido focal function wi
efficiently performed on both precurscl2 and13 in the
presence of NajNand Nal in DMF to furnish dendrc 14
20 and15, respectivelywith good yields

OAc

OAc
AcO
0 OAc

X=CI(13)

[

93% X=Ns (15)

AcO™ dac

Scheme 2.Functionalized azidterminatedspacered (tetraethylene glycol-basgilactosides 10) or corresponding dendronized
derivatives 14 and15) used teelaborate complex phosphazene architec.

In both cases, NMR spectroscomonfirmed the 10 and 14 were incorporated.Bioconjugation was

20 completion of the reactions by revealidgappearance «
characteristic signals of propargylic functicin the course
of multi-click reactions. Interestingly’P NMR spectra o
glycosylated dendrond3 and 15 indicated a multiple
ranging from§9.4 to 10.2 ppm. This phenomenon,

2s accordance with observations mageMajora et al,**?is
due to a slightly different distribution of lactds-
terminated branches around thghosphazene core
optimize space occupation, provoking slight moditiens
of angles around thphosphorous atoms. In addition,

w0 introduction of the azido funah in the last step of tt
sequence was also monitored by IRTspectroscopbased
on the presence of a band at 2100’®ee 9).
The first members of the CTiased family with
lactosylation were constructed aroubdon which azides

performed in CuAAc conditions to provide exavalent
cluster 16 from 10 in an 84% yielc. Similar conditions
involving dendronized14 furnished theoctadecavalent
congener 17 via a convergent approach arwith a

ss comparable efficiency. The application of a stadc
Zemplén protocol gaveompound:18 and19, from 16 and
17, respectively (Scheme 3Jhe'H NMR spectra clearly
illustrated completion of the multipleclick process,
notably for 17, with the entire disafearance of signals

s belonging to therecursor’s proparg functions aty4.65
and 2.64ppmln addition, all therelative integrations of
each triazole protorgresented in the external sectwere
in perfect agreement with those of tlhewly formed
internal region (1&s6, respectivel).

4|Journal Name, [year], [vol], 00-00
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Scheme 3Synthesis of hexal1B) and octdecavalent19) lactosylated derivatives around CTP core.

Pentavalent hypermonomé&b was then extensively ust  4). Due to the norquivalent nature of all five substitue!
for diversified strategies that covered the large spetof  around both phosphazencores,23 gave a'H NMR
saccelerated dendritic synthesis. Initially, decamé  spectrumwith particular differencein comparison to that
dumbbellshape lactosylated compound21 was = Of precursorl5 (Figure 2). Notably, the appearance of i
synthesized using dipropargylatedraehylene glycol20*° signals a©¥8.96 ands8.60 ppn originating from both sets
as a suitable complementary partner for the douald of peripheral amides (integrations of 2 and 3, eeiively)
reaction. De@-acetylation using 1M MeONa in MeO  was observed, together withe signal othe proton of the
10 quantitatively generated2. Orthogonal desymmetrizatic  newly formed internal triazole group &8.05 ppm.
was also considered with the coupling 9 and 15 to s Furthermore, signals of new methylene linkages st
straightforwardly generate the heteromultifunctic  up clearly a©5.46 and 94.20 ppm with expected relati'
precursor of Janus syste2in good yieli, containing five  integrations, corresponding to intern:
reactive chloroN-acetyl peripheral appendages (Sch¢  —NyiazodlCH2CONH- and peripheral -NHCCH,CI-.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00—-00 |5
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Although beyondthe scope of this work, we ci yield, corresponding to an excellent 96% vyield
envision asubsequent transformation of compou23 individual click reaction Despite the apparent congest
based on ourrecent investigations on orthogor generated by the dendron, tlpredictedup and down
transformations ofN-chloroacetylated derivativ with distribution around cyclotriphosphazene cores together
s high functional group tolerance strate.*® For instance, s with the flexibility of the branches were assessed w
multiple CuAAc couplings subsequent tothe mild adequately exhibit reactive complementary functido:
introduction of azido functions o23 or multiple {2 ensure the reactionmm THF/H,O mixture. Notably, no
reactions with thiokerminated partners would repres  traces of thepropargylic protons’ signal from ea
methods of choice to integratelevant entitie, e.g suited  precursorj.e. at63.14 ppm foi24 (in DMSOds) ando2.54

10 glycans, othetargeting moieties or dru. ss ppm for 1, were detectedthus confirming completion «

In order to explore the flexibility of our glob  the multi-click processOnce againremoval of protectin~
synthetic approach and to enhance the densityrofite  groups under basiconditionsled to conjugate27 and28
using a limited number of steps, kdgndroi 15 was also  with deprotecte@®-lactoside from 25 and26, respectively.
coupled to different complementary polypropargyWde  MALDI-TOF experiments affordedsotopic patterns for

