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ABSTRACT: The investigation of heteromultivalent interactions of complex glycoligands and proteins is critical for
understanding important biological processes and developing carbohydrate-based pharmaceutics. Synthetic glycomimetics,
derived by mimicking complex glycoligands on a variety of scaffolds, have become important tools for studying the role of
carbohydrates in chemistry and biology. In this paper, we report on a new synthetic strategy for the preparation of monodisperse,
sequence-defined glycooligomers or so-called precision glycomacromolecules based on solid phase oligomer synthesis and the
Staudinger ligation. This strategy employs a solid-supported synthetic approach using a novel carboxy-functionalized building
block which bears a functional handle required for Staudinger ligation on solid support. Furthermore, we combined Staudinger
ligation and copper catalyzed azide alkyne cycloaddition (CuAAC) reactions to synthesize heteromultivalent glycooligomers on
solid support for the first time, demonstrating the utility of this approach for the synthesis of heterofunctional
glycomacromolecules.

■ INTRODUCTION

Protein−carbohydrate interactions play a major role in
biological processes including cell−cell communication, cell
adhesion, and pathogen−host interactions.1 Natural glycoli-
gands are complex structures, consisting of different mono-
saccharides arranged in linear or branched fashions that are
further conjugated to lipids or proteins. It has been shown that
the orientation, spacing, and adjacent functionalities in the
natural glycoligand structures have great impact on the affinity
and selectivity of the glycan in protein binding and thereby
their biological function.2,3

However, it has also been shown that despite their great
complexity, natural glycoligands can be mimicked by more
simplified structures such as the glycopolymers. Here, a
carbohydrate motif, e.g. a mono- or disaccharide, is presented
in the side chain of a synthetic polymer. Such structures mimic
the multivalent structure of more complex carbohydrate or
glycoconjugate ligands and still allow for selective binding to a
protein receptor.4 Several binding mechanisms have been
identified to contribute to glycopolymer−protein binding, and a
great variety of structurally diverse glycopolymers have helped
to gain insight into their structure−property correlation.5,6

Nevertheless, since most glycopolymers are still derived by
means of classical polymer synthesis, their intrinsic polydisper-
sity remains a limiting factor, e.g. hampering installation of a
monomer sequence in the glycopolymer.
In an effort to overcome this limitation and obtain

monodisperse, sequence-controlled glycooligo- and polymers,
so-called precision glycomacromolecules were developed.5

Through the stepwise addition of tailor-made building blocks
following standard peptide coupling on solid support as first
introduced by Merrifield, monodisperse and sequence-con-
trolled oligo(amidoamine) scaffolds are obtained. A subset of
building blocks has been introduced placing functional groups
in the side chain of the scaffold allowing for functionalization
with carbohydrate ligands e.g. via CuAAC or thiol−ene
conjugation.7,8 Through variation of the monomer sequence
during solid phase assembly, control over the valency (number
of ligands), interligand spacing, overall length, and the
architecture of the precision macromolecules is realized.
Furthermore, different carbohydrate ligands can be combined
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within one glycomacromolecule giving so-called heteromulti-
valent structures.11 Previously, we have introduced two
different approaches for the synthesis of heteromultivalent
glycomacromolecules: The “building block” approach, shown in
Figure 1A, is based on the stepwise assembly of glycoconju-
gated building blocks,9 while the “sequential coupling”
approach, shown in Figure 1B, involves iterative coupling
followed by CuAAC conjugation.3

While both approaches give access to heteromultivalent
structures, they are limited in terms of the excess of
synthetically expensive building blocks (building block
approach) or by harsh reaction conditions (e.g., repeated
exposure of scaffolds to copper salts can lead to scaffold
degradation over time). One possible approach to avoid these
drawbacks is the orthogonal conjugation strategy shown in
Figure 1C. In this example, a multifunctionalized scaffold is
modified by different, orthogonal conjugation strategies.8,10

We envisioned the use of a carboxy-functionalized building
block to facilitate a Staudinger reaction with a glycosyl azide on
solid support giving access to an orthogonal conjugation
method to the previously established CuAAC. The Staudinger
ligation has gained attention in recent years for its utility in in
vivo and in vitro labeling experiments and the combination of
small peptide fragments into larger peptides.12 This is due to
the fact that the Staudinger ligation is a so-called “click-
reaction”, which is known to be fast, selective, efficient, and
traceless.13 During the Staudinger ligation, an azide derivative is

activated by alkyl or aryl phosphines for further reaction with
carboxyl functionalities, resulting in amide bond formation.14

Despite the utility of the Staudinger ligation, there are just a
few examples in literature that apply the Staudinger ligation on
solid support. The majority of these examples bear a single
azide functionality on solid support for reaction with activated
acids in solution and lead to a single conjugated product in
modest yields.15−17 For example, Toth et al. demonstrated that
a glycosyl azide functionalized solid support could undergo
Staudinger ligation with short amino acid sequences to obtain
monovalent glycoconjugates.16,17 However, to the best of our
knowledge, there are no reported attempts where multiple
Staudinger ligations have been used to generate homo- or
heteromultivalent constructs.
In this paper, we describe the use of a three-component

Staudinger ligation on solid support to generate both
homomultivalent and heteromultivalent glycoconjugates. In
contrast to previous reports, we chose to prepare scaffolds
functionalized with carboxyl functional groups so that readily
accessible or even commercially available glycosyl azides could
be used in the reaction. While our initial attempts used a
commercially available Boc protected glutamic acid residue, our
work quickly necessitated the development of a novel building
block bearing a carboxy functionalized side chain suitable for
our studies. The synthesis of this building block, its subsequent
incorporation into scaffolds on solid support, and its application
to the Staudinger ligation on solid support are reported herein.

Figure 1. Scheme of different synthetic routes to heteromultivalent glycooligomers. (A) Glycoconjugated building block approach. Assembly of
preconjugated building blocks. (B) Sequential coupling of one type of building block (1) and conjugation (2) with different types of carbohydrates.
(C) Formation of heterofunctionalized scaffolds consisting of different building blocks for specific, orthogonal attachment of carbohydrates via
different conjugation strategies (Here: Staudinger ligation and CuAAC).
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■ RESULTS AND DISCUSSION

Our initial approach involved the solid supported synthesis of
scaffolds bearing a carboxylic acid in the side chain using well-
established peptide coupling, specifically a sequential procedure
of acid activation, amine coupling and Fmoc deprotection. For
simplicity, we selected a commercially available Boc protected
glutamic acid residue (Glu) as a functionalizable building block
and previously reported EDS (Ethylene glycol-DiamineSuccinic
acid)3 as a spacer building block to generate a Glu-EDS-Glu
(GEG, 1) scaffold (Figure 2). A three-component Staudinger
ligation was then performed on the scaffold with (2-
azidoethyl)-2,3,4,6-tetra-O-α-D-mannopyranoside (Man-N3)
and tributyl phosphine (Bu3P) in DMF on solid support.
Since it has been well established that the ligation between
azides and acids at room temperature only occurs in the
presence of activation reagents, N,N-diisopropylcarbodiimide
(DIC) and hydroxybenzyltriazole (HOBt) (2.5 equiv each)
were used for this purpose. The reaction led to a mixture of

products consisting predominantly of the fully glycosylated
scaffold Man(1,3)GEG (2), along with a complex mixture of
monoglycosylated scaffolds and starting material as shown by
RP-HPLC analysis (Figure S26). While compound 2 could be
isolated by RP-preparative HPLC to give pure 2, further
attempts to remove the acetyl protecting groups on solid
support using Zempleń conditions led to significant epimeriza-
tion of the α-carbons on the Glu residue leading to an
inseparable mixture of products (data not shown).
While this approach allowed us to demonstrate the feasibility

of the Staudinger ligation on solid support, the significant
challenges we encountered, particularly with the epimerization
reactions following ester hydrolysis, necessitated the develop-
ment of a building block that would limit these unwanted side
reactions. Therefore, we designed and developed the MDS
(Methyl-succinyl-Diethylenetriamine-Succinic acid) building
block for our further studies. The MDS building block, which
bears a protected carboxylic acid, was inspired by other

Figure 2. Initial synthetic approach using Glu and EDS.3 Structures attached to the resin are denoted by an asterisk (*).

Figure 3. Synthesis of the new MDS (= Methyl-succinyl-Diethylenetriamine-Succinic acid) building block. aCrude yields.
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functionalizable building blocks used in our group.7 The methyl
ester protecting group was chosen because it is compatible with
Fmoc (fluorenylmethyloxy-carbonyl)-based solid phase syn-
thesis, stable against TFA, and cleavable on solid support.
The synthesis of the MDS-building block started from the

reaction between succinic anhydride and asymmetrically
protected compound 4 (Figure 3).7 Cleavage of the TFA-
protecting group of 5 with methanolic K2CO3, followed by the
Fmoc protection of the resulting primary amine, led to

compound 6. Methylation of the carboxylic acid side chain
with methyl iodide in the presence of K2CO3 provided
compound 4. TFA cleavage of the trityl group of 7 gave 8 in
67% yield over two steps. Coupling of the primary amine of 8
with succinic anhydride gave MDS 9 in 67% yield and an
overall yield of 43% over five steps.
With the MDS building block in hand, solid phase synthesis

was used to prepare three scaffolds: MDS-EDS-MDS (MEM,
10), EDS-MDS-MDS (EMM, 11), and EDS-MDS-EDS-MDS

Figure 4. Scheme of scaffolds synthesized containing MDS and EDS building blocks.

Figure 5. Reaction scheme of the Staudinger ligation on solid support, shown for MEM scaffold 10. Below: Overview of syntheszied protected
structures and ESI-MS analysis. Structures attached to the resin are denoted by an asterisk (*).
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(EMEM, 12), shown in Figure 4. Deprotection of the methyl
ester protecting group on solid support was performed with a
solution of 2 M LiOH in THF/water to release the free
carboxylic acid for further ligation.18 Optimization of the
Staudinger ligations was performed on MEM scaffold 10.
The Staudinger ligation was performed on solid support with

Man-N3 and Bu3P in DMF as shown in Figure 5. Initial results
showed only low conversion to the desired product (∼4%) and
an appreciable amount of the monoconjugated derivative
(∼20%) as well as starting material (∼70%). We hypothesized
that higher conversions could be achieved using a multi-
coupling approach. In an effort to investigate this approach, the
reaction was performed up to five times on the same scaffold.
Reaction conversions were analyzed by RP-HPLC after each
coupling, and the results are summarized in Table 1. The

multicoupling approach led to higher product conversion;
however, the appearance of an unknown side product also
appeared to be growing over time. Spectroscopic analysis of the
side product after preparative HPLC revealed a reaction
between the carboxylic acid side chain of the MDS building
block and methylamine formed from the hydrolysis of DMF
(Figures S1 and S2).19

In an effort to circumvent the dimethylamide side product
obtained by performing the Staudinger ligation in DMF, ACN
was tested as a suitable solvent for our system.20 Reactions
carried out in ACN were performed as described for DMF,
although a few drops of DMF were still necessary to dissolve
the HOBt. The results of the initial coupling demonstrated that
formation of the side product could be suppressed; however,
conversion to the desired product was less efficient when
compared to DMF. Surprisingly, applying a multicoupling

approach in ACN did not appreciably improve the yields of the
desired product (Table 1).
Side product formation in DMF and incomplete conversion

in ACN motivated us to perform Staudinger ligation in a 1:1
DMF/ACN mixture. Figure 6 compares the results from
Staudinger reactions on MEM scaffold 10 performed in DMF
and DMF/ACN (1/1) after deprotection and isolation, giving
Man(1,3)-3 MEM (16). Increasing the concentration of ACN
in the reaction led to slower conversion but lower side product
formation (10% in ACN compared to 20% in DMF), which
made it easier to isolate the desired product from the crude
mixture after cleavage by preparative RP-HPLC with a purity
≥99%.
Orthogonal strategies are particularly attractive for synthesis

of heteromultivalent systems by an orthogonal coupling
strategy. Therefore, we attempted to combine the optimized
Staudinger ligation with the more commonly applied CuAAC
reaction, which is used for the conjugation of azide function-
alized carbohydrates to alkynes. For example, our group has
previously reported the use of CuAAC to synthesize homo- and
heteromultivalent glycooligomers using azide functionalized
carbohydrates and scaffolds bearing TDS.3,7 As a proof of
concept, both conjugation strategies were first performed with
Man-N3 resulting in the protected Man(1,3)-3 MET 21* as
shown in Figure 7 (Table 2).
The MET scaffold 17* was synthesized on solid support as

described before, and the methyl ester side chain was
deprotected before the first conjugation reaction resulting in
structure 18* (Figure 7). To develop an orthogonal strategy,
both reactions should be independent from each other, so that
the order of the conjugation steps is arbitrary. Therefore, two
different reaction sequences were tested to verify the
orthogonality of the Staudinger ligation and CuAAC reactions
on solid support (Figure 7).
For pathway A, the Staudinger ligation was performed first

giving structure 19*. Five couplings in ACN yielded nearly full
conversion to the desired product with only a small amount of
starting material remaining. CuAAC was then performed with
CuSO4 in the presence of sodium ascorbate in a DMF/water
mixture overnight, resulting in complete addition of the
carbohydrate to TDS as well as the unreacted starting material
remaining from the incomplete Staudinger ligation (giving
20*). After the de-O-acetylation of the carbohydrates on solid
support, the purity of Man(1,3)-3 MET 22 was determined by
RP-HPLC to be 86%. It was also possible to purify the resulting

Table 1. Overview of the Conversion of the Staudinger
Reaction after Five Couplings on MEM 10, EMM 11, and
EMEM 12 Scaffold in DMF, ACN, and DMF/ACNa

Diconjugated [%] Side product [%]

scaffold DMF ACN DMF/ACN DMF DMF/ACN

MEM 65 60 70 20 10
EMEM 63 55 − 17 −
EMM 69 58 − 21 −

aResults are based on RP-HPLC data of the protected products after
microcleavage by integration of the signals at 214 nm. HPLC: 100% A
to 50% A in 30 min.

Figure 6. Comparison of RP-HPLC analysis of the deprotected products Man(1,3)-3 MEM 16 from the reaction in DMF (green), DMF/ACN
(1/1) (blue), and purified product after preparative RP-HPLC (black). °Monoconjugated derivative product; * Side product. #Unknown. ESI-MS
spectrum of compound 16.
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crude product by preparative RP-HPLC to >99% purity (Figure
8).
For pathway B, the CuAAC reaction was performed first

giving structure 20*. The CuAAC reaction was performed
overnight as described for pathway A resulting in full addition
of the carbohydrate to TDS. Interestingly, the Staudinger
ligation only required a triple coupling for nearly full
conversion. Deprotection of the carbohydrate residues led to
22 in 88% purity as determined by RP-HPLC (Figure 8).
Comparison of pathway A and B demonstrated the

orthogonality of our approach on solid support, and similar
results were obtained with regard to the final purity of 22.
Nevertheless, pathway B was more efficient than pathway A
based on the observation that full Staudinger ligation could be

achieved with only three couplings. One possible explanation
for this observation is that the copper preactivates the
carboxylic acid so that the ligation is favored. However,
attempts to try to increase the yield by pre-exposing the scaffold
to CuAAC conditions in the absence of an azide prior to
Staudinger ligation did not lead to appreciably higher
conversions (data not shown). Another possibility is that the
presence of the first sugar promotes the second attachment.
Next, we applied this strategy to prepare heteromultivalent

structures such as Man(1)-βGal(3)-3 MET 23 using Man-N3
and 2-azidoethyl-2,3,4,6-tetra-O-acetyl-β-galactopyranoside
(βGal-N3) (Table 2). The βGal-N3 was conjugated to the
deprotected MET scaffold 18* via CuAAC as described before,
resulting in the precursor 24* (Figure S3). The conjugation of

Figure 7. Scheme of the orthogonal conjugation on MDS-EDS-TDS scaffold. (A) Staudinger ligation in ACN, followed by CuAAC. (B) CuAAC,
followed by Staudinger ligation in ACN. Structures attached to the resin are denoted by an asterisk (*).

Table 2. Overview of the Structures Synthesized with Orthogonal Conjugation Strategy: Homodivalent Man(1,3,)-3 MET 22
and Heterodivalent Man(1)-Gal(3)-3 MET 23
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Man-N3 via Staudinger ligation gave protected compound 25*,
which was globally deprotected to yield Man(1)-βGal(3)-3
MET 23 in 90% purity. Preparative HPLC yielded 98% pure
compound determined by RP-HPLC as shown in Figure 9.

■ CONCLUSION

Within this work, Staudinger ligation for the conjugation of
azide functionalized carbohydrates to carboxylic acids on solid
support was introduced and successfully applied to an
orthogonal synthetic approach for sequence-defined glyco-
oligomers. Initial experiments with glutamic acid led to several
synthetic challenges. Therefore, a methyl ester protected
carboxy-functionalized building block (MDS) was synthesized
to overcome the aforementioned limitations. The new building
block was introduced into scaffolds using standard Fmoc based
solid supported synthesis. Staudinger ligation in DMF could be
forced to higher conversions through a multicoupling strategy.
However, our results revealed the formation of a significant side
product formed through the reaction of the acid with
dimethylamine (a product of hydrolysis of DMF). Attempts
to suppress this side reaction using ACN were successful;
however, the desired product was achieved in slightly lower
yields using this approach. Finally, the combination of the
optimized Staudinger ligation in ACN with a CuAAC reaction
was successfully applied for the orthogonal preparation of
sequence-defined homo- and heteromultivalent glycooligomers
demonstrating the potential of this method for the synthesis of
heterofunctional systems.

■ EXPERIMENTAL SECTION
Materials and Methods. N,N′-Diisopropylcarbodiimide (DIC)

and tributylphosphine were purchased from Sigma-Aldrich. Succinic
anhydride, piperidine, and dimethylformamide (for peptide synthesis)
were purchased from Acros Organics. Triethylamine and other
solvents were purchased from Fisher Scientific. PyBOP and HOBt
were purchased from Iris Biotech and methyl iodide from Merck.
DIPEA was purchased from Carl Roth, lithium hydroxide, and
potassium carbonate from PanReac AppliChem. Solid phase synthesis
was performed on TentaGelSRam resin purchased from Rapp
Polymere using polypropylene reactors with polyethylene frits closed
with luerstoppers from MultiSyntech GmbH. All reagents and solvents
were used without further purification. Building blocks TDS,21 EDS,7

and 2,2,2-trifluoro-N-(2-((2-(tritylamino)ethyl)amino)ethyl)-
acetamide and (2-azidoethyl)-2,3,4,6-tetra-O-acetyl-α-D-manno-
pyranoside were synthesized as reported earlier.7 (2-Azidoethyl)-
2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside was synthesized as de-
scribed in the literature.22 Reactions were monitored via analytical thin
layer chromatography, performed on Merck silica gel 60 F254 plates,
and visualized with ninhydrin staining.

1H NMR, 13C NMR, and HSQC NMR spectra were measured on a
Bruker Avance III 300 or Bruker Avance III 600. High resolution ESI
(HR-ESI) measurements were performed on UHR-QTOF maXis 4G
(Bruker Daltonics). LC-MS measurements were performed on Agilent
Technologies 6120 series coupled with an Agilent Quadrupol mass
spectrometer. All LC-MS runs were performed with solvent A = 5%
ACN in H2O and solvent B = 95% ACN in H2O as mobile phases.
The solvents were used with 0.1% of formic acid. Purities of the
compounds were determined by the integrations of the signals given at
an absorption at 214 nm. Reversed phase HPLC (RP-HPLC) was
performed on an Agilent 1200 series. For preparative HPLC, a
gradient of 10% to 20% ACN in H2O in 10 min was chosen. Yields of
the final Staudinger products were determined after preparative
purification and calculated in regard to the loading of the resin

Figure 8. Comparison of the RP-HPLC analysis of deprotected Man(1,3)-3 MET 22 synthesized via Route A, purity of 86% (green); Route B,
purity of 88% (blue) and after preparative HPLC, purity ≥99% (black) and ESI-MS spectrum of compound 17. °Monoconjugated product.

Figure 9. RP-HPLC analysis of deprotected Man(1)-Gal(3)-3 MET 23 synthesized via Route A, purity of 90% (blue) and after preparative HPLC,
purity 98% (black) and ESI-MS spectrum of compound 23.
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provided by the supplier. Crude yields were determined after workup
and without further purification. Melting point measurements were
performed on Büchi Melting Point B-540.
Synthesis of Methylsuccinyl-Diethylenetriamine-Succinic

Acid (MDS). 4-Oxo-4-((2-(2,2,2-trifluoroacetamido)ethyl)(2-(trityl-
amino)ethyl)amino)butanoic Acid (5). To a solution of 2,2,2-
trifluoro-N-(2-((2-(tritylamino)ethyl)amino)ethyl)acetamide7 (14.90
g, 33.8 mmol, 1 equiv) in 270 mL of DCM were added Et3N (10 g,
14 mL, 101 mmol, 3 equiv) and succinic anhydride (3.38 g, 33.8
mmol, 1 equiv). The reaction mixture was stirred for 1.5 h at room
temperature, then diluted, and washed two times with 100 mL of citric
acid (10%). After the mixture was dried with Na2SO4, the solvent was
removed under reduced pressure to obtain the crude as a white foam.
The crude was recrystallized from ethyl acetate to give a white solid
(16.1 g; 88%). 1H NMR (300 MHz, Methanol-d4) δ 7.45−7.39 (m,
6H, CH−Trityl), 7.29−7.23 (m, 6H, CH−Trityl), 7.19−7.13 (m, 3H,
CH−Trityl), 3.61 (t, J = 6.6 Hz, 1 H, −(CO)−NH−CH2−CH2),
3.51−3,45 (m, 4H, −CH2−NHTFA, −(CO)−NH−CH2−CH2), 3.38
(t, J = 5.9 Hz, 1 H, −(CO)−NH−CH2−CH2), 2.75−2.66 (m, 2H,
−CH2−CH2−COOH), 2.62−2.56 (m, 2H, −CH2−CH2−COOH),
2.35 (dt, J = 13.0, 6.1 Hz, 2H, −CH2−NHTrt). 13C NMR (75 MHz,
Methanol-d4) δ 176.6, 176.5, 175.2, 174.7, 147.3, 147.0, 129.8, 128.8,
127.5, 127.4, 72.2, 46.3, 43.9, 38.8, 30.3, 30.3, 29.2, 28.9. HRMS (ESI)
m/z: [M + H]+ calcd for C29H31F3N3O4, 542.2261; found, 542.2260.
4-((2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)ethyl)(2-

(tritylamino)ethyl)amino)-4-oxo-butanoic Acid (6). K2CO3 (27.0 g,
195 mmol, 7 equiv) was dissolved in 30 mL of water and added to a
solution of 5 (15.0 g, 28.0 mmol, 1 equiv) in 300 mL of MeOH. The
reaction mixture was stirred for 18 h at room temperature.
The solvent was removed under reduced pressure and dried under

high vacuum. The crude product was then redissolved in 90 mL of
ethyl acetate and 70 mL of water. 9-Fluorenylmethoxycarbonyl
chloride (7.5 g, 29.0 mmol, 1.05 equiv) was then added to the
solution. After stirring for 18 h, the aqueous layer was separated and
the organic layer was washed two times with 100 mL of citric acid
(10%) and dried with Na2SO4. The solvent was removed under
reduced pressure to obtain the product as a white solid (19.1 g;
quant.). The product was used in the next step without further
purification. 1H NMR (600 MHz, Methanol-d4) δ 7.78−7.74 (m, 2H
CH−fluorene), 7.62−7.60 (m, 2H CH−fluorene), 7.43−7.33 (m, 8H,
CH−fluorene, CH-trityl), 7.29−7.14 (m, 11H, CH−fluorene, CH−
trityl), 4.20−4.16 (m, 1H, Fmoc−CH), 3.50 (t, J = 6.6 Hz, 1H,
−CONHCH2), 3.43 (t, J = 6.1 Hz, 1H, −CONHCH2), 3.39 (dt, J =
12.1, 6.2 Hz, 2H, −CONHCH2), 3.27 (t, J = 6.5 Hz, 1H,
−CONHCH2), 3.20 (t, J = 6.2 Hz, 1H, −CONHCH2), 2.72 (t, J =
6.8 Hz, 1H, −CH2−CH2−COOH), 2.66 (t, J = 6.6 Hz, 1H, −CH2−
CH2−COOH), 2.59−2.56 (m, 2H, −CH2−CH2−COOH), 2.37 (t, J
= 6.1 Hz, 1H, −CH2−NHTrt), 2.29 (t, J = 6.3 Hz, 1H, −CH2−
NHTrt). 13C NMR (151 MHz, Methanol-d4) δ 176.6, 176.5, 174.8,
174.8, 158.8, 147.3, 146.9, 145.3, 145.3, 142.6, 129.8, 129.8, 128.9,
128.8, 128.8, 128.7, 128.1, 127.5, 127.4, 126.1, 126.1, 120.9, 120.9,
72.3, 72.2, 67.7, 67.5, 50.3, 47.9, 47.3, 43.9, 43.5, 40.0, 39.6, 30.4, 30.4,
29.3, 29.0. HRMS (ESI) m/z: [M + H]+ calcd for C42H42N3O5,
668.3119; found, 668.3124.
Methyl 4-((2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)ethyl)-

(2-(tritylamino)ethyl)amino)-4-oxo-butanoate (7). Compound 6
(17.9 g, 26.1 mmol, 1 equiv) was dissolved in 140 mL of DMF
under argon at room temperature. K2CO3 (7.2 g, 52.2 mmol, 2 equiv)
was added, and the reaction mixture was stirred for 10 min. Methyl
iodide (11.1 g, 4.9 mL, 78.3 mmol, 3 equiv) was then added, and the
reaction was stirred overnight. The reaction mixture was precipitated
using water (1.5 L) to produce a white solid. After decantation of the
supernatant, the precipitation was extracted into DCM (300 mL) and
the organic layer was washed three times with 100 mL of water and
dried with Na2SO4. The solvent was removed under reduced pressure
to obtain the crude as a white solid. The crude was used in the next
step without further purification (14.9 g, 83%). 1H NMR (300 MHz,
CDCl3) 7.78−7.70 (m, 2H, CH−fluorene), 7.62−7.56 (m, 2H, CH−
fluorene) 7.47−7.36 (m, 8H, CH−fluorene, CH−trityl), 7.32−7.13
(m, 11H, CH−fluorene, CH−trityl), 5.42 (t, J = 5.9 Hz, 1H, NH),

4.44−4.33 (m, 2H, Fmoc−CH−CH2), 4.19 (t, J = 7.0 Hz, 1H, Fmoc−
CH), 3.64 (s, 2H, −CH3), 3.60 (s, 1H, −CH3), 3.46−3.41 (m, 4 H,
−CONHCH2), 3.32−3.26 (m, 2 H, −CONHCH2), 2.78−2.61 (m, 4
H, −CONHCH2, −COCH2), 2.36−2.27 (m, 2H, −COCH2),
1.71 (br s, 1H, −NH). 13C NMR (75 MHz, CDCl3) δ 173.6, 173.0,
156.7, 145.7, 144.1, 144.0, 141.4, 128.7, 128.5, 128.1, 128.0, 127.8,
127.8, 127.1, 126.6, 125.3, 120.0, 71.2, 66.8, 51.9, 49.1, 47.4, 45.8, 42.5,
39.8, 29.5, 28.2. HRMS (ESI) m/z: [M + H]+ calcd for C43H44N3O5,
682.3275; found, 682.3280.

Methyl 4-((2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)ethyl)-
(2-aminoethyl)amino)-4-oxo-butanoate as TFA-Salt (8). Compound
7 (14.7 g, 21.5 mmol, 1 equiv) was dissolved in 250 mL of DCM. TES
(4.9 g, 6.7 mL, 45.0 mmol, 2 equiv) and TFA (24.5 g, 16.0 mL, 205.0
mmol; 10 equiv) were added dropwise, and the reaction was stirred at
room temperature for 30 min. The solvent was removed under
reduced pressure, and any remaining TFA was coevaporated with
toluene. The crude product was redissolved in 100 mL of DCM and
precipitated in 2 L of Et2O to obtain the product as a white solid (9.35
g, 81%). 1H NMR (300 MHz, Methanol-d4) δ 7.81 (d, J = 7.7, 2H,
CH−fluorene), 7.65 (d, J = 7.5 Hz, 2H, CH−fluorene), 7.41 (t, J = 7.5
Hz, 2H, CH−fluorene),7.32 (t, J = 7.4 Hz, 2H, CH−fluorene), 4.40
(d, J = 6.8 Hz, 2H, Fmoc−CH−CH2), 4.21 (t, J = 6.7 Hz, 1H, Fmoc−
CH), 3.65−3.61 (m, 5 H, −CONHCH2, −CH3), 3.51 (t, J = 6.3 Hz,
2H, −CONHCH2), 3.36−3.31 (m, 2H, −CONHCH2), 3.13 (t, J = 6.0
Hz, 2H, −CONHCH2), 2.78−2.42 (m, 4H, −COCH2−CH2C
O). 13C NMR (75 MHz, Methanol-d4) δ 175.8, 175.4, 159.1, 145.3,
142.6, 128.8, 128.2, 126.1, 121.0, 67.9, 52.2, 45.2, 39.9, 39.7, 30.0, 28.8.
HRMS (ESI) m/z: [M + H]+ calcd for C24H30N3O5, 440.2180; found,
440.2180.

1-(9H-Fluoren-9-yl)-7-(4-methoxy-4-oxobutanoyl)-3,11-dioxo-2-
oxa-4,7,10-triazatetradecan-14-oic Acid (MDS) (9). Compound 8
(9.3 g, 17.3 mmol, 1 equiv) was suspended in 170 mL of DCM, Et3N
(9.9 g, 7.2 mL, 51.8 mmol, 3 equiv) was added, and the reaction was
stirred until the suspended solid was dissolved. Succinc anhydride (1.7
g, 17.3 mmol, 1 equiv) was then added and the reaction mixture was
stirred for 1h. The reaction mixture was diluted with 50 mL of 10%
citric acid, washed 3× with 50 mL of 10% citric acid, and dried with
Na2SO4. After removal of the solvent under reduced pressure, the
crude product was recrystallized from acetone to obtain the desired
product as a white solid (6.1 g; 67%). Mp: 70−73 °C. 1H NMR (300
MHz, Methanol-d4) δ 7.79 (d, J = 7.4 Hz, 2H,CH−Aryl), 7.64 (d, J =
7.4 Hz, 2H, CH−Aryl), 7.39 (t, J = 7.2 Hz, 2H, CH−Aryl), 7.31 (t, J =
7.4 Hz, 2H, CH−Aryl), 4.37 (dd, J = 6.7, 1.5 Hz, 2H, Fmoc−CH−
CH2), 4.19 (t, J = 6.7 Hz, 1H, Fmoc−CH−CH2), 3.62 (d, J = 6.9 Hz,
4H, −CH3), 3.47−3.19 (m, 8H, −CONHCH2), 2.72−2.63 (m, 2H,
−COCH2), 2.63−2.53 (m, 4H, COCH2), 2.45 (m, 2H, COCH2).