1s cores through accelerated convergent appro. The first « tricontavalent conjugate®6 and 28 with the expected
known trivalent templat@4* was subjecte to classical molecular weight signal iJ+Na]" adducts) at ~32550 anu
CuAAc conditions in the presence (15 to produce ~23750 Da respectively. In addition, iterativregular
pentadecavalent syste5 in an excellent yield of 86 fragmentationpatterns were observed in both cases
(Scheme 5). Similar treatment with allowed for the successive losses of dencized and monomeric triazole

o efficient and rapid synthesis of the first G(- & species (Figure 3)nterestingly, these regular losses w
glycodendrimerscaffolded over two different layers also seen for acetylate@6 in ESI technique (after
CTP corescontaining twice the number of epitof Thus, deconvolutionsee ).
tricontavalent lactodendrime26 was obtained in 77¢

15 a Q Qo Q
\ v 13 Qu ¢ ;[n
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o ol ) 5
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O_ ~° ﬂ N - °@b M @; g
. 2 o - w3 o § g oy
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0;:?}:1’*\1% @ d 9 ,:‘«]f@‘ b Nig Cg b Dol _@_D,_("-N SN
RO S X Y MRV e h - S E I osttg
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27) (28) Q e}

Scheme 5.Synthesis of glycodendrimers containing 127) and 30 28) peripheral3-lactoside moietie: through an acceleratea
convergent dendritic approach.
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Figure 3. MALDI-TOF spectra ofglycodendrimers witla) protected26) and b) deprotecte@8®) B-lactosidis (DHB matrix), indicating
regular fragmentation patterns with succeskigs of monomeric or dendronized spet

Theinvestigation of accelerated methodologies tow: s signals are clearly visible for both structur©¥4.20 and

the development ofmultivalent dendror carrying sugar

s Units was next extended using pentapropargylatecs
secondary cor®, on which lactosylatedendron 14 and
15 were successfully grafted (Scheme®jce again, Cu
catalyzed cycloadditionsfficiently gave access the first
AB s system 29) in a 73% yield. These encouragir

wresults prompted us to push the limits of this tetyg
further, proposing the synthesis of G(1) lactosyli
dendron31 containing 25 terminivith the application of
double-exponential methodologpn excellent 83% yiel
was observed for the construction of #hB,s wedgevia

isthe use of a doublexponential methodology frol
orthogonally functionalized key-synthdh As expected,
and as earlier observed fdr5 and 17, the complex

43.5 ppm, respectively). For instance, chlorindaegmeni
by an azido function furnisheC, whose'H and™*C NMR
spectra indicated total disappearance of fihalogenated
methylene signal. A dowfield shifted signal a’52.1 ppm
s corresponding to —CCH,N; was observed in thé’C
NMR spectrum. It is worttho mention that a nov, highly
accelerated convergent  approach using s
hypermonomer30 and a complementary triproparg)
phloroglucinolbased template haswalso been tested.
ss Interestingly, NMR spectra unambiguously indicated
three-fold Clicatalyzed coupling of the hypermonon
around the core, with the absence the characteristic
propargylic signals See Slfor the synthetic sequenc
related structures and discussions)Preliminary

multiplet ranging fromy8.9 to 10.4 ppnwas observed in « spectroscopic data supported the integrity of theirdd

the P NMR spectrum, originatingrom the distinc
20 geometrical environment of each CTP layer tcaused
slightly different chemical shit Also of interest
subsequent derivatizations on the apparently buiedl
chloroacetylated function could be easily monitobgc*H
and *C NMR spectroscopysince distinctive-COCH,CI

structure. Unfortunately, in contrast with otherustures
presented, analytical efforts towards the comg
characterization of the resulting structure coritejn45
epitopes were unsuccessful.
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[ Accelerated convergent synthesis of hypermonomers]

Scheme 6Synthesis of large lactosylategdge-like hypermonomers containing 18%30) and 25 81) epitopes and one reactive foce!
functionthrough an accelerated convergent stre.
The aim tocover all aspects of accelerated dend  dendritic growth. &tisfactory yields ‘ere obtained for
s approaches around one type of syn prompted us to both derivatives, with reduced reaction ts (3h). The
investigate the elaboration of CTRsed multifunctional insolubility of the products in ethanolic me made their
cores”. Toward this endcorresponding‘hypercores® purification easy,since excess of soluble reactants
were successfullysynthesized according to a kno <« removed by successive EtOH washiNoteworthy is the
strategy based on the use of ptilicacetylated cores ar  fact that attempts involving previously optimized
1 complementanyN-chloroacetamidéerminated dendror®’ conditions (excess of 1M MeONa in MeOH with sim
In this context, usingstandard basic and reducti  but simplified system&) generated desired derivatives
conditions (NaOH/NaBEin EtOH) on6, in the presence in lower yields and with more tedious purificati Besides
of known aliphatic 82) or aromatic 33) cores:’® the s satisfactory mass pectrometry resul, especially for
formation of highly symmetrical icos434) and triconta- compound34 (high resolution ESY), whose experimental
s propargylated 35 hypercores, respectivi, was  [M+2Naf" and M+3Naf* adducs matched the theoretice
accomplished (Scheme 7)The reduced number « patterns (Figure 4fH and**C NMR spectra unequivocally
synthetic steps and the generation of a high derdi  confirmedthe completion of the multipley2 reactions in
functions without prerequisite activations constiti s both cases. Theigh symmetryled to simple'H spectra
notable advantages in the questroutes to achievrapid with the presence of distinct pair of signals cspanding

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00—-00 |9
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to the —@1— in each inner sectio@3.39 and 2.84 ppm fc
34 ando4.12 and 3.28 ppm fd5), with expected relativ
integrations (Scheme).7In addition, the presence of
specific and unique signal i°C NMR spectra
s corresponding to the centrajuaternary and aromatic

carbons i34 and35 (644.0 and 136.9pr, respectively),

6
|

NaOH , NaBH, , EtOH
rt. to 35°C (3h.)
83%

32 74%

2.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5
1 (ppm)

further emphasized the monodispersity of the stinest In
accordance with ourpreviou: investigations/® these
observations unambiguously allowed
1s unwanted polymerization process through oxidation

thiols generateth situ

2090 85 80 75 70 &5 60 55 5.
f1 (ppm)

0 4.5

4.0

35

to exclude an

3.0 25 24

Scheme 7.Synthesis of hypercoré® and35 containing 20 and 30 peripheraiopargylated functions, respectively, togethehvH
NMR spectra (CDG| 600 MHz) indicatingcompletion of {2 reactions.
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Figure 4. Zoomed section dbotopic distributions o[M+3Naf*
(top) and M+2Naf* (bottom) adducts foB4 (ESI-HRMS).
Experimental signals anm blue and theoretic patterns are in
red.

s The introductionof epitope around these hypercores
first proceeded through the application of a diee
context, CuAAcmediated
conjugation using monomerazidc lactosidelO in excess
function) efficiently afforded
40 macromolecules36 and 37 with 20 and 30 termini,
respectively (Scheme 8).irfllar yields of 74% were
observed, corresponding to an excell> 98% yield per
individual reaction. @aracterizatio of 36 by'*H NMR
particularly gave predictablkEgnals with expected relati
s integrations, comparinglistinct Haga (65.30 ppm, 20H),
triazole ¢7.85 ppm, 20H), and internal,CH,S- (2.80
ppm, 8H) protons. In addition, the absence of prgya
signals, both ifH and**C NMR spectra further confirmed

methodology. In

(1.7 eq./propargylic

the completion of the multiple procies.

that

10|Journal Name, [year], [vol], 00-00
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Scheme 8.Synthesis of icosa-36) and tricontavalent37 and 38) glycodendritic structures from hypercc 34 and 35 through an
accelerated divergent approaclonditions to create a controlled number of struadtdefects fron34 are mentioned in gr.

[ Accelerated divergent approach with hypercores

Interestingly, the use of sudieichiometric quantities ¢ The same hypercore34 and 35 were subsequently
s lactoside 10 (16.0 eq. for 20 propargylic function used for the synthesis of hyperva glycoconjugates
generated a mixture ghultivalent speciewith structural  decorated with 60 and 90 epitopes from anchorage of
defects 86a), harboring unreacted internal propargyl trivalent dendronl4 with optimized stoichiometric (1.7
functions whose presence (~4) candearly detected by = eq./propargyl). This approach differed from the e
NMR spectroscopyFigure 5). For thisspecial case, the previously described bthe combined use of hypercore:
10 expected remaining alkyne signalsyat53 and ~65 ppm  and lactosylated wedges, thirepresenting an acceleratea
in the structures were seemogether with characterist  convergent double-staggproac. The presence of TRIS-
signals at 578.0 and 76.0 ppm,naevel more intense based dendrons generated mocomplex structures
signal ato56.1 corresponding tperipheral-OCH,C=CH s resulting in the placement concentric and distinct layer:
in *C NMR spectroscopy waslearly detectable. 2D based on differenfunctional groups and building bloc
15 COSY and HSQC experimentsinforcec all the expected around a central core moietiy this respect, “onion pee:
correlations $ee 9l From a synthetic perspecti  glycodendrimers have been synthesized arounc
monitoring of introduction of structural defectameid at  aliphatic or aromatic core, surroundsuccessively by
confirming the integrity and moncapersity offlawless « ABs-phosphazene and external -TRIS-based layers. A
macromolecules elaborateda optimized protoco’ with rapid dendritic growth from 2 ste-20x3 or -30x3
oan excess of lactosides,e. 36, 37 and resulting sequences generated densely ps, lactose-bearing
deprotecte®8. Eventually, access to straightforward |- compounds$39 and40 with yieldssimilar to those observec
functionalization can be considered with the subeat for the latter insideut approachi.e. with excellent> 98%
grafting of complementary azidwobes,guiding moieties & yields per individual triazole formation (Scheme
such as carbohydrates or drugsdmaining propargylate
25 functions present iB6a