13C
NMR (75 MHz, CDCl3) δ 175.4, 175.3, 174.4, 174.0, 173.7, 173.2,
157.3, 156.9, 144.0, 143.9, 141.4, 127.9, 127.2, 125.2, 120.1, 67.0, 66.0,
52.0, 47.3, 39.7, 38.9, 38.3, 30.8, 29.3, 28.0, 27.8, 15.4. HRMS (ESI)
m/z: [M + H]+ calcd for C28H34N3O8, 540.2340; found, 540.2335.

Solid-Supported Synthesis. General Coupling Protocol. Prep-
aration of the resin: 0.1 mmol of resin (400 mg; 0.25 mmol/g loading)
was swelled in DCM for 30 min. After that, the resin was washed ten
times with 10 mL of DMF.

Fmoc Cleavage. The Fmoc protecting group was cleaved by
treating the resin three times for 10 min with 10 mL of 25% piperidine
in DMF. Between each step, the resin was washed three times with 10
mL of DMF. After the last cleavage, the resin was washed ten times
with 10 mL of DMF.

Coupling. Building block (0.5 mmol, 5 equiv) and PyBOP (0.5
mmol, 5 equiv) were dissolved in 4 mL of DMF. After addition of
DIPEA (1.0 mmol, 10 equiv), the mixture was flushed with nitrogen
for 1 min. The yellow solution was added to the resin, and the reaction
was shaken for 1.5 h. The resin was then washed ten times with 10 mL
of DMF.

Capping. After the last Fmoc cleavage, the N-terminus of the resin
was capped by treating the resin two times for 30 min with acetic 5 mL
of anhydride. After that, the resin was washed ten times with 10 mL of
DMF.
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Deprotection of the Carboxylic Side Chain. The resin was washed
ten times with 10 mL of THF/H2O (1/1). The resin was then treated
two times for 1 h with 10 mL of 0.2 M LiOH in THF/H2O (1/1).
After the first deprotection, the resin was washed three times with
THF/H2O (1/1). After the second deprotection, the resin was
alternately washed three times each with 10 mL of H2O, DMF, and
DCM, and then with DMF and DCM. The resin was shaken overnight
in fresh DMF to remove water.
Staudinger Ligation. The Staudinger ligation was performed in

DMF and ACN under the same conditions. Resin (0.05 mmol, 1
equiv) were transferred into a 20 mL reactor. The resin was washed
five times with 5 mL of DMF or ACN. (2-Azidoethyl)-2,3,4,6-tetra-O-
α-D-mannopyranoside (112 mg, 0.25 mmol, 2.5 equiv/acid) and HOBt
(42 mg, 0.25 mmol, 2.5 equiv/acid) were dissolved in 1.5 mL of DMF
(or ACN + 15 drops DMF) and added to the resin. Then DIC (0.05
mL, 0.025 mmol 2.5 equiv/acid) was dissolved in 0.5 mL of DMF (or
ACN) and added to the resin, and the reactor was placed on ice for 5
min. Tributylphosphine (0.25 mL, 1.0 mmol, 20 equiv) was dissolved
in 0.5 mL of DMF (or ACN) and added to the resin. The syringe was
closed tightly, softly shaken, and placed on ice for 10 min, and then at
room temperature for 20 h. CAUTION: Nitrogen evolution occurs.
Between the multicoupling reactions, the supernatant was removed
and the resin was washed ten times with 5 mL of DMF or ACN and
three times with 5 mL of DCM before performing a subsequent
ligation. Upon completion of the last Staudinger ligation, the resin was
alternately washed 5 × 5 times with 5 mL of H2O, DMF, and DCM.
CuAAC. For 0.025 mmol resin, (2-azidoethyl)-2,3,4,6-tetra-O-α-D-

mannopyranoside (56 mg, 0.13 mmol, 5 equiv/acid) were dissolved in
1 mL of DMF and flushed with nitrogen. Separately, 10 mg of CuSO4
(20 mol %) and 10 mg of sodium ascorbate (20 mol %) were each
dissolved in 0.1 mL of Milli-Q water. The azide solution was added to
the resin, followed by sodium ascorbate and CuSO4. After shaking the
reaction mixture overnight, the supernatant was discarded and the
resin was washed sequentially with 3 mL of DMF, 3 mL of a solution
of 0.2 M sodium diethyldithiocarbamte in DMF and water, 3 mL of
water, and 3 mL of DCM until no more color changes were observable
after the treatment with 0.2 M sodium diethyldithiocarbamte in DMF
and water.
Sugar Deprotection. The resin was treated with 5 mL of 0.2 M

NaOMe in MeOH two times for 30 min. In between deprotections,
the resin was washed with MeOH. After the second deprotection, the
resin was washed with 5 mL of MeOH, DMF, and DCM.
Microcleavage. An aliquot of the resin was treated with 0.5 mL of a

solution of 95% TFA, 2.5% TIPS, and 2.5% DCM for 30 min. The
cleavage solution was added to 10 mL of Et2O to precipitate the
product. The mixture was then centrifuged, and the supernatant was
discarded. After drying the residue under a stream of nitrogen, the
product was dissolved in 0.5 mL of ACN/H2O (1/2) and filtered to
remove the resin prior to analytical analysis.
Macrocleavage. The resin was washed ten times with 5 mL of

DCM and 5 mL of a solution of 95% TFA, 2.5% TIPS, and 2.5% DCM
were added. The cleavage reaction was shaken for 1 h at room
temperature. The supernatant was added dropwise to cooled Et2O (40
mL). The mixture was centrifuged, the supernatant was decanted, and
the white precipitation was dried under a stream of nitrogen. The
resulting solid was redissolved in water and lyophilized.
Deprotected GEG Scaffold 1. 1H NMR (600 MHz, D2O) δ 4.34−

4.27 (m, 2H, CH−CH2−CH2), 3.66−3.59 (m, 8H, OCH2), 3.43−3.35
(m, 4H, NCH2), 2.59−2.45 (m, 8H, NCOCH2, CH−CH2−CH2),
2.24−1.89 (m, 7H, NHCOCH3, CH−CH2−CH2).

13C NMR (151
MHz, D2O) δ 177.0, 176.9, 176.3, 175.0, 174.7, 174.2, 173.5, 69.6,
69.4, 68.8, 68.7, 53.2, 52.7, 38.9, 30.6, 30.0, 29.9, 26.3, 26.1, 21.6.
HRMS (ESI) m/z: [M + H]+ calcd for C22H38N5O11, 548.2562; found,
548.2564. Yield for 0.05 mmol batch: 17 mg (63%).
Man(1,3) GEG 2. 1H NMR (300 MHz, D2O) δ 5.37−5.25 (m, 6H,

CH pyranose), 5.02−4.96 (m, 2H, CHanomere pyranose), 4.44 (dd, J =
13.1, 4.4 Hz, 2H, CH pyranose), 4.28 (m, 2H, CH−CH2−CH2),
4.21−4.16 (m, 4H, CH2 pyranose), 3.87−3.80 (m, 2H, OCH2), 3.71−
3.60 (m, 10H, OCH2), 3.49−3.37 (m, 8H, NCH2), 2.63−2.56 (m, 4H
NCOCH2), 2.43−2.35 (m, 4H, CH−CH2−CH2), 2.22 (s, 6H,

OCOCH3), 2.18−2.10 (m Hz, 14H, OCOCH3, CH-CH2),
2.08−1.90 (m, 11H, OCOCH3, NHCOCH3, CH−CH2).

13C
NMR (75 MHz, D2O) δ 176.1, 175.0, 174.9, 174.9, 174.7, 174.0,
173.6, 173.4, 173.0, 172.9, 172.7, 172.7, 97.1, 69.7, 69.6, 69.5, 69.3,
68.8, 68.8, 68.1, 66.5, 65.7, 62.0, 53.3, 52.8, 38.9, 38.8, 32.1, 31.9, 30.7,
30.6, 27.4, 27.3, 21.7, 20.1. HRMS (ESI) m/z: [M + H]+ calcd for
C54H84N7O29,1294.5308; found, 1294.5303. Yield for 0.1 mmol batch:
18 mg (14%).

Deprotected MEM Scaffold 10. 1H NMR (300 MHz, D2O) δ
3.69−3.66 (m, 5H, OCH2), 3.62−3.58 (m, 3H, OCH2), 3.53−3.33
(m, 20H, NCH2), 2.71−2.60 (m, 8H, NCOCH2), 2.54−2.45 (m,
12H, NCOCH2), 1.95 (d, J = 10.4 Hz, NHCOCH3).

13C NMR
(151 MHz, D2O) δ 177.1, 177.1, 177.0, 175.0, 174.8, 174.8, 174.7,
174.7, 174.7, 174.5, 174.2, 163.0, 162.8, 117.3, 115.3, 113.4, 69.6, 69.4,
68.8, 47.4, 46.9, 46.8, 46.8, 44.9, 44.8, 44.8, 44.8, 38.9, 37.2, 36.9, 35.8,
31.0, 30.9, 30.9, 30.8, 30.8, 30.7, 30.6, 30.2, 30.2, 30.1, 30.1, 29.1, 29.0,
28.7, 27.8, 21.8, 21.8. HRMS (ESI) m/z: [M + 2H]2+ calcd for
C36H63N9O15, 430.7216; found, 430.7214. Yield for 0.05 mmol batch:
33 mg (77%).

Man(1,3)-3 MEM 16. 1H NMR (600 MHz, D2O) δ 4.87 (d, J = 1.7
Hz, 2H, CHanomere pyranose), 3.95 (dd, J = 3.4, 1.7 Hz, 2H, CH
pyranose), 3.89 (dd, J = 12.2, 1.8 Hz, 2H, CH pyranose), 3.81−3.74
(m, 6H, CH pyranose; CH2−OH pyranose), 3.69−3.59 (m, 14H, CH
pyranose, OCH2), 3.55−3.51 (m, 4H, NCH2), 3.49−3.45 (m, 6H,
NCH2), 3.44−3.33 (m, 14H, NCH2), 2.72−2.69 (m, 4H, NC
OCH2), 2.58−2.47 (m, 16H, NCOCH2), 1.98 (d, J = 20.9 Hz, 3H,
NHCOCH3).

13C NMR (151 MHz, D2O) δ 177.6, 177.5, 175.0,
175.0, 174.8, 174.7, 174.7, 174.7, 174.4, 174.2, 99.7, 72.8, 70.5, 70.0,
69.4, 68.8, 66.7, 65.8, 60.9, 47.2, 47.1, 45.2, 45.1, 38.9, 38.9, 37.3, 36.9,
36.9, 31.0, 30.9, 30.8, 30.8, 30.7, 30.7, 30.7, 30.2, 30.1, 28.0, 28.0, 21.9,
21.8. HRMS (ESI) m/z: [M + 2H]2+ calcd for C52H93N11O25,
635.8167; found, 635.8163. Yield: 15 mg (24%).

Deprotected MET Scaffold 18. 1H NMR (300 MHz, D2O) δ 3.69−
3.65 (m, 4H, OCH2), 3.62−3.58 (m, 4H, OCH2), 3.53−3.35 (m, 20H,
NCH2), 2.71−2.60 (m, 8H, NCOCH2), 2.54−2.44 (m, 12H, NC
OCH2), 2.34 (t, J = 2.6 Hz, CCH), 1.96 (d, J = 9.8 Hz, NHC
OCH3).

13C NMR (151 MHz, D2O) δ 177.6, 177.6, 177.1, 177.1,
177.0, 176.8, 176.8, 175.1, 175.1, 175.0, 175.0, 174.8, 174.8, 174.8,
174.7, 174.7, 174.6, 174.5, 174.4, 174.2, 163.3, 163.0, 162.8, 162.6,
119.2, 117.3, 115.3, 113.4, 83.9, 69.7, 69.7, 69.6, 69.4, 68.8, 46.9, 46.9,
44.9, 44.8, 44.8, 44.8, 44.7, 38.9, 37.3, 37.2, 36.9, 36.9, 36.9, 35.8, 31.4,
31.4, 31.1, 31.1, 30.9, 30.8, 30.8, 30.7, 30.2, 30.2, 30.1, 30.1, 29.1, 29.0,
28.7, 27.8, 21.9, 21.9, 14.1. HRMS (ESI) m/z: [M + 2H]2+ calcd for
C37H63N9O13, 420.7267; found, 420.7266. Yield for 0.05 mmol batch:
35 mg (83%).

Man(1,3)-3 MET 22. 1H NMR (300 MHz, D2O) δ 7.87 (d, J = 1.5
Hz, 1H, Triazol−CH), 4.87 (d, J = 1.7 Hz, 1H, C Hanomere pyranose),
4.69−4.59 (m, 2H, N−N−CH2), 4.12−4.05 (m, 1H, CH pyranose),
3.95−3.85 (m, 4H, CH pyranose, CH2-OH pyranose), 3.83−3.71 (m,
4H, CH pyranose, CH2−OH pyranose), 3.70−3.58 (m, 14H,
−OCH2), 3.55−3.31 (m, 22H, CH, −NCH2), 3.06−2.98 (m, 3H,
CH pyranose, CHC−CH2), 2.80 (dt, J = 8.2, 4.1 Hz, 2H, −NC
OCH2), 2.70 (t, J = 6.7 Hz, 2H, −NCOCH2), 2.59−2.47 (m, 14 H,
−NCOCH2), 1.94 (d, J = 4.4 Hz, 3H, −NHCOCH3).

13C NMR
(75 MHz, D2O) δ 177.6, 177.5, 175.0, 174.9, 174.9, 174.8, 174.8,
174.7, 174.7, 174.7, 174.6, 174.3, 174.1, 146.8, 123.9, 99.6, 99.4, 72.8,
72.7, 70.5, 70.4, 70.0, 69.9, 69.4, 68.8, 66.7, 66.3, 65.8, 65.4, 60.9, 60.6,
49.9, 47.1, 47.0, 45.2, 44.9, 38.9, 37.3, 36.9, 31.9, 31.0, 30.9, 30.8, 30.8,
30.8, 30.7, 30.7, 30.2, 30.1, 28.0, 21.8, 21.7, 20.6. HRMS (ESI) m/z:
[M + 2H]2+ calcd for C53H93N13O24, 647.8223; found, 647.8224.
Yield: 19 mg (29%).