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 |11
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1 (pom)
Figure 5. 'H NMR (600 MHz, CDC}J) comparison between perfemonodispersdcosavalent macromolecul36 and mixture of
defective congener36a presenting an average c¢6 peripheral termini and Buried propargylic functior (62.53 for GGCH and ~4.65
ppm for OGH,C=CH in this particular case).

s The present methodology thusepresentsan elegant chemical shifts {2.60 for GGCH and ~4.75 ppm for
alternative to the divergent sequences describdigrehy OCH,C=CH in this particular case), although at the lin
our group for the elaboration of “onion peel” stures*® s of detection. Pectra of flawless structur39 compared
A similar protocol esuring presence of structural defe ~ well with those of defective89¢, with the unequivocal
was further applied to confirm thatlemited number f absence of the characteristic propargylic sigin *H and

wremaining propargylated functions a more comple. *C NMR spectroscopy (notably at 56.1 ppm
structurecan also be monitored by NMR. To this enc  corresponding to —OH,C=CH, 3 days of acquisition,
sub-stoichiometric amount d# (17 eq. for 20 propargyli « 145000 scans at 150 MHZSee Sl Finally, de©O-
functions) and cor84 were engaged under classical cI  acetylation of 40 completely took placeto afford
chemistry conditions. As expiedl, the entirety of th  nonacontavalent derivative 41. Note that this

1s dendron was consumed at the end of the reactio glycodendrimer with 63Qperipheral Ot functions was
indicated by TLC. More notablyH NMR (600 MHz) anc  efficiently built in a reduced number of synthesieps an
DOSY spectra of39a revealed the ~3signals from s represents on its own a hyperfunctionalized platfdor
remaining buried propargylic functiongith characteristic ~ further modificatioror direct application

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 |12
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a,34 75%
39a -=t 14
(17 eq. of 14) |

(33 eq. of 14) (50 eq. of 14)
34

Conditions (a)

CuS0,-5H,;0, Na Asc

THFIH,0
50°C (3h.) , r.t. (18h.)

rt., 18h.

- 6
1M MeONa , MeOH R=Ac (40)
85%

R=H (41)

90 peripheral lactosides

© "Onion peel" glycodendrimers
Q O Double-stage convergent approach

60 peripheral lactosides

Scheme 9Synthesis of hexaconta89) and nonacontavaler40 and41) “onion peel” glycodendritic structures from hypere: 34 and
35, via a doublestage convergent approach. Conditions to create nératied number of structural defects fro34 and sub-
stoichiometric amount of dendrd4 are also indicate

s  Besides NMRspectroscopical analysis, the hydrodynamic behavior oimacromolecular species b
characterization of the novel setd#ndritic structures we  measuring their diffusion coefficies in a given
completed with GPC andass spectrometry measureme  solvent?®***%?The size othe glycodendrimers containi:
(Table 1). Remarkably, in all cases except 40, GPC  the acetylated anthe deprotecte derivatives, and mo'e
data indicated very low polydispersity indees for s particularly their solvodynamic radii, was estinthtby

10 acetylated compounds (PDIM(/M,) < 1.08) with single  pulsed-fieldgradient stimulated echo (P-STE) NMR
narrow Gaussian patterns alg, values that compare well  experiments usingipolar pulse pairlongitudinal-eddy-
with the ones obtained with MSexperiments. current delay (BPRED) in CDCl; and DO, respectively,
Complementary biophysical investigations were : at 25°C* Stimulated echoes were u, they avoid signal
conductedto evaluate the size progression andthree- . attenuation due to transverse relax:, while bipolar

s dimensional shapes of all the multivalent derivegivin  gradient pulses reduce gradientifacts** To determine
this context, diffusion NMR spectroscopy has relge  the overall diffusioncoefficient (D) of each construct, e~
become a method of choice to obta@iformatior on the  increasing field gradient strength was appliD values