Man(1)-Gal(3)-3 MET 23. 1H NMR (300 MHz, D2O) δ 7.89 (s,
1H, Triazol−CH), 4.87 (d, J = 1.7 Hz, 1H, CHanomere Man), 4.65 (t, J =
5.1 Hz, 2H, N−N−CH2), 4.37 (d, J = 7.8 Hz, 1H, CHanomere Gal), 4.29
(dt, J = 10.3, 4.8 Hz, 1H, CH−pyranose), 4.09 (dt, J = 11.2, 5.2 Hz,
1H, CH−pyranose,), 3.97−3.84 (m, 3H, CH−pyranose), 3.84−3.71
(m, 5H, CH pyranose, CH2−OH pyranose), 3.71−3.57 (m, 13H, CH,
−OCH2), 3.56−3.30 (m, 23H, CH, −NCH2), 3.01 (t, J = 7.2 Hz, 2H,
CHC−CH2), 2.84−2.75 (m, 2H, −NCOCH2), 2.70 (t, J = 6.7
Hz, 2H, −NCOCH2), 2.60−2.43 (m, 14H, −NCOCH2), 1.93
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(d, J = 6.2 Hz, 3H, CH3).
13C NMR (151 MHz, D2O) δ 177.6, 177.5,

175.0, 175.0, 174.9, 174.9, 174.9, 174.8, 174.8, 174.8, 174.7, 174.7,
174.7, 174.7, 174.6, 174.3, 174.2, 146.6, 124.1, 103.0, 99.7, 75.1, 72.8,
72.6, 70.6, 70.5, 70.0, 69.4, 68.8, 68.5, 68.1, 66.7, 65.8, 60.9, 50.2, 47.2,
47.2, 47.1, 47.0, 45.2, 44.9, 44.9, 38.9, 38.9, 37.3, 37.3, 36.9, 36.9, 32.0,
31.0, 31.0, 30.9, 30.8, 30.8, 30.8, 30.8, 30.7, 30.7, 30.2, 30.1, 28.0, 21.8,
21.7, 20.7, 20.7. HRMS (ESI) m/z: [M + 2H]2+ calcd for
C53H93N13O24, 647.8223; found, 647.8224. Yield: 23 mg (35%).
Side Product Man(1)-Dimethylamine(3)-3 MEM or Dimethyl-

amine(1)-Man(3)-3 MEM 26. 1H NMR (300 MHz, D2O) δ 4.87 (d, J
= 1.8 Hz, 1H, CHanomere), 3.95 (dd, 1H, J = 1.7; 1.7 Hz, CH pyranose),
3.89 (dd, J = 12.2; 1.7 Hz, 1H, CH pyranose), 3.83−3.75 (m, 3H, CH
pyranose, CH2−OH pyranose), 3.72−3.58 (m, 11H, CH pyranose,
OCH2), 3.57−3.31 (m, 22 H, NC H2), 3.10 (s, 3H, NCH3), 2.92 (s,
3H, NCH3), 2.76−2.65 (m, 6H, −NCOCH2), 2.61−2.45 (m, 14H,
NCOCH2), 1.98 (d, J = 10.7 Hz, 3H, NHCOCH3).

13C NMR
(151 MHz, D2O) δ 175.2, 175.0, 174.8, 174.7, 174.7, 174.7, 174.4,
174.2, 99.7, 72.8, 70.5, 70.0, 69.4, 68.8, 66.7, 65.8, 60.9, 47.2, 45.1,
38.9, 38.9, 37.3, 37.2, 36.9, 35.4, 31.0, 30.9, 30.9, 30.8, 30.7, 30.7, 30.2,
30.1, 28.1, 27.9, 21.9, 21.8. HRMS (ESI) m/z: [M + 2H]2+ calcd for
C46H83N11O19, 546.7928; found, 546.7928. Yield for 0.05 mmol batch:
4 mg (8%).
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(b) Köhn, M.; Breinbauer, R. Angew. Chem., Int. Ed. 2004, 43, 3106−
3116.
(13) Tang, W.; Becker, M. L. Chem. Soc. Rev. 2014, 43, 7013−7039.
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Effects of linker and liposome anchoring on
lactose-functionalized glycomacromolecules as
multivalent ligands for binding galectin-3†

Tanja Freichel,a Dominic Laaf,b Miriam Hoffmann,a Patrick B. Konietzny,a

Viktoria Heine,b Robert Wawrzinek,c Christoph Rademacher, c Nicole L. Snyder, d

Lothar Elling b and Laura Hartmann *a

In this work, we present a bottom-up approach for the synthesis of lactose-functionalized

glycomacromolecules and glycofunctionalized liposomes and apply these compounds to investigate

their effects of multivalent presentation on binding to galectin-3. Step-wise assembly of tailor-made

building blocks on solid supports was used to synthesize a series of oligo(amidoamine) scaffolds that

were further conjugated to lactose via copper catalyzed 1,3-dipolar cycloaddition. Binding studies with

galectin-3 revealed affinities in the micromolar range that increased with increasing carbohydrate

valency, and decreased with increasing size and linker flexibility. To further explore their multivalency,

selected glycomacromolecules were conjugated to lipids and used in liposomal formulations. Binding

studies show a further increase in binding in nanomolar ranges in dependence of both ligand structure

and liposomal presentation, demonstrating the power of combining the two approaches.

Introduction

Carbohydrate–protein interactions play crucial roles in various
biological binding processes such as cell–cell communication
and tumor biology.1 An important family of carbohydrate-
recognizing proteins are the galectins (Gal).2,3 Galectins have
been shown to be involved in apoptosis, angiogenesis, cell–cell
communication, immunemaintenance and cell proliferation.4–7

There are currently een members of the galectin family,
which are further subclassied into three groups: prototype (e.g.
Gal-1), tandem-repeat (e.g. Gal-9) and chimeric (Gal-3).8 Galec-
tins bind to b-galactoside terminating saccharides, most
notably LacNAc (Galb1-4GlcNAc), through their conserved
carbohydrate recognition domain (CRD).8 The galectin CRD is
composed of ve binding sites A–E, where C binds the galactose
moiety and D the carbohydrate attached at the reducing end of
the galactose residue.2,9 Gal-3, the only chimeric type galectin, is
one of the best studied members4,5,10,11 and is an important

target to develop synthetic ligands to better understand the role
of Gal-3 in normal and diseased process as well as for the
development of new diagnostics and therapeutics.5

The natural multivalent ligands for Gal-3 are mostly glycans
and glycoproteins such as laminin or bronectin with O- and N-
linked glycans that oen terminate in repeating LacNAc
units.12–15 Given the challenging synthesis of such poly-
saccharides or glycoproteins, the synthesis of more simplied
multivalent glycomimetics as ligands of galectins is gaining
attention.16–18 Multivalent glycomimetics oen consist of
a synthetic scaffold such as a peptide or polymer presenting
multiple copies of a polysaccharide fragment.18–20 For example,
successful implementation of glycomimetics targeting Gal-3
was shown by Becer and co-workers who synthesized a series
of glycopolypeptides varying in the spacing and density of
carbohydrate ligands.21 In another example, Kamerling and co-
workers used solid phase synthesis to generate glycopeptide
libraries to study Gal-3.22,23 Cloninger and co-workers18,24 used
dendritic scaffolds for the multivalent presentation of carbo-
hydrates and demonstrated their ability to induce Gal-3 aggre-
gation and inhibit cancer cellular aggregation, while Percec and
co-workers used glycodendrimers and dendrimersomes to
present lactose to different galectins including Gal-1,25,26 Gal-3
and -4,27,28 and Gal-8 26,28,29 to explore their properties. Gabius
and Roy evaluated different kinds of glycomimetics from di- to
tetra-conjugated lactose-functionalized glycoclusters to non-
acontavalent lactoside glycodendrimers and demonstrated
their potential in solid phase as well as in cell assays.30–33 Bon-
duelle and co-workers used nanoparticles as a platform for the
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multivalent presentation of carbohydrates for galectin
binding.34 Additionally, in the group of Elling, the enzymatic
build-up of glycans and their subsequent conjugation to bovine
serum albumin (BSA) to form so-called neo-glycoproteins was
used to demonstrate the effect of multivalency in Gal-3
recognition.35,36

Another strategy for a multivalent presentation, which is, to
the best of our knowledge unexplored for Gal-3, is the use of
surface functionalized liposomes.37–42 The synthesis of carbo-
hydrate–lipid conjugates and their incorporation into lipo-
somes via self-assembly allows for the build-up of multivalent,
supramolecular structures, which can be used as ligands, drug-
or antigen-delivery systems.43–47 The use of natural membrane
compounds like cholesterol and phosphatidylcholines (e.g.
DSPC) for the formulation of liposomes can furthermore ensure
a higher biocompatibility for biological applications. Thus, the
presentation of glycomimetics on the surface of such supra-
molecular systems can be used for the targeting of proteins or
cells for various fundamental and applied applications.37,48–51

In this work, we aimed to combine both approaches and
show the impact on the binding of multivalent glycomimetics to
Gal-3 (Fig. 1). First, we applied our previously introduced solid
phase assembly of tailor-made building blocks to obtain
monodisperse, sequence-controlled glycooligoamides, so-called
precision glycomacromolecules, presenting carbohydrate frag-
ments identied as ligands of Gal-3.52–56 To test for the inuence
of the scaffold structure on the lectin binding, glyco-
macromolecules were synthesized varying the overall valency
and distance between individual carbohydrate ligands and in

the length of the linker attaching ligands onto the scaffold
(Fig. 2). Selected glycomacromolecules were then conjugated to
lipids and the resulting ligand–lipid conjugates were used in
liposome formulations. With this approach, we incorporate
multivalency on two levels: the presentation of multiple lactose
ligands along the macromolecular scaffold followed by the
multiple presentation of the glycomacromolecules on the lipo-
some (Fig. 1).

Percec and co-workers used carbohydrate-functionalized
dendrimers to incorporate multiple mono- or divalent
constructs into liposomes and study the effects on clustered
ligand presentation.25 Ratner and co-workers showed the
incorporation of multivalent mannose- and galactose-
functionalized polymers into liposomal formulations and the
use of such glycopolymer-augmented liposomes to elucidate
receptor-mediated uptake inmacrophages.57While they showed
that the use of glycopolymers allowed for higher selectivity and
specicity of cellular uptake of the glycoliposomes, they did not
compare the effects of multivalent presentation of single
ligands vs. multivalent glycopolymers on the liposomes. Such
‘multivalency of multivalency’ glycostructures are well-known in
nature, e.g. the glycolipids or glycoproteins. Our synthetic
platform allows for the systematic build-up of such structures
starting from individual building blocks and building to
multiple levels of multivalency (Fig. 1). This provides us with
model compounds to study whether these two kinds of
presentation in the glycomacromolecule–lipid conjugates are
simply additive or benet from additional factors. In this study,
the binding to Gal-3 of both glycomacromolecules and
glycomacromolecule-functionalized liposomes with variations
in the number and spacing of carbohydrate ligands along the
scaffold is investigated in inhibition-competition studies using
an enzyme-linked immunosorbent inspired-assay (ELISA) and
surface plasmon resonance (SPR).

Results and discussion
Synthesis of glycomacromolecules and glycomacromolecule–
lipid conjugates

Synthesis of glycomacromolecules 1–10 and 12–16 was accom-
plished by applying a previously established solid phase polymer
strategy (Fig. 2).52,56,58 In short, building blocks bearing a carbox-
ylic acid and an Fmoc-protected amine group were coupled to an
amine functionalized resin using PyBOP and DIPEA for activa-
tion. Aer successful coupling, Fmoc-deprotection with piperi-
dine released the N-terminus of the rst building block which
could then be used for coupling of the next building block. This
stepwise assembly allows for the synthesis of monodisperse,
sequence-controlled oligomers. For the synthesis of glyco-
macromolecules in this study, TDS (triple bond diethylenetri-
amine succinyl, 1-(uorenyl)-3,11-dioxo-7-(pent-4-ynoyl)-2-oxa-
4,7,10-triazatetra-decan-14-oic acid)52 was used as an alkyne-
functionalized building block for later conjugation with azide-
derivatives of different carbohydrate ligands via copper(I)-cata-
lyzed alkyne–azide cycloaddition (CuAAC). EDS (ethylene glycol
diamine succinyl, 1-(9H-uoren-9-yl)-3,14-dioxo-2,7,10-trioxa-
4,13-diazaheptadecan-17-oic acid)59 was chosen as a spacer

Fig. 1 Schematic representation of assembling glycofunctionalized
liposomes using solid phase synthesis of precision
glycomacromolecules.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 23484–23497 | 23485
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building block introducing an ethylene glycol motif in the main
chain of the glycomacromolecules. Through different combina-
tions of these building blocks, glycomacromolecules with varying
numbers of carbohydrate ligands and different spacing between
ligands along the oligomeric scaffold were obtained (Fig. 2). b-
Galactose (Gal) and b-lactose (Lac) were applied as known
binding ligands of Gal-3. To investigate the effect of the linker
between the carbohydrate ligand and the oligomeric scaffold, two
different lactose-derivatives were conjugated, one with an
anomeric azide, and one with a propyl linker terminating in an
azide (Fig. 2). Finally, a non-binding a-glucose (Glc) residue was
used to prepare glucose-functionalized glycomacromolecules as
negative controls. All carbohydrate ligands were conjugated on
solid support using previously reported conditions for CuAAC.60

De-O-acetylation of the carbohydrate residues under Zempĺen
conditions and cleavage from solid support gave the nal glyco-
macromolecules.61 All structures were then puried by ion
exchange and preparative HPLC to obtain nal structures with
high purities $ 95% (determined by UV 214 nm signal of RP-
HPLC) (see ESI†).

In contrast to glycomacromolecules 1–10 and 12–16,
compound 11was prepared in solution. Diethylenetriamine was
treated with 4-pentynoyl chloride resulting in the precursor TPD
18 (tripentynoic acid diethylene triamine, N,N-bis(2-(pent-4-
ynamido)ethyl)pent-4-ynamide) (Fig. 2). This was followed by
conjugation of an azido-lactose analog via CuAAC (Scheme S1†).
Global deprotection using Zemplén transesterication, fol-
lowed by neutralization with Amberlite IR120 resin and

Fig. 2 Overview of synthesized glycomacromolecules: (a) galactose-functionalized structures 1–3, (b) lactose-functionalized structures 4–12,
(c) propyl lactose-functionalized structures 13–15, (d) glucose-functionalized structure 16. Structures denoted with *were synthesized as amine
derivatives in addition to the acetyl-capped derivatives.

Fig. 3 Synthesis of lipid-conjugate L4 through the reaction of DSPE-PEG-NHS and glycomacromolecule Lac(1)-2 (4*).
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preparative HPLC yielded Lac3TPD 11 with a purity $ 95%,
determined by RP-HPLC. All nal products were analyzed using
1H-NMR spectroscopy, analytical HPLC coupled with ESI-MS
and HR-MS analysis (for more information see ESI†). Nomen-
clature of the nal glycomacromolecules includes information
on the type and position of the carbohydrate residue, as well as
the overall valency of the oligomer. For example, Lac(1)-2, 4,
represents a monovalent structure bearing a Lac ligand on the
rst position of a dimeric structure and Lac(1,5)-5 L, 14, is
a divalent structure containing propyl linked (L) Lac in position
1 and 5 of a pentameric scaffold.

For the glycomacromolecule–lipid conjugation and later
functionalization of the sensor surface for SPR measurements,
amine functionalized glycoconjugates 4*, 9*, 10* and 16* were
synthesized. For these derivatives, CuAAC was performed on
scaffolds containing a terminal Fmoc group instead of the usual
acetyl group. This was, followed by Fmoc-cleavage with piperi-
dine and deprotection of the carbohydrates. Aer cleavage, the
amine functionalized glycomacromolecules were puried via
preparative chromatography resulting in purities $ 95%, as
determined by RP-HPLC (see ESI†).

Lipid conjugation was conducted according to a previously
published protocol.62 Commercially available DSPE-PEG-NHS
ester was used as lipid (Fig. 3). The conjugation reaction was
performed in amixture of DMF and NaHCO3 aq (1/10) overnight.
Aer removal of the solvents, the lipid-conjugates were puried
by dialysis against buffer and water. Aer lyophilization, the
products were analyzed by 1H-NMR spectroscopy and MALDI-
TOF-MS. The results are summarized in Table 1.

Reaction conversions, equivalent to the ratio of conjugated
lipid, were determined by 1H-NMR via integration of the
terminal methyl groups of the lipid chains normalized to the
anomeric proton of the carbohydrate moieties. They were found
to be between 56–66%, which could be due to hydrolysis of the
NHS-ester group of DSPE-PEG-NHS in aqueous solution. This
hypothesis is strengthened by the MALDI-TOF-MS analysis,
showing a corresponding MS-signal (see e.g. Fig. S69†) of the
hydrolysis product of DSPE-PEG-NHS. For liposome formula-
tion, the ratio of conjugated to unconjugated lipids was taken
into account in order to obtain similar numbers of carbohydrate
ligands per liposome.

Liposome preparation

For the liposome formulation, DSPC was used as the main lipid
component with cholesterol as an additive for membrane
stabilization through reduction of lipid ordering and increased
melting temperatures (Fig. S1†).63–65 This liposomal formulation
is approved by the FDA and therefore regularly used as standard
in pharmaceutical research.66 The glycomacromolecule–lipid
conjugates were used in a total quantity of 4.75 mol% in the
whole formulation.

Lipid lm hydration and extrusion were used for the prep-
aration of the liposomes. Extrusion allowed for size adjustment
and homogenization. The liposomes were analyzed with DLS
showing diameters (d) of approximately 150 nm and poly-
dispersity indices (PDI) between 0.010–0.039. Vesicles in this
PDI-range are termed monodisperse.67,68 Zeta potentials were
measured to verify the negative charge of the surface, which
correlates with the successful incorporation of the glyco-
macromolecule–lipids, and the overall stability of the lipo-
somes. The results of the DLS and zeta potential measurements
are summarized in Table 2 and correspond well to comparable
systems in literature.50,62 Measurements were repeated aer
three months and showed comparable results indicating the
stability of the liposomes over time (data not shown).

Considering the incorporated glycomacromolecules could
theoretically be presented on the inner or outer surface of the
liposomes, the concentration of lactose, which can interact with

Table 1 MALDI-TOF-MS and 1H-NMR analytical data for the glycomacromolecule–lipid-conjugates L4, L9, L10 and L16

Glycomacromolecule–lipid-conjugate

MALDI-TOF-MSa

Conversionb [%]/yieldc [%]
MW cal. for
[M + Na]+ m/z found

L4 C173H330N11O73PNa 3786.5 3787.8 66/58
L9 C243H446N27O107PNa 5511.3 5511.6 56/44
L10 C223H410N23O99PNa 5051.8 5052.4 66/69
L16 C231H428N27O95PNa 5158.0 5158.7 62/35

a MALDI-TOF-MS measurements were performed using positive ion mode. Molecular weights were calculated for the monitored maximum peak
with a PEG repetition unit of 44. b Conversion ratio of conjugated lipid was determined by 1H-NMR via integration of the terminal methyl
groups of the lipid chains signal normalized to the anomeric proton of the carbohydrate. c Determined by balance weight considering the
conversion.

Table 2 Dynamic light scattering and zeta potential analysis of the
liposomes L4, L9, L10 and L16

Glycomacromolecule–
lipid-conjugate used Diameter (d)a [nm] PDIb Zeta potentialc [mV]

L4 156 � 15 0.010 �23.1 � 7.6
L9 150 � 16 0.011 �16.9 � 8.5
L10 154 � 29 0.035 �19.6 � 8.2
L11 146 � 29 0.039 �16.9 � 8.5

a Diameters (d) were determined by DLS analysis of the liposome
solution. b PDI were determined via Gaussian t of the DLS curve
giving the standard deviation s and applying PDI ¼ (s/d)2. c Zeta
potentials were measured with a Zetasizer Nano-Z.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 23484–23497 | 23487
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Gal-3 in binding studies, was determined with a lactose-assay
kit from BioAssay Systems.69,70 Here, the use of sterically
demanding enzymes allows for the discrimination of the
carbohydrates presented on the outer vs. the inner surface of
the liposomes. Lactase is used to degrade Lac into Glc and Gal
and the Gal concentration is determined indicating the
concentration of accessible Lac. In contrast to the standard
protocol, Lac was not a suitable standard because of the time-
dependent behavior of free Lac hydrolysis compared to the
conjugated Lac on the liposomes (see Fig. S2†). One reason for
the observed discrepancy could be that the lactase converts the
free Lac in solution more slowly than the Lac on the liposome
surface, which also has been observed for other enzyme–
substrate systems.71 Therefore, Gal was used instead of Lac as
an alternative standard. An additional deviation from the
protocol involved incubation of the samples with lactase only in
assay buffer for 24 hours at 37 �C prior to dye-incubation
instead of mixing the sample directly with lactase and dye-
reagent simultaneously to achieve full degradation of lactose
to its monosaccharides galactose and glucose. To verify the
stability of liposomes during the measurements, 20 mL of the

liposome–enzyme mixtures were diluted aer the assay to
a total volume of 1 mL with ultrapure water and measured with
DLS. PDI and liposome diameter were in the pre-assay range
indicating that the liposomes were stable during the assay (data
not shown). Results from this protocol gave the surface
concentration of Lac as shown in Table 4. Considering the
amount of glycoligand–lipid-conjugate, which was used for the
liposome formulation, the percentage of ligand on the liposome
surface was calculated to be 94% for both L4 and L9 and 66%
for L10.

Galectin-3 binding studies

Binding of glycomacromolecules and liposomes to Gal-3 was
evaluated by an inhibition competition study using an ELISA-
inspired assay as previously introduced by Elling and co-
workers72 and commonly used when evaluating the binding of
glycomimetic structures to galectins.73–75 Asialofetuin, a natural
multiantennary glycoprotein presenting nine terminal LacNAc
residues, was coated onto microplates to enable the binding of
Gal-3.76 Different concentrations of glycomacromolecules were

Table 3 Inhibition constants (IC50 values), relative inhibitory potencies (RIP), RIP per glycan and inhibitory potencies (IP) for Lac and glyco-
macromolecules 4–15

Glyco-conjugate No. of carbohydrate IC50 � SDa [mM] RIPb RIP/Lac IPc [%]

Lactose 1 159 � 13 1.0 1.0 —
Lac(1)-2, 4 1 123 � 3 1.3 1.3 31
Lac(2)-3, 5 1 111 � 4 1.4 1.4 46
Lac(1,5)-5, 6 2 55 � 5 2.9 1.5 61
Lac(1,5,9)-9, 7 3 36 � 3 4.4 1.5 66
Lac(1,4,7)-8, 8 3 42 � 3 3.8 1.3 65
Lac(1,3,5)-6, 9 3 38 � 2 4.2 1.4 68
Lac(1,2,3)-4, 10 3 37 � 1 4.3 1.4 72
Lac3-TPD, 11 3 29 � 1 5.5 1.8 77
Lac(1,2,3,4,5,6)-7, 12 6 16 � 4 9.8 1.6 78
Lac(2)-3 L, 13 1 133 � 8 1.2 (0.8*) 1.2 36
Lac(1,5)-5 L, 14 2 87 � 3 1.8 (0.6*) 0.9 50
Lac(1,5,9)-9 L, 15 3 50 � 2 3.2 (0.7*) 1.1 55

a Determined by ELISA-inspired inhibition studies on ASF coated plates. Measurements were performed two times in triplicates. b Relative
inhibitory potency normalized to IC50 value of Lac (159 mM). c Reduced IC50 experiment determined by SPR inhibition studies with 100 mg mL�1

Gal-3 in PBS and 50 mM ligand. Binding signal of blank Gal-3 was set to 100% binding and 0% inhibition, inhibition values reported are
referred to Gal-3. *RIP in brackets are the result of a direct comparison of the IC50 value of compound 5 to 13, 6 to 14 and 7 to 15.

Table 4 Inhibition constants (IC50-values), relative inhibitory potency (RIP) of the glycomacromolecules 4, 9, 10 and glycomacromolecules
functionalized liposomes L4, L9, L10

Glycoconjugate No. of carbohydrate Cmeas. � SDa [mM] (Cmeas./C100% [%]) IC50 � SDb [mM] RIPc RIPligand/liposome
d

Lac(1)-2, 4 1 — 123 � 3 1.3 —
Lac(1,3,5)-6, 9 3 — 38 � 2 4.2 —
Lac(1,2,3)-4, 10 3 — 37 � 1 4.3 —
Lac(1)-2, L4 1 143 � 19 (94) 12 � 2 13 10
Lac(1,3,5)-6, L9 3 127 � 18 (94) 1.0 � 0.1 161 38
Lac(1,2,3)-4, L10 3 107 � 18 (66) 0.3 � 0.03 482 112

a Cmeas. [mM]: concentration of the glycomacromolecules on the liposome surface determined with the lactose assay (percentage of glycooligomer
relative to the theoretical concentration (Coligo/C100% [%])). b Determined by ELISA-inspired inhibition studies on ASF coated plates. Measurements
were performed two times in triplicates. c Relative inhibitory potency (RIP) normalized to IC50 value of lactose (159 mM). d RIP of the liposomes
compared to the corresponding single ligand in solution.
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added to the plates followed by Gal-3 carrying a His (histidine)-
tag to achieve a competition event. Residual Gal-3/asialofetuin
binding was then determined using a His-tag antibody
carrying horseradish peroxidase (HRP) for the conversion of
tetramethylbenzidine (TMB). Aer stopping the reaction by
addition of HCl, absorbance was quantied at 640 nm. Inhibi-
tion of Gal-3 was determined by observing a decreasing signal in
dependence of the ligand concentration.

Plotting of the binding signal of Gal-3 against the ligand
concentration gives inhibition curves as shown in Fig. 4a (for
more information see ESI†). From these curves, the half
maximal inhibition concentrations (IC50 values) could be
determined. For the relative inhibitory potency (RIP), the ob-
tained IC50 values were normalized to the IC50 value of non-
conjugated Lac. Thus, stronger binding to Gal-3 results in
a lower IC50 value and a higher RIP. To evaluate effects of va-
lency further, the RIP was normalized to the number
of carbohydrates per glycomacromolecule giving the RIP/Lac.

The IC50 values and relative inhibitory potencies (RIP) as well
as the RIP normalized to carbohydrate moieties for ligands 4–15
are listed in Table 3. Binding studies with galactose structures
1–3 (Fig. S4†) and the negative control 16 (Fig. 3) did not show
any signicant inhibition. Gal is known to be a poor binder for

Gal-3 with Kd values around 10mM,77 50-fold lower compared to
the disaccharide Lac with a Kd value of 0.2 mM.78 Thus, the
multivalent presentation of Gal on the macromolecular scaffold
did not lead to a sufficient increase in binding to efficiently
inhibit Gal-3 in this assay.

In general, a decrease in IC50 values and a corresponding
increase in RIP values indicates an increase in inhibitory
potency and thereby presumably binding affinity. For Lac
structures 4–15, slightly increased inhibitory potencies are
observed for glycomacromolecules with increasing valency
(number of Lac residues) and decreasing spacing (number of
EDS building blocks in between Lac-functionalized building
blocks) (Fig. 4b and c). For the trivalent ligands showing the
same valency and linker length, the lowest IC50 value was
observed for the smallest ligand of this series, glyco-
macromolecule 11, with 29 � 1 mM, and the highest IC50 value
was observed for one of the largest structures, glyco-
macromolecule 8, with 42 � 3 mM. An explanation could be in
the sterical and geometrical effects related to the distances
between the carbohydrate-epitopes which can have an impact
on protein-clustering. Considering the distances of the N-atoms
of the three triazoles in the stretched trivalent structures, the
smallest structure Lac3TPD 11 was found to have theoretical

Fig. 4 Results from the inhibition of Gal-3 in an ELISA-inspired assay. (a) Exemplary inhibition curves of the inhibitionwith structures 4, 8, 9, 10, 11
and negative control 16. Values are normalized to the signal of pure Gal-3. (b–d) IC50 values [mM] (black) and RIP (grey) for: (b) Lac and gly-
comacromolecules 4, 6, 10 and 12 with increasing valency; (c) glycomacromolecules 4, 8–11 with decreasing spacing and (d) glyco-
macromolecules 5–7 and their propyl-Lac counterparts 13–15. RIP are referenced to the IC50 value of lactose.
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distances between 8–17 Å, whereas the glycomacromolecule 8
was found to be in a range of 44–87 Å (see ESI Fig. S9 and S10†).

To the best of our knowledge, the distances between the
CRDs in oligomeric Gal-3 lattices have not yet been reported,
and are likely to vary signicantly based on their complexity and
exible geometry.79 The results of the spacing are strengthened
by studying the inuence of the linker length and the distance
of the triazole moiety from the carbohydrate on the inhibition of
Gal-3 as shown in Fig. 4d. When comparing compounds 5–7
and 13–15, we observe that the introduction of a longer linker
between the lactose ligand and oligomer backbone leads to
a decrease in binding showing just 0.6–0.8 relative potency
when compared to their shorter linker counterparts (Table 3,
marked with *). This effect is even more pronounced with the
higher valent glycomacromolecules.

We hypothesize the differences in avidity could also be due
in part to the triazole motif in the linker participating in
hydrophobic interactions in the binding groove of Gal-3. Similar
results were found by Nilsson and co-workers where replacing
ester or amide bonds through triazoles had an impact on the
affinity and specicity towards Gal-3.80 In addition, the inu-
ence of hydrophobic, aromatic residues such as triazole,
substituted phenyl and coumaryl methyl on the binding of Gal-3
is well-known from literature and might also effect binding of
the glycomacromolecules.16,33,81–83

Besides geometrical effects and hydrophobic interactions,
entropy can also play an important role where the loss of exi-
bility due to increased rigidity can have a positive impact on the
entropy of the system.84,85 In this study, Lac3TPD 11 is assumed
to be the most rigid structure showing the highest avidity
towards Gal-3 in comparison to the other trivalent systems.
Pieters and co-workers performed solid phase inhibition and
uorescence polarization studies on rigidied multivalent
lactose ligands where they could see a twofold higher binding of
rigidied structures compared to their more exible counter-
parts.19 Furthermore, they could observe a high multivalent
effect with increasing valency showing a 300 times higher
binding for a tetravalent structure with a IC50 value of 0.07 mM
compared to the monovalent derivative with an IC50 value of 21
mM and free lactose with 300 mM.19 In our case, the monovalent
glycomacromolecules 4 and 5 show only slightly increased
binding by a factor of 1.3–1.4 in comparison to free Lac, whereas
the highest increase was observed for hexavalent ligand 12 by
a factor of about 9–10. Comparing the characteristics of the
herein reported glycooligo(amidoamines) and the discussed
rigidied lactosidic structures, the more aromatic and thus
hydrophobic nature of the structures by Pieters could be the
reason for the more distinguished enhancement in binding,
caused by participation of the aromatic residues on the binding
event as mentioned before.