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 |13
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were determined by the average of individual valuessquared $ee 9l This behavior was consistent with the
corresponding to the decay of the signal intensify spherical and unimolecular character of the evalliat
different protons located at different level in tlecule  glycodendrimers and also observed from other pmoton
(Table 2). Interestingly, mono-exponential behaweas located either in internal regions, including thendritic

s observed for specific, distinctive and common pnaté.e. core and connecting branches, or in the peripheral
at05.34 ppm relative tbl,g, for acetylated derivatives andis saccharidic belt (results not shown). In this ceite
at 67.90 ppm forHyia0e Of hydroxylated compounds), application of the Stokes-Einstein equation disegtklded
which manifested as a linear decay of the logaritfithe  the corresponding solvodynamic diameteds £ 2x),
signal intensity as a function of the gradient rgta using viscosities determined for pure deuteratévbsats.

Table 1 GPC and mass spectrometry data for petatadydendritic derivatives.

GPCaPe Mass spectrometry
Crd M, M, PDI (My/M,) Calcd M,, Found Technique
15 5462 5367 1.02 5247.7180 1750.2466 [M+3I§|] ESI-HRMS
16 6882 6764 1.02 6041.0072 1511.5123 [M+4H] ESIF-HRMS
17 21740 21350 1.02 18008.6 18008.5\+H]* ESI* (deconv.)
21 10410 10180 1.02 10772.8 10772.5q+H]" ESI* (deconv.)
23 7981 7889 1.01 6449.7757 1636.6848 [M+4N%f] ESI-HRMS
25 18970 18820 1.01 16074.6 16074.IM+H]* ESI (deconv.)
32523.7 M+H]" ESI' (deconv.)
26 35320 34480 1.03 32523.3
32550.1 MALDI-TOF
30 16580 15400 1.08 15221.1 15220.6M+H]* ESI* (deconv.)
31 26040 25230 1.03 27309.0 27241.4 MALDI-TOF
34 4625 4540 1.02 4272.7557 2137.3851 [M+2|2|] ESI-HRMS
35 7152 6399 1.12 6467.7 6468.9 MALDI-TOF
36 25870 24610 1.05 21031.3 21098.1 MALDI-TOF
37 42710 39580 1.08 31600.9 31478.0 MALDI-TOF
39 76570 75530 1.01 60908.9  ~ 60000-centereGaussiat MALDI-TOF

20 2 GPC was performed using THF as eluent.
® GPC was performed using (CH(ELN (1%)) as eluent.
¢ GPC was performed using CHg$ eluent.
4 Exact mass values are indicated in italics whehnésolution analyses were performed (HSRMS). Low-resolution mass values
were obtained using MALDI-TOF (DHB matrix) or ESRafter deconvolution,NI+H]* adducts) techniques. Mass spectrometry data fc
25 fully deprotected compound$§ 19, 22, 27, 28, 38, and41) and40 are detailed in S| section.

As expected,D values revealed the increase of the scaffolding around different dendritic cores getexla
solvodynamic diameters as the number of peripheraklight discrepancies in diameter values for acetglaor
epitopes was enhanced, under similar solvent dondit  deprotected tricontavalent systergé ys 37 and28 vs 38,

% Consistent tendencies were observed throughousdhree  respectively). In addition, related to the seriéprotected
acetylated or deprotected compounds comprisingrdesd derivatives built around hypercores. 36, 37, 39 and40,
and globular clusters and dendrimers with solvodyina s no trends could be established, because the pegthtrt
diameters ranging from 2.6 to 10.1 nm. Interesyingl core alternatively generated either smali@® ys 40) or
despite distinct dendritic templates, identicaluesl were  bigger @6 vs 37) systems compared to the corresponding

s obtained for pentadecavalent syste2bsand29 (entries 6  benzene core. It is noteworthy that the presence c°
and 2). Coherent results were also obtained wherarbohydrates with their tetraethylene glycol space
comparing diameters of dendro81l and that of s properly counterbalanced the hydrophobic charaoter
corresponding “flawless” glycodendrim@6 (6.8 and 7.5 multiple benzene units surrounding eachP{Ncenter to
nm, respectively) (entries 3 and 9). On the cowtrar furnish water-soluble compounds, even reaching gh hi

14|Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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concentration (typically ~15 mg in 30QL of D,0).
Notably, except for the smalhexavaler 18, similar
solvodynamic diameters ranging from 5.3 to 7.2 nara

calculated, irrespective of the number of epitopme:

s branching units’ sequences.

Table 2 Determination of diffusion data and solvaaiyic
diameters of multivalent conjugates Idiffusion NMR

spectroscopy experiments

Entry Cpd Valency (x lOlODmZ. sY? ds (nm)
Acetylated dendrons”
1 15 5 3.1C 2.6
2 29 15 1.57 5.1
3 31 25 1.1¢ 6.8
Acetylated macromolecules®
4 16 6 2.7¢ 2.9
5 21 10 2.47 3.3
6 25 15 1.6t 5.1
7 17 18 1.4¢ 5.5
8 36 20 1.17 7.0
9 26 30 1.0¢ 7.5
10 37 30 1.3¢ 6.2
11 39 60 1.07 7.6
12 40 90 0.81 10.1
Hydroxylated macromolecules®
13 18 6 1.1C 3.6
14 22 10 0.7t 5.3
15 27 15 0.7¢ 5.7
16 19 18 0.67 5.9
17 28 30 0.5¢ 7.2
18 38 30 0.6t 6.2
19 41 90 0.6C 6.6

% See general procedures and thepporting Informatio for
extraction of the diffusion ratand calibration of the gradie
strength.D was determined as the average value calculatec
the decays of different proton resonanloesited at distinclevels

in the structure.
P Viscosity at 28C for CDC: 1 = 0.540 mPa.
¢ Viscosity at 28C for D,O: 1 = 1.097 mPa.

4 The error on the measurement veatimatecfor of the diffusior

coefficients to be below 5%.

As reported by Fréchegt al,*® this observation migt
windicate that these pseudoiphiphilic macromolecule
have aromatic moieties tightly packed in the center
expose polar entities at the periphditye linearity of the
data related to these watsstuble dendrimers support
the absence of inter-moleculaggregation phenomena
1s solution, especiallyn more diluted conditions encounter
in the following biochemicalinvestigation (See Sl
Obviously, bioactivity of the sugar headgroupsniplied
due totheir presentation at the surface. In order to @

this assumption, we permed an interaction study
monitored by SPR.

SPR studies:

s The relative binding affinities oliseveral lactosylated
dendrimers were evaluated by competitive Sassays
using twodifferent galactosic-specific lectins:1) a lectin
from the Gramegative bacteum P. aeruginosa
(LecA)y*** and?2) theproteolytically processed forof the

so human adhesion/growttegulatory galecti-3 (trGal-3)*
Both proteinshave biomedical relevan. Homotetrameric
LecA (or PA-IL) isa virulence factor that is involved
the pathogenesis &f. aeruginos in immunocompromised
or cystic fibrosis (CF) patien Concerning Gal-3, this

ss multifunctional protein has diverse physiologicaluote-
receptorsncluding glycan and peptide motifs, with roles
anoikis/apoptosis regulation, matrix interactiomsl autc-
immune disease progressitinin its full-length form,i.e.
with its tail of nine nortriple helical collagen repeats ani

o N-terminal peptide carected to the carbohydrate
recognition domain, G&- is able to readily form
oligomers with polyvalent liganc*® Of note, proteolytic
truncation by matrix metalloproteinases removes N-
terminal tail, with minor, if any, influence on @gn

s reactivity’*% posing the question on its reactivity
multivalent glycans.

For the competitive inhibition studi, 3-[2-[aminoethyl]-
thio]-propyl p-D-lactoside42*® was immobilized onto th.-
CM5 sensor surface (Biacore) by using the manufact

s amide couplingmethodology, to a level of ~2 RU
(Figure 6). For the determination of 5, values,
equilibrium mixtures of lectins (1.5 uM for LecA éi7.5
UM for trGal3) were incubated with increasi
concentrations of glycodendrimers or monom

es references and used analytes flowing over the surface
lactoside 42. As a blank reference, ethanolamine
immobilized onto one patbf the flow cell of the sensc
chip (See Sfor detailed protocols

H

SR S veﬂx;{o\,}%
%@w e ]

Figure 6. Structures of lactoside derivatives immobilizedtha
SPR chip 42), and monomeric reference43 and 44) for
es competitive SPR studies. CTiased45 represents a negative

control.

s TO properly ascertain @uster effect, monomeric referen

This journal is © The Royal Society of Chemistry [year]
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43 with the full linker was synthesized, together hwits (See Slfor syntheses ofl3, 44 and 45). The affinity of
congener 44 without the tetraethylene glycol spacer. both lectins towards the bound lactoside in thesgmee of
Furthermore, in order to exclude the influence ohn  different concentrations of glycodendrimers was snead
specific interactions generated by the dendritimpgiate w0 and is reported in Table 3.
sitself, a CTP corél5 containing 6 hydroxyl groups by the
underivatized spacer was also used as a negatieoto

Table 3 1G, values of glycodendrimers and monomers deriveah tompetitive inhibition SPR studies.