Overall, looking at all examined structures, the relative
increase in inhibition for the glycomacromolecules is compa-
rable to other multivalent constructs of similar valencies from
literature, though not as potent as the previously discussed
study by Pieters.19 In another example, Cagnoni and co-workers
observed relative potencies of 10 and 6 by presenting dithio-
galactose as di- and tetrasaccharides in comparison to the

monovalent analogues.86 The aforementioned glycoclusters
synthesized by Gabius and Roy evaluated in a solid-phase assay
resulted in IC50 values of 165 mM for the divalent structure
compared to 62–125 mM for the tetravalent structures.
Compared to free lactose with 700 mM, the divalent structure
showed an RIP of 4.3 and the tetravalent 5.6–11.2, which is
again in the same range or even lower than those reported here
from glycooligo(amido amines).30

In general, the obtained IC50 values of the glyco-
macromolecules are within the concentration range expected
for this type of ELISA-inspired inhibition study on Gal-3. For
example, Elling and co-workers reported IC50 values between 6
and 42 mM for LacNAc-based di- to heptasaccharides, respec-
tively.73 Notably, LacNAc is an even better binder for Gal-3 with
a Kd of 70 mM.72

SPR was used to perform a reduced IC50 experiment as
a comparable method to support the aforementioned ELISA-
inspired assay. Trivalent ligand Lac(1,3,5)-6 (9*) with
a terminal amine group was used for sensor surface function-
alization to provide high loading. The experimental conditions
were based on the results from the ELISA study. In this case
a xed concentration of Gal-3 (100 mg mL�1) and a xed
concentration of ligands (50 mmol L�1) were used. Comparing
Gal-3 binding in presence of the different ligands gives the
inhibition potency (IP) at xed ligand and receptor concentra-
tions. In this context, higher affinity ligands result in a lower
Gal-3 binding signal (Fig. 5 and ESI†) and higher IP values
(Table 3).

SPR measurements (Fig. 5) support the results and trends
observed in the ELISA-inspired assay (Fig. 4). Decreased
spacing, e.g. going from structure 7 to 11, led to a slight increase
in inhibitory potency from 65% to 77% (Table 3). Structures
with the longer propyl-based linker 13–15 again showed lower
inhibitory potency compared to derivatives 5–7 with the shorter
linker.

Based on these ndings, lipid-conjugation was performed
with two trivalent ligands with different spacing and overall size
(9* and 10*) as well as a monovalent glycomacromolecule (4*).
As a negative control, a trivalent Glc-functionalized glyco-
macromolecule (16*) of the same sequence as Lac-
functionalized ligand (9*) was included. The inhibitory
potency of the liposomes (L4, L9 and L10) were studied by the
same ELISA-inspired assay previously used for the free ligands
(Fig. 4).

To compare results based on the number of Lac ligands
available for binding to Gal-3 on the surface of the liposomes,
IC50 values were normalized to the concentration of Lac as
determined by the lactase-assay described above. To further
compare the inhibitory potency of the ligands attached to the
liposomes vs. the free ligands in solution, IC50 values were
normalized to the IC50 value of Lac giving the RIP of the lipo-
somes (Fig. 6).

To better demonstrate and compare the avidity enhance-
ment enabled through the presentation of the glyco-
macromolecules on the liposomes, the RIPs of the
glycomacromolecules were divided by the RIPs of the corre-
sponding liposomes giving the RIPligand/liposome (Table 4).
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Results show the same trends for the different ligands pre-
sented on the liposomes in comparison to the free ligands, with
the smaller trivalent structure (L10) showing a slightly higher
inhibition potency than the longer trivalent ligand (L9), and
trivalent ligands showing higher inhibition potency than the
monovalent ligand (L4). Negative control L16 showed no
inhibitory effect on Gal-3 binding (Fig. 6).

To support the results of the ELISA, the liposomes were
tested in the reduced IC50 assay using SPR as previously
described for the glycomacromolecules. However, using the
same concentration of liposomes as the free glyco-
macromolecules led to complete inhibition of Gal-3 (data not
shown). Reducing the concentration to 10 mM yielded detect-
able differences in Gal-3 binding (see sensorgrams shown in
Fig. 6). Results of the ELISA were again supported with smaller
and higher valent structures showing higher binding.

Comparing the IC50 values of the liposomes with the corre-
sponding inhibition of the glycomacromolecules revealed that
presentation on the liposome surface leads to an increase in
inhibitory potencies. For the best binder of the liposomal
formulations (L10), inhibition potency increases 112-fold from
37 to 0.3 mM in comparison to the free ligand 10. This is in the
order of magnitude for a comparable ‘multivalency of multi-
valency’ system from the work of Laaf and co-workers who

observed 180 to 350-fold higher inhibition for different
saccharides presented in a multivalent fashion on BSA
compared to the free saccharide in solution.35,36 In addition, the
glycodendrimers evaluated by Gabius and Roy presenting 90
lactose residues showed IC50 values of 0.16 mM compared to 164
mM for the monovalent ligand, resulting in an inhibitory
potency of 1025 and 11 per carbohydrate.31

Several studies suggest that Gal-3 oligomerizes upon glycan
binding through its N-terminal domain,29,32,87 however, CRD
mediated multimerization has also been described.88–90 With
multivalent glycans on cell surfaces, Gal-3 can induce cell–cell
interactions, crosslink receptors and even form lattice on cell
surfaces.29,79 Due to the complexity and exibility of galectin
oligomers an increase in inhibitory potential can also point
towards the formation of larger aggregates with Gal-3 based on
the crosslinking property of galectin oligomers. This has been
demonstrated for Gal-3 induced glycodendrimers24 and glyco-
dendrisomes.25–29 Lactose was used as relative low affinity glycan
and induced aggregation as multivalent ligand through Gal-3
binding. Interesting in our study is that the presentation of
lower affinity monovalent ligand 4 and the trivalent ligand 9 on
the liposomes (L4, L9), led to an increase of 10-fold or 38-fold,
respectively. This shows that both the multivalency of the gly-
comacromolecules as, well as the multivalency of the

Fig. 5 Results from the reduced IC50 SPR inhibition experiment of Gal-3 with samples 4–15. (a) Exemplary SPR-sensorgrams of only Gal-3 and
Gal-3 incubated with macromolecule 4, 8–11. (b and c) Gal-3 binding signal � SD [%] with reference of only Gal-3 signal as 100% binding for (b)
glycomacromolecules 4, 6, 10 and F with increasing valency; (c) glycomacromolecules 4, 8–11 with decreasing spacing and (d) glyco-
macromolecules 5–7 and their propyl Lac counterparts 13–15. All measurements were performed in triplicates.
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presentation on the liposomes, contribute to the increased
binding of Gal-3. Whether Gal-3 oligomerizes and forms
aggregates with multivalent liposomes remains to be studied in
future work.

Conclusions

Within this work, we investigated effects of the multivalent
presentation of Lac using precision glycomacromolecules in
binding to Gal-3. The use of solid phase synthesis allowed
for the controlled variation of carbohydrate valency, spacing
and linkage on an oligo(amidoamine) scaffold. ELISA-
inspired and SPR assays revealed an inuence of all three
parameters on Gal-3 inhibition giving inhibition constants
in the lower mM range. As expected, higher valency leads to
higher binding. Surprisingly, decreasing the linker length
and overall size of the scaffold also leads to an increase in
binding. We partially attribute this to secondary binding
interactions of the hydrophobic triazole linkages which are
in closer proximity to the lectin for glycomacromolecules
with shorter linkers. Further conjugation of selected glyco-
macromolecules to lipids allowed for additional multivalent

presentation on the surface of liposomes, which increased
binding and resulted in nM inhibition. However, the
presentation of monovalent ligands in the liposomal
formulations resulted in a much less pronounced increase
in inhibitory potency, showing the importance of multi-
valency on both length scale, the macromolecular scaffold
and liposome decoration, to effectively yield high avidity
ligands. Indeed, this is a key feature of many glyco-
conjugates in nature such as glycolipids or glycoproteins.
Our synthetic platform and the approach presented here
give straightforward access to the design and synthesis of
ligands using ‘multivalency of multivalency’ effects to ach-
ieve high avidity biomimetic ligands and to further study the
underlying mechanisms involved in receptor binding and
clustering.

Experimental
Materials

All reagents and solvents were used without further purica-
tion. Acetic anhydride and sulfonic acid were purchased from
VWR chemicals. Piperidine, triuoro acetic acid, sodium

Fig. 6 Results of the inhibition studies of the liposomes L4, L9, L10 and L16. (a) Inhibition curves of the inhibition of Gal-3 in ELISA-inspired assay.
(b) Resulting IC50 values and RIP. Results from the reduced IC50 SPR inhibition experiment of Gal-3 (100 mg mL�1) and 10 mM of L4, L9, L10 and
L16. (c) Exemplary SPR sensorgrams of only Gal-3 and incubated with L4, L9, L10 and L16. (d) Gal-3 binding signal� SD [%] with reference of only
Gal-3 signal as 100% binding. All measurements were performed in triplicates.
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methoxide, pentynoic acid and sodium diethyldithiocarbamate
were purchased from Acros Organics. Dimethylformamide (for
peptide synthesis) was purchased from Biosolve. Triisopro-
pylsilane (TIPS) was purchased from Sigma Aldrich. Oxalyl
chloride was purchased from Alfa Aesar. HOBt was purchased
from Iris Biotech. N,N-Diisopropylethylamine (DIPEA) and
diethylenetriamine were purchased from Carl Roth. Sodium
ascorbate, phenol and potassium carbonate were purchased
from PanReac AppliChem. Dichloromethane and triethylamine
were purchased from Merck. PyBOP was purchased from Fluo-
rochem and CuSO4 anhydrous from Fluka Chemika. Phosphate-
buffered saline (PBS) tablets were purchased from Sigma
Aldrich and ready-made PBS buffer from Gibco.

Solid phase synthesis was performed on TentaGel® SRAM
resin purchased from Rapp Polymere using polypropylene
reactors with polyethylene frits closed with Luer-stoppers from
MultiSyntech GmbH. Ion exchange resin AG1-X8, quat. ammo-
nium, 100–200 mesh, acetate form was purchased from BioRad
and Amberlite IR120 (hydrogen form) from Sigma Aldrich. For
the liposomes, 1,2-distearoyl-sn-glycero-3-phosphocholine ¼
COATSOME MC-0808® (DSPC), N-(methylpolyoxyethylene oxy-
carbonyl)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine
sodium salt¼ SUNBRIGHT DSPE-020CN (DSPE-PEG) and N-[N0-
(succinimidyloxy glutaryl)aminopropylpolyoxyethylene oxy-
carbonyl]-1,2-distearoyl-sn-glycero-3-phosphoethanolamine
sodium salt ¼ SUNBRIGHT DSPE-020GS (DSPE-PEG-NHS) were
purchased from NOF Europe. Cholesterol was purchased from
Sigma Aldrich. Filter supports and a Mini-Extruder Kit were
purchased from Avanti Polar Lipids and used with Hamilton-
syringes (1000 mL) with polycarbonate membranes, pore sizes
0.1 and 0.2 mm. Slide-A-Lyzer™ Dialysis Cassettes were
purchased from Thermo Scientic, ultrapure water was
supplied from Invitrogen™ UltraPure™ from FisherScientic.
EnzyChrom TM Lactose-Assay Kit was purchased from BioAssay
Systems and used together with a Multiskan Go Microplate
Spectrophotometer from Thermo Scientic and clear at-
bottom 96-well microplates from Greiner Bio-One.

(2-Azidoethyl)-2,3,4,6-tetra-O-acetyl-b-D-galactopyrano-
side, (2-azidoethyl)-2,3,4,6-tetra-O-acetyl-a-D-glucopyrano-
side and hepta-O-acetyl-b-lactosylazide were synthesized
following established protocols.91 Reactions were observed
via analytical thin layer chromatography, performed on
Merck silica gel 60 F254 plates and were visualized with
ninhydrin and anisaldehyde staining. 1H-NMR and 13C-NMR
spectra were measured on Bruker Avance III 300 or Bruker
Avance III 600. Analytical reversed phase HPLC (RP-HPLC)
measurements were performed on Agilent Technologies
6120 series coupled with an Agilent quadrupole mass spec-
trometer. All spectra were measured with solvent A: 95% H2O,
5% ACN, +0.1% formic acid, and solvent B: 5% H2O, 95%
ACN, +0.1% formic acid with a gradient of 5 to 50% B over
30 min. Purities of the compounds were determined by the
integration of the signals absorbing at 214 nm. Preparative
RP-HPLC was performed on an Agilent 1200 series. High
resolution ESI (HR-ESI) spectra were measured on UHR-
QTOF maXis 4G (Bruker Daltonics).

Methods

Solid phase synthesis. Solid phase synthesis of glyco-
oligoamides was performed as reported.52 General protocols for
the solid phase synthesis are described for batch sizes of
0.1 mmol as total loading of the resin. All reactions were per-
formed at room temperature in a reactor with a frit on a shaker.

Resin preparation and Fmoc cleavage. The resin (0.1 mmol,
400 mg, resin loading 0.25 mmol g�1) was transferred into
a 10 mL reactor and 5 mL DCM were added to swell the resin for
1 h. Aer washing the resin 10 times with 5 mL DMF, the Fmoc
protecting group was cleaved by adding 5 mL of 25% piperidine
in DMF and shaking three times for 10 min. In between the
deprotection steps, the resin was washed three times with 5 mL
DMF, and aer the last deprotection, the resin was washed ten
times with 5 mL DMF.

Building block coupling. The building block (0.5 mmol, 5 eq.
to total loading of resin) and PyBOP (0.5 mmol, 260 mg, 5 eq.)
were dissolved in 3mL DMF and DIPEA (1mmol, 0.2 mL, 10 eq.)
was added. Aer ushing the solution with nitrogen for 1 min,
the solution was added to the resin and the reaction was shaken
for 1–1.5 h. Aer that, the liquid content was discarded and the
resin was washed ten times with 5 mL DMF.

Terminal-NH2 capping. The resin was treated with 3 mL
acetic anhydride two times for 15min. In between, the resin was
washed with 3 mL DMF 3 times. Aer the last capping step, the
resin was washed ve times with 5 mL MeOH and ve times
with 5 mL DMF.

Copper-catalyzed alkyne azide cycloaddition conjugation.
Carbohydrate azide derivative (3 eq./alkyne) was dissolved in
2 mL DMF. Separately, CuSO4$5H2O (50 mol%/alkyne) and
sodium ascorbate (50 mol%/alkyne) were each dissolved in
0.2 mL MilliQ water. The carbohydrate solution was rst added
to the resin, followed by sodium ascorbate and CuSO4. Aer
shaking the reaction mixture overnight, the resin was washed
sequentially with 5 mL of DMF, a solution of 0.2 M sodium
diethyldithiocarbamate in DMF and water (1/1), water, DMF
and DCM until no more color changes were monitored.

Carbohydrate deprotection. The resin was treated two times
for 30 min with 5 mL 0.2 M NaOMe in MeOH. In between, the
resin was washed three times with 5 mL MeOH, then the resin
was washed ve times with 5 mL of eachMeOH, DMF and DCM.

Macro cleavage. The resin was washed ten times with 5 mL
DMF and DCM. A cleavage solution consisting of 5 mL of 95%
TFA, 2.5% TIPS and 2.5% DCM was added to the resin, and the
reaction mixture was shaken for 1 h. The supernatant was
added dropwise to cooled Et2O (40 mL) to precipitate the
product. The mixture was centrifuged, the supernatant was
decanted, and the white precipitate was dried under a stream of
nitrogen. Aer dissolving the resulting solid in MilliQ water, the
solution was lyophilized.

In solution synthesis of Lac3TPD 11. 4-Pentynoic acid
(37 mmol, 3.6 g, 1 eq.) was dissolved in 90 mL DCM and oxalyl
chloride (37 mmol, 3.2 mL, 1 eq.) was added carefully. The
reaction was activated by a few drops of DMF and stirred for
1.5 h at room temperature. The resulting 4-pentynoic chloride
was puried by fractional distillation.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 23484–23497 | 23493
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Diethylenetriamine (3 mmol, 0.3 mL, 1 eq.) was dissolved in
300 mL DCM and 4-pentynoic acid chloride (3 eq.) was added
carefully over 30 min. The reaction was stirred for 1 h at room
temperature. Aer adding 100 mL of a saturated NaHCO3

solution, the organic layer was separated, washed two times
with 50 mL of saturated NaHCO3 solution and dried over
Na2SO4. The solvent was removed under reduced pressure and
the crude product was recrystallized from ethyl acetate resulting
in the desired product 18 as a white solid in yield of 31%
(300 mg, 0.87 mmol).