LecA?* trGal-3*

Cpd Valency IC 50 (UM) r.p.© r.p./sugar ICs0 (M) r.p.© r.p./sugar
43 1 958 £ 34 1 1 164 £ 10 1 1
18 6 5.38+0.14 178 30 0.55+0.03 298 37
22 10 3.20+0.20 299 30 0.31+0.02 529 53
27 15 4.10+0.20 233 16 0.39+0.01 420 28
19 18 3.08 +£0.30 311 17 0.38 +0.03 431 24
28 30 1.90+0.18 504 17 0.30+0.01 546 18
38 30 240+0.11 399 13 0.22 +0.03 745 24
41 90 0.85+0.09 1127 13 0.16 £ 0.01 1025 11

@ Non-specific interactions were not observable whegative controd5 was used. No signal observed for negative contvta-Man.
® The use of monomeric referengé as inhibitor generated gvalues above 2 mM for both lectins.

°Relative potency.

4 The use of its congener containing 6 periphectbkides but lacking spacer moieties had ag ¢€30.8uM with LecA.

15 In each case, simple exponential binding profilesev that of the octadecavalent “onion peel” derivative
obtained ee Sifor sensorgrams and related inhibitory described by our group in the same conditiBAsimilar
curves). First, the 1§ value for monomeric referenets tendencies were observed with trGal-3: high nanamol
and LecA is in the high micromolar range, which is ICsq values ranging from 550 to 160 nM were recorded. ..
consistent with the one previously publish&dOverall, s gradual increase in activity was observed as atiomof

20 multivalent systems exhibited greatly improved raffi in the scaffold valence increment for the entire seri@
both cases compared to refere®® More specifically, addition, a “dendritic effect” could be seen (ispdar> 11
relative potencies for LecA approached 200 for thein all cases). Using full-length Gal-3 and starbure
weakest ligand.8 with its six epitopes and exceeded 1000 glycodendrimers, their I values and corresponding
for the best partnetl. Although lactosides represent rathes relative inhibitory potencies had been determineamf

sweak ligands for LecA! low millimolar values were competitive solid-phase assays and indicated orsynall
obtained in our investigations for all the tested enhancement of activity with increasing generation.
glycodendrimers, with an apparent “glycoside cluste These observations were specific to Gal-3; sigaific
effect” for the candidate$8 and22 harboring six and ten increases in potency were observed for homodinteaicl
epitopes, respectively. In these cases, a 30-foldngy ssand a plant toxin with two contact sites for sugpes

s enhancement of each lactoside located at the magiptas  subunit. Another observation concerned relativénititfs
obtained in comparison to monomeric refered8e The  per sugar (Table 3). The more potent multivale.t
benefit of the ethylene glycol repeats as aglycaveessalso  constructs contained the lowest number of lacteside
investigated during comparative studies involving notably for the dumbbell-shaped decaval2pt(r.p./sugar
hexavalentl8 and its corresponding analog lacking the = 53). Interestingly, this particular shape alregutgpved

ss spacer, indicating a 6-fold decrease in activity fbe more potent than globular cluster analogs in infase
latter. This observation may be attributed to Hmgheficial ~ virus-related investigations, so far without a clea
“aglycone-assisted” binding everftsand a favorable explanatior’’ This tendency was seen for both lectins.
display of the epitopes. Interestingly, activitimcorded  Within the set of G(0) derivatives comprisi2g, 19, 28,
for hexa-, deca-, pentadeca-, and octadecavalet¢rag  and38, the variation of the central core was attribugatiol

2 (18, 22, 27, and19, respectively) compared very well with slight differences in affinity. Although both trintavalent

16|Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]
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conjugates28 and 38 were constructed around distinct relation of topological sugar presentation to lecctivity,
central cores but likely establishing a similar cfie 2- an example for an application of the synthetic pris.
fold tripodal orientation of the dendro?fs’’ different and ~ The growth of sphere for functionalization was lyaand
divergent results were observed with the two lectiri  straightforwardly achieved in a reduced number of
separate design. Overall, all assays proved biogcf s synthetic steps and high-yielding chemical reaction
the sugar headgroups, encouraging systematic @tedct Hence, rapid generation of an elaborate family ~f
activity studies, on a proof-of-principle basis. multivalent conjugates comprising hyperco. e,
In a nutshell, at this stage the results impliedtta  hypermonomers, glycoclusters, dumbbell-shaped .
“dendritic effect” was more effective with low-valey globular glycodendrimers and heterogeneous “oniesl’p
10 derivatives, while overall activity linearly increed with e analogs containing up to 90 lactose moieties asogbypes,
ligands presenting a high density in epitopes. Ashas been accomplished. Their integrity and desirea
consequence, relative potencies per sugar stagrated uniformity were ascertained by classical multinacle
diminished when more than 15 epitopes were at theNMR spectroscopy and mass spectrometry togethdr \..
periphery, and, as concluded from agglutinationagss additional biophysical diffusion NMR and GPC
with vesicles?” not all the residues will likely participate ine investigations. Competitive SPR studies performeth w
the mechanisms of action. Slight discrepancies alsdwo different lectins taught us thal) our synthetic
suggested that the scaffold itself may take arvagiart in  approach furnished potent ligands with an enhanoeimi
the recognition proces8, ICs, values can reflect activity of each epitope presented at the peripldrthe
reassociation, the high density of ligands favoringconstructs as compared to a monomeric referenan (v
20 consecutive rebinding, or sterical recognition pscfor 7 with non-optimized peripheral units an#) the size,
high valency glycodendrimers. Interestingly, aserdly valency, shape and radial distribution of epitopes
highlighted by Widmalnet al®” with glycofullerenes, the influenced the behavior of the derivatives as lignit
accessibility of peripheral ligands represents #icaf appeared that the multiplication of CTP-layers w:~
parameter for avidity, and the probability of irstetion is  detrimental to the optimal presentation of termira
s enhanced when branching units with flexible linkere - lactosides to the lectins in this case. Althourh
used to locally increase ligand density. In ourdgtu glycodendrimers described herein appeared to aG.t
observed individual relative potencies for the agajes globular topologies as determined by diffusion NMR
may be biased by a lack of accessibility. In tieispect, it  experiments, a recent study suggested that lowrgtoe
is therefore intriguing that a surface display aftbsides cyclotriphosphazene-based  structures  with  higin,
o Wwith sub-maximal density in glycodendrimersomes hydrophobic scaffolds and bearing terminal anionic
obtained by self-assembly of amphiphilic Janusazabisphosphonate groups may also access unidiratti
glycodendrimers gave optimal activity for galectin- conformations in response to biological receptdhss
dependent aggregation, this system providing arpbserved in molecular dynamics simulations in water
alternative vesicle (exosome/cell)-like platform r fo Our initial results pave the way for further
designing surface mimetiés> Of note, the surface can bes investigations towards the rationalization of “k:
further tailored by implementing dendrimers, as roeane  preferential  binding mode(s). More specificall,
glycoproteins let branchedN- and O-glycans become considering the encouraging results for low-valen-~v

&}

1

a

3

@

surface presented. constructs, notably with dumbbell-shaped structur..;
complementary studies on symmetrical or Janus-tyne
» Conclusions s analogs built around AB AB;s or AB,; wedge-like

. . _ . dendrons connected onto different spacers with tad-.p
This study describes synthetic aspects of dendrlmer

. . ength and rigidity/flexibility balance could repsent
construction around phosphorous-based building kisloc . . .
. . : L L tempting additions to complete the series. On ite ef
with tailored chemical modifications. The applicati of

. o | . the proteins, looking exemplarily at galectins, ethof ten
robust nucleophilic substitutions and '@atalyzed click

. . . o form a networkin situ®® progress toward the design ¢*
s chemistry, coupled with the use of hyper-functidred o . L
X : , ) inhibitors exploiting valency as discriminatory fac can
and orthogonal branching units, resulted in muléug

i ) . ) be expected due to initial experience wih
architectures with a wide but tightly controlledustural . .
: ; . L , triiodobenzene/pentaerythrirol-based  glycoclusteasnd
diversity. In addition, the flexibility of this glml approach

_ . glycocalixarene§®°'As ensuing perspective, considerinn
allowed for the decoration of the constructs with . . . N
oo the variety of synthetic approaches described ig whork,

so saccharidic residues, providing tools to examine t CTP-scaffolds could represent useful dendritic t

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 |17
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for the presentation of structurally optimized epis in
anti-adhesins or in drug-targeting nanomateriald as
antigens in vaccinatioft.
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Cyclotriphosphazene-based building-blocks were successfully used as versatile synthetic multi-tools for the
efficient and straightforward construction of multifaceted bioactive glycoclusters and glycodendrimers. This
synthetic approach furnished potent ligands for a bacterial virulence factor (LecA) and a human
adhesion/growth-regulatory lectin (trGal-3).
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