TPD-precursor 18 (0.1 mmol 34 mg, 1 eq.) and azido-lactose
(0.45 mmol, 300 mg, 4.5 eq.) were dissolved in 2 mL DMF.
Sodium ascorbate (30 mg, 50 mol%/alkyne) and CuSO4 (38 mg,
50 mol%/alkyne) were each dissolved in 0.2 mL H2O and added
to the TPD-lactose solution. The mixture was stirred for 3 d at rt.
The reaction mixture was added to 40 mL H2O to precipitate the
product. Aer centrifugation, the precipitate was redissolved in
1 mL DMF and precipitated in 40 mL H2O for a second time.
The product was deprotected by treating the crude precipitate
with 6 mL of 0.2 M NaOMe in MeOH for 1 h. Aer adding 4 mL
H2O, the solution was neutralized using Amberlite IR120. Aer
ltration and removal of the solvent, the crude product was
puried using preparative RP-HPLC. The product was obtained
as a white solid with a yield of 50% (73 mg, 0.05 mmol).

Lipid-conjugation. DSPE-PEG-NHS (2 mg, 1 eq.) were dis-
solved in 100 mL DMF followed by the glycoligands 4*, 9*, 10*
and 16* (8 eq.) dissolved in 900 mL of 0.1 M NaHCO3 solution
and the solution was stirred overnight. Aer removing the
solvents under reduced pressure, the residue was redissolved in
1.5 mL 0.1 M NaHCO3 solution. The solution was dialyzed using
Slide-A-Lyzer cassettes with a molecular weight cut-off (MWCO)
of 7000 g mol�1

rst three times for 8–12 h against 0.1 M
NaHCO3 and subsequently three times for 8–12 h against water.
The sample to solvent ratio was 1 mL to 250 mL up to 1 mL to
550 mL. Yields given in mg relate to the successfully conjugated
lipids. The content of unconjugated lipids was quantied via
1H-NMR and was excluded in the calculation.

Liposome formulation. Liposomes were prepared by the
hydration lm extrusion method.92 The general composition of
the liposomes was 57 mol% of DSPC, 38 mol% of cholesterol,
4.75 mol% of DSPE-PEG-ligand and 0.25mol%DSPE-PEG, or no
DSPE-PEG-ligand and 5 mol% DSPE-PEG for an unfunctional-
ized liposome. For the calculations of the DSPE-PEG-ligand, the
effective molar mass was calculated taking into consideration
the mixture of conjugated and unconjugated DSPE-PEG-COOH
(through partially deactivated NHS) yielded from the conjuga-
tion step.

Stock solutions of each 8 mg mL�1 DSPE-PEG and DSPE-
PEG-ligand in DMSO-d6, and 20 mg mL�1 DSPC and 10 mg
mL�1 cholesterol in CDCl3 were prepared. The batch for the
formulation was calculated for a nal total lipid concentration
of 3 mmol in 624 mL PBS-buffer (4.81 mM).

All DMSO-dissolved compounds were added to a test tube
and the sample was freeze-dried. Then, DSPC and cholesterol
were added and the mixture was further dried in a stream of
nitrogen and subsequently under high vacuum for 1 h. 624 mL
PBS-buffer were added and the test tube was sonicated for four

times at 50 �C for 3–4 s, then vortexed and allowed to rest for
30 s. This procedure was repeated until all of the precipitate was
suspended.

In the following extrusion step, the extruder was build-up
and prepared as described by the supplier. The liposome
suspension was taken up with the Hamilton syringe of the mini-
extruder kit and was rst extruded 30 times through a 0.2 mm
lter and then through a 0.1 mm lter. The suspension was
allowed to stand for 30 min at room temperature and then
stored at 4 �C.

Determination of the lactose concentration on the liposome
surface. The determination of lactose-concentration on the
liposome surface was conducted with the EnzyChrom™

Lactose-Assay Kit from BioAssay Systems. Changes to the
protocol included the following: (i) galactose was used as
a standard instead of lactose; (ii) the liposome samples were
rst incubated with 1 mL lactase in 28.3 mL assay buffer for 24
hours at 37 �C; (iii) following incubation, the standard and
liposome samples were treated with 1 mL each of dye reagent
and enzyme mix in a total of 56.7 mL assay buffer. Subsequently,
all samples were incubated for 30 min at room temperature
before the optical density readout. The standards were prepared
in Eppendorf tubes to be able to vortex and shortly centrifuge
them before application onto the microplate. One stock solu-
tion of the lactase in assay buffer as well as enzyme mix plus dye
reagent in assay buffer was prepared for all tests of one
measurement together, carefully vortexed and subsequently
transferred to the microplate.

DLS and zeta potential. Dynamic light scattering (DLS) and
zeta potential measurements were performed with 20 mL of the
liposome suspension diluted with 980 mL of ultrapure water at
25 �C. DLS was measured on a High Performance Sizer from
Malvern Instruments with polystyrene cuvettes and the ALV-
correlator soware Version 3.0 with a backscattering detector
(173�) and 5 measurements per 30 s for each sample. Zeta
potential measurements were performed on a Zetasizer Nano Z
from Malvern Instruments with DTS1070 capillary cells.

Binding studies
Surface plasmon resonance. The SPR inhibition studies were

performed on a CM5 sensor chip on a Biacore X100 from GE
Healthcare Life Science. For immobilization, the “Surface
Preparation Wizard” for the sensor chip CM5 was used. The
functionalization of the two ow cells was performed through
an amine-coupling procedure with NHS/EDC (contact time
420 s, ow rate 10 mL min�1). Flow cell 2 (mess cell) was
immobilized with 1 mM Lac(1,3,5)-6, 9*, in HBS-P buffer from
GE Healthcare with a contact time of 600 s. For ow cell 1
(reference cell) a blank immobilization with ethanolamine was
performed according to the soware. As running buffer, HBS-P
buffer from GE Healthcare was used. The immobilization levels
reached 411 RU for ow cell 2 and 186 RU for ow cell 1.

The inhibition assay was performed in a “Custom Assay
Wizard-Binding Analysis” in a multi cycle measurement. For the
inhibition studies, stock solutions of 200 mg mL�1 of Gal-3 and
100 mM for each ligand in PBS buffer (150 mM NaCl, 50 mM
NaH2PO4, pH 7.5) were prepared. Gal-3 was incubated with each
ligand by mixing the solutions of the protein and ligands in
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a 1 : 1 ratio, resulting in nal concentrations of 100 mg mL�1 for
Gal-3 and 50 mM for the ligands. The assay was performed with
PBS as running buffer using 90 s for association time and 60 s
for dissociation time with a ow rate of 10 mL min�1 over both
ow cells. The cell surface was regenerated by injecting 3 M
MgCl2 in MilliQ water for 60 s with a ow rate of 10 mL min�1

over the surface aer each cycle. Liposomes were measured at
concentrations of 10 mM using a stock solution of 20 mM in PBS
buffer due to their higher binding affinities to Gal-3.

The report points for the binding event of Gal-3 without and
with ligand were taken aer 155 s aer sensorgram adjustment
to baseline. The response unit of only Gal-3 was set as a refer-
ence point to 100% binding and 0% inhibition. Inhibition of
the glycomacromolecules were referred to the response unit of
only Gal-3. All measurements were performed in triplicates.

Enzyme-linked immunosorbent assay (ELISA). Inhibition
studies were performed according to an established protocol by
Elling and co-workers.35 Glycoligands 1–16 were measured with
nal concentrations between 0.1 and 2000 mM and liposomes
L4, L9, L10 and L16 with nal concentrations calculated
according to the results of the Lactose-Assay Kit between 0.002
and 14 mM of the glycoligands.
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S. E. Sherman, M. Vetro, S. Vértesy, H. Kaltner, E. H. Reed,
M. Möller, C. J. Wilson, D. A. Hammer, S. Oscarson,

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 23484–23497 | 23495

Paper RSC Advances

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
9 

Ju
ly

 2
01

9.
 D

ow
nl

oa
de

d 
on

 1
1/

10
/2

01
9 

6:
07

:1
7 

PM
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online



M. L. Klein, H.-J. Gabius and V. Percec, Proc. Natl. Acad. Sci.
U. S. A., 2018, 115, E2509–E2518.
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P. Bojarová, Int. J. Mol. Sci., 2018, 19, 372.

74 M. Wolfenden, J. Cousin, P. Nangia-Makker, A. Raz and
M. Cloninger, Molecules, 2015, 20, 7059–7096.
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1. Additional information on synthesis of glycomacromolecules and liposome formulation 

 
Scheme S 1: Scheme of the synthesis of compound 11. 

 

 

 
Figure S 1: Components used for the liposome formulation. 
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1.1. Additional information on the characterization of the functionalization degree 
of the liposomes 

 

 
Figure S 2: Results of the Lactose-Assay Kit measuring the time dependent behavior of the absorbent resulting from the 
conversion of the lactose standard provided by the kit (top) and of the liposome L10 (bottom). 
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Figure S 3: Results of the lactose-assay kit: Resulting lactose concentration (B) using the galactose standard curve 
(A).*calculated from total amount of weighted lipids in consideration of coupling efficiency and for 100 % of lactose-
oligomer on outer surface of liposome. 
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2. Additional information on binding studies of glycomacromolecules  

 

 
Figure S 4: ELISA inhibition curve of Gal-3 with lactose. 

 
Figure S 5: ELISA inhibition curve of Gal-3 with glycomacromolecules 9 and 12. 

 
Figure S 6: ELISA inhibition curve of Gal-3 with glycomacromolecules 3,6,7 and 13-15. 
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.  

Figure S 7: Results from the SPR inhibition studies of Gal-3 with the controls lactose and Glc(1,3,5)-6, 16. 

Figure S 8: Results from the SPR inhibition studies of Gal-3 with galactose samples 1, 2 and 3.  

 

 
Figure S 9: Chem3D-simulation and measurement of the distances between the three nitrogen-atoms of the triazoles (marked 
in green) of Lac3TPD 11 after MM2 conformational minimization. 
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Figure S 10: Chem3D-simulation and measurement of the distances between the three nitrogen-atoms of the triazoles (marked 
in green) of Lac3TPD 8 after MM2 conformational minimization.  
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3. Analytical data of glycomacromolecules 
 

3.1.  Gal(1)-2, 1 
1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]: 7.90 (s, 1 H, triazole-CH), 4.65 (t, 

J = 5.1 Hz, 2 H, -N-N-CH2-), 4.37 (d, J = 7.8 Hz, 1 H, CHanomerGal), 4.29 (dt, J = 11.6, 4.8 Hz, 

1 H, -CHpyranose), 4.09 (dt, J = 11.1, 5.2 Hz, 1 H, CHpyranose), 3.91 (dd, J = 3.4, 1.0 Hz, 1 H, 

--CHpyranose), 3.78 – 3.72 (m, 2 H, CHpyranose), 3.70 – 3.58 (m, 10 H, CHpyranose, O-CH2-), 3.54 – 

3.29 (m, 13 H, CHpyranose, C=ONH-CH2), 3.01 (t, J = 7.1 Hz, 2 H, CH=C-CH2), 2.79 (t, 

J = 7.2 Hz, 2 H, CH=C-CH2-CH2), 2.56 – 2.41 (m, 8 H, , NHC=O-CH2), 2.00 (s, 3H, -CH3). 

HR-MS (ESI) calc. for C33H59N9O14 [M+2H]2+ 402.7085; found 402.7084. Yield: 51 mg 

(63 %). 

 

 
Figure S 11: 1H-NMR spectrum of compound 1. 
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Figure S 12: HR-MS spectrum of compound 1. 

 
Figure S 13: RP-HPLC and ESI-MS spectrum of compound 1. 

 

3.2. Gal(1,3,5)-6, 2 

 
1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]: 7.90 (s, 3 H, triazole-CH), 4.65 (t, 

J = 5.0 Hz, 6 H, -N-N-CH2-), 4.37 (d, J = 7.8 Hz, 3 H, CHanomerGal), 4.29 (dt, J = 9.9, 4.8 Hz, 3 

H, CHpyranose), 4.09 (dt, J = 11.0, 5.1 Hz, 3H, CHpyranose), 3.91 (d, J = 3.3 Hz, 3H, CHpyranose), 

3.78 – 3.71 (m, 6 H, CHpyranose ), 3.70 – 3.56 (m, 30 H, CHpyranose, O-CH2-), 3.53 – 3.30 (m, 

39H, CHpyranose, C=ONH-CH2), 3.00 (t, J = 7.1 Hz, 6 H, CH=C-CH2), 2.79 (t, J = 7.2 Hz, 6 H 

CH=C-CH2-CH2), 2.53-2.44 (m, 24 H, NH-C=O-CH2-), 2.00 (s, 3H, -CH3). HR-MS (ESI) calc. 

for C95H164N25O40 [M+3H]3+ 765.0517; found 765.0522. Yield: 119 mg (52 %). 
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Figure S 14: 1H-NMR spectrum of compound 2. 

 

 
Figure S 15: HR-MS spectrum of compound 2. 
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Figure S 16: RP-HPLC and ESI-MS spectrum of compound 2. 

 

3.3 Gal(1,2,3)-4, 3 
1H-NMR (300 MHz, D2O) δ [ppm] 7.89 (s, 3H, triazole-CH), 4.64 (t, J = 4.7 Hz, 6H, -N-N-

CH2-), 4.37 (d, J = 7.8 Hz, 3H, CHanomerGal), 4.28 (dt, J = 9.9, 4.7 Hz, 3H, -CHpyranose), 4.09 (dt, 

J = 10.8, 5.0 Hz, 3H, -CHpyranose), 3.91 (d, J = 3.0 Hz, 3H, -CHpyranose), 3.81 – 3.71 (m, 

6H, -CHpyranose), 3.70 – 3.58 (m, 15H, CHpyranose, O-CH2-), 3.53 – 3.29 (m, 30H, CHpyranose, 

C=ONH-CH2), 3.04 – 2.92 (m, 6H, CH=C-CH2), 2.78 (t, J = 7.0 Hz, 6H, CH=C-CH2-CH2), 

2.53-2.42 (m, 16H, -N-C=O-CH2-), 1.99 (s, 3H, -CH3). HR-MS (ESI) calc. for C75H128N21O32 

[M+3H]3+ 611.6339; found 611.6340. Yield: 90 mg (49 %). 
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Figure S 17: 1H-NMR spectrum of compound 3. 

 

 
Figure S 18: HR-MS spectrum of compound 3. 
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Figure S 19: RP-HPLC and ESI-MS spectrum of compound 3. 

 

 

3.4 Lac(1)-2, 4 

 
1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.05 (s, 1 H, triazole-CH), 5.75 (d, 

J = 9.2 Hz, 1H, CHanomerGlc), 4.52 (d, J = 7.7 Hz, 1H, CHpyranose, O-CH2-), 4.10 – 3.73 (m, 10H, 

CHpyranose, O-CH2-), 3.72 – 3.57 (m, 10H,), 3.47-3.31 (m 12 H, C=ONH-CH2), 3.05 (t, 

J = 7.1 Hz, 2 H, CH=CH-CH2), 2.82 (t, J = 7.0 Hz, 2 H, CH=CH-CH2-CH2), 2.58 – 2.43 (m, 

8 H, NHC=O-CH2) , 2.00 (s, 3 H, -CH3). HR-MS (ESI) calc. for C37H65N9O18 [M+2H]2+ 

461.7218; found 461.7217. Yield: 51 mg (55 %). 
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Figure S 20: 1H-NMR spectrum of compound 4. 

 

 
Figure S 21: HR-MS spectrum of compound 4. 
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Figure S 22: RP-HPLC and ESI-MS spectrum of compound 4. 

 

3.5 Lac(1)-2, 4* 

 
1H-NMR (600 MHz, Deuterium Oxide) δ [ppm]: 8.44 (br s, 1H, NH), 8.03 (m, 1H, 

triazole-CH), 5.74 (d, 3J = 9.3 Hz,1H, CHanomerGlc), 4.50 (d, 3J = 7.8 Hz, 1H, CHanomer-Gal), 

4.03 (t, 3J = 9.0 Hz, 1H, CHpyranose), 3.97 – 3.55 (m, 19H, O-CH2-, CHpyranose), 3.45 (m, 4H, 

C=ONH-CH2), 3.36 (m, 4H, C=ONH-CH2), 3.32 (t, 3J = 6.1 Hz, 2H, C=ONH-CH2), 3.20 (m, 

2H, CH2-NH2), 3.03 (t, 3J = 7.1 Hz, 2H, CH=CH-CH2), 2.80 (t, 3J = 7.2 Hz, 2H, CH=CH-CH2-

CH2), 2.47 (m, 8H, NHC=O-CH2). HR-MS (ESI) calc. for C35H63N9O17 [M+2H]2+ 440.72; 

found 440.72. Yield: 48 mg (54 %). 
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Figure S 23: 1H-NMR spectrum of compound 4*. 

 

 
Figure S 24: HR-MS spectrum of compound 4*. 
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Figure S 25:RP-HPLC and ESI-MS spectrum of compound 4*. 

 

3.6 Lac(2)-3, 5 

 
1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.05 (s, 1H, triazole-CH); 5.75 (d, 

3J = 9.2 Hz, 1H, CHanomerGlc), 4.52 (d, 3J = 7.7 Hz, 1H, CHanomer-Gal), 4.09-3.92 (m, 3H, 

CHpyranose), 3.93-3.82 (m, 4H, CHpyranose), 3.81-3.73 (m, 3H, CHpyranose), 3.72-3.54 (m, 18H, 

CHpyranose, CH2 pyranose, O-CH2-), 3.51-3.28 (m, 16H, CHpyranose, C=ONH-CH2), 3.04 (t, 

3J = 7.1 Hz, 2H, CH=CH-CH2), 2.81 (t, 3J = 7.1 Hz, 2H, CH=CH-CH2-CH2), 2.57-2.45 (m, 

12H, NHC=O-CH2), 1.99 (s, 3H, CH3). HR-MS (ESI): m/z calc. for C47H83N11O22 [M+2H]2+ 

576.7852; found 576.7847. Yield: 267.1 mg (66 %). 
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Figure S 26: 1H-NMR spectrum of compound 5. 

 

 
Figure S 27: HR-MS spectrum of compound 5. 
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Figure S 28: RP-HPLC and ESI-MS spectrum of compound 5. 

 

3.7 Lac(1,5)-5, 6 

 
1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.05 (s, 2H, triazole-CH), 5.75 (d, 2H, 

3J = 9.1 Hz, CHanomerGlc), 4.52 (d, 3J = 7.7 Hz, 2H, CHanomer-Gal), 4.10-3.73 (m, 18H, 

CHpyranose), 3.72-3.54 (m, 30H, CHpyranose, CH2 pyranose, O-CH2-), 3.51-3.29 (m, 28H, CHpyranose 

C=ONH-CH2), 3.04 (t, 3J = 7.1 Hz, 4H, CH=CH-CH2), 2.81 (t, 3J = 6.5 Hz, 4H, CH=CH-CH2-

CH2), 2.56-2.44 (m, 20H, NHC=O-CH2), 1.94 (s, 1,5H, CH3), 1.92 (s, 1,5H, CH3). HR-MS 

(ESI): m/z calc. for C82H142N19O39 [M+3H]3+ 672.3232; found: 672.3225. Yield: 145.0 mg (28 

%). 
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Figure S 29: 1H-NMR spectrum of compound 6. 

 

 
Figure S 30: HR-MS spectrum of compound 6. 
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Figure S 31: RP-HPLC and ESI-MS spectrum of compound 6. 

 

3.8 Lac(1,5,9)-9, 7 

 
1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.05 (s, 3H, triazole-CH), 5.75 (d, 3J = 9.2 Hz, 

3H, CHanomerGlc), 4.52 (d, 3H, 3J = 7.7 Hz, CHanomer-Gal), 4.10-3.92 (m, 8H, CHpyranose), 3.92-3.82 

(m, 14 H, CHpyranose), 3.82-3.73 (m, 6H, CHpyranose), 3.72-3.55 (m, 54H, CHpyranose, CH2 pyranose, O-

CH2-), 3.51-3.28 (m, 50H, CHpyranose, C=ONH-CH2), 3.04 (t, 3J = 7.0 Hz, 6H, CH=CH-CH2), 2.81 

(t, 3J = 7.0 Hz, 6H,  CH=CH-CH2-CH2), 2.57-2.42 (m, 36H, NHC=O-CH2), 1.94 (s, 1,5H, CH3), 

1.92 (s, 1,5H, CH3). HR-MS (ESI): m/z calc. for C137H237N31O64 [M+4H]4+ 835.1555; found 

835.1562. Yield: 76 mg (32 %). 
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Figure S 32: 1H-NMR spectrum of compound 7. 

 

 
Figure S 33: HR-MS spectrum of compound 7. 
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Figure S 34: RP-HPLC and ESI-MS spectrum of compound 7. 

 

3.9 Lac(1,4,7)-8, 8 

 
1H-NMR (300 MHz Deuterium Oxide) δ [ppm]: 8.05 (s, 3H, triazole-CH), 5.75 (d, 

3J = 9.2 Hz, 3H, CHanomerGlc), 4.52 (d, 3J = 7.6 Hz, 3H, CHanomer-Gal), 4.11 – 3.53 (m, 77H, 

CHpyranose, CH2 pyranose, O-CH2-), 3.53 – 3.24 (m, 43H, CHpyranose, CH2 pyranose, C=ONH-CH2), 

3.04 (t, 3J = 7.1 Hz, 6H, CH=CH-CH2), 2.81 (t, 3J = 7.1 Hz, 6H, CH=CH-CH2-CH2), 2.59 – 

2.38 (m, 32H, NHC=O-CH2), 1.99 (s, 3H, CH3). HR-MS (ESI) calc. for C127H219N29O60 

[M+4H]4+ 777.6239; found 777.6229. Yield: 107 mg (35 %). 
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Figure S 35: 1H-NMR spectrum of compound 8. 

 

 
Figure S 36: HR-MS spectrum of compound 8. 
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Figure S 37: RP-HPLC and ESI-MS spectrum of compound 8. 

 

3.10  Lac(1,3,5)-6, 9 

 
1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.05 (s, 3H, triazole-CH), 5.75 (d, 

3J = 9.2 Hz, 3H, CHanomerGlc), 4.52 (d, 3J = 7.7 Hz, 3H, CHanomer-Gal), 4.09 – 3.73 (m, 30H, 

CHpyranose, CH2 pyranose, O-CH2-), 3.73 – 3.55 (m, 30H, CHpyranose, CH2 pyranose, O-CH2-), 3.53 – 

3.26 (m, 36H, CHpyranose, C=ONH-CH2), 3.04 (t, 3J = 7.1 Hz, 6H, CH=CH-CH2), 2.81 (t, 

3J = 7.1 Hz, 6H, CH=CH-CH2-CH2), 2.60 – 2.38 (m, 24H, NHC=O-CH2), 1.99 (s, 3H, CH3). 

HR-MS (ESI) calc. for C107H182N25O52 [M+3H]3+ 883.0783; found: 883.0787. Yield: 109 mg 

(41 %). 

 

 



27 
 

 

Figure S 38: 1H-NMR spectrum of compound 9. 

 

 
Figure S 39: HR-MS spectrum of compound 9. 
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Figure S 40: RP-HPLC and ESI-MS spectrum of compound 9. 

 

3.11 Lac(1,3,5)-6, 9* 

 
1H-NMR (600 MHz, Deuterium Oxide) δ [ppm]: 8.43 (br s, 2 H, NH), 8.03 (m, 3H, triazole-

CH), 5.73 (m, 3H, CHanomerGlc), 4.50 (d, 3J = 7.8 Hz, 3H, CHanomer-Gal), 4.03 (t, 3J = 9.1 Hz, 

3H, CHpyranose), 3.99 – 3.55 (m, 57H, CHpyranose, CH2 pyranose, O-CH2-), 3.44 (m, 12 H, C=ONH-

CH2), 3.33 (m, 22H, CHpyranose, C=ONH-CH2), 3.20 (t, 3J = 5.1 Hz, 2 H, CH2-NH2), 3.02 (m, 

6H, CH=CH-CH2), 2.79 (m, 6H, CH=CH-CH2-CH2), 2.47 (m, 24 H, NHC=O-CH2). HR-MS 

(ESI) calc. for C105H180N25O51 [M+3H]3+ 869.07; found: 869.08. Yield: 103 mg (40 %). 
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Figure S 41: 1H-NMR spectrum of compound Lac(1,3,5)-6, 9*. 

 

 
Figure S 42: HR-MS spectrum of compound 9*. 
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Figure S 43: RP-HPLC and ESI-MS spectrum of compound 9*. 

 

3.12 Lac(1,2,3)-4, 10 

 
1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]:8.12 – 7.97 (m, 3H, triazole-CH), 5.74 (d, 

3J = 9.2 Hz, 3H, CHanomerGlc), 4.52 (d, 3J = 7.6 Hz, 3H, CHanomer-Gal), 4.10 – 3.53 (m, 44H, 

CHpyranose, CH2 pyranose, O-CH2-), 3.53 – 3.25 (m, 28H, CHpyranose, C=ONH-CH2), 3.12 – 2.93 (m, 

6H, CH=CH-CH2), 2.88 – 2.70 (m, 6H, CH=CH-CH2-CH2), 2.57 – 2.35 (m, 16H, NHC=O-

CH2), 1.99 (s, 3H, CH3). HR-MS (ESI) calc. for C87H146N21O44 [M+3H]3+ 729.6605; found 

729.6606. Yield: 121 mg (55 %). 
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Figure S 44: 1H-NMR spectrum of compound 10. 

 

 
Figure S 45: HR-MS spectrum of compound 10. 
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Figure S 46: RP-HPLC and ESI-MS spectrum of compound 10. 

 

3.13 Lac(1,2,3)-4, 10* 

 
1H-NMR (600 MHz, Deuterium Oxide) δ [ppm]: 8.45 (br s, 1H, NH), 8.02 (m, 3H, triazole-

CH), 5.74 (m, 3H, CHanomerGlc), 4.50 (d, 3J = 7.8 Hz, 3H, CHanomer-Gal), 4.03 (m, 3 H, 

CHpyranose), 3.96 – 3.55 (m, 41H, CHpyranose, CH2 pyranose, O-CH2-), 3.43 (m, 12H, C=ONH-CH2), 

3.33 (m, 14H, C=ONH-CH2), 3.20 (m, 2H, CH2-NH2), 3.01 (m, 6H, CH=CH-CH2), 2.78 (m, 

6H, CH=CH-CH2-CH2), 2.45 (m, 16H, NHC=O-CH2). HR-MS calc. for C85H144N21O43 

[M+3H]3+ 715.66; found: 715.66. Yield: 97 mg (45 %). 
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Figure S 47: 1H-NMR spectrum of compound 10*. 

 

 
Figure S 48: HR-MS spectrum of compound 10*.  
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Figure S 49: RP-HPLC and ESI-MS spectrum of compound 10*. 

 

3.14 Lac3TPD, 11 

 
1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.03 (s, 2H, triazole-CH), 8.00 (s, 1H, 

triazole-CH), 5.77 – 5.68 (m, 3H, CHanomerGlc), 4.52 (d, 3J = 7.7 Hz, 3H, CHanomer-Gal), 4.04 (t, 

3J = 8.6 Hz, 3H, CHpyranose), 3.99 – 3.73 (m, 27H), 3.69 (dd, 3J = 10.0, 3.3 Hz, 3H, CHpyranose), 

3.59 (dd, 3J = 10.0, 7.6 Hz, 3H, CHpyranose), 3.38 – 3.21 (m, 8H, C=ONH-CH2), 3.07 – 2.92 (m, 

6H, CH=CH-CH2), 2.71 (t, 3J = 7.1 Hz, 2H, CH=CH-CH2-CH2), 2.65 – 2.51 (m, 4H, CH=CH-

CH2-CH2). HR-MS (ESI) calc. for C55H90N12O33 [M+2H]2+ 723.2861; found 723.2859. Yield: 

73 mg (50 %). 
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Figure S 50: 1H-NMR spectrum of compound 11. 

 

 
Figure S 51: HR-MS spectrum of compound 11. 
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Figure S 52: RP-HPLC and ESI spectrum of compound 11. 

 

3.15 Lac(1,2,3,4,5,6)-7, 12 

 
1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.04 (m, 6H, triazole-CH), 5.74 (d, J = 9.2 

Hz, 6H, CHanomerGlc), 4.52 (d, J = 7.6 Hz, 6H, CHanomer-Gal), 4.10 – 3.74 (m, 62H, CHpyranose, 

O-CH2-), 3.72 – 3.54 (m, 20H, CHpyranose, CH2 pyranose, O-CH2-), 3.50 – 3.27 (m, 50H, C=ONH-

CH2), 3.04-2.98 (m, 12H, CH=CH-CH2), 2.85 – 2.72 (m, 12H, CH=CH-CH2-CH2), 2.52-2.41 

(m, 28H, NHC=O-CH2), 1.99 (s, 3H, CH3). HR-MS (ESI+) m/z calc. for C162H267N39O83 

[M+4H]4+ 1021.6962; found 1021.6962. Yield: 235.1 mg (55 %). 
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Figure S 53: 1H-NMR spectrum of compound 12. 

 

 
Figure S 54: HR-MS spectrum of compound 12. 
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Figure S 55: RP-HPLC and ESI spectrum of compound 12. 

 

 

3.16 Lac(2)-3 L, 13 

 
1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]:7.84 (s, 1H, triazole-CH), 4.53 (t, 2H, 

3J = 6.8 Hz, , O-CH2-), 4.46 (2x d, 2H, 3J ≈ 7.7 Hz , 3J ≈ 7.7 Hz, CHanomerGlc, CHanomer-Gal), 

4.01-3.70 (m, 7H, CHpyranose), 3.70-3.51 (m, 22H, O-CH2- , CHpyranose, -N-N-CH2-), 3.50-3.29 

(m, 17, C=ONH-CH2, CHpyranose), 3.00 (t, 3J = 7.0 Hz, 2H, CH=CH-CH2), 2.79 (t, 3J = 7.1 Hz, 

2H, CH=CH-CH2-CH2), 2.57-2.43 (m, 12H, NHC=O-CH2), 2.21 (p, 2H, 3J = 6.6 Hz, CH2-CH2-

CH2), 1.99 (s, 3H, CH3). HR-MS (ESI): m/z calc. for C50H89N11O23 [M+2H]2+ 605.8061; found 

605.8072. Yield: 235.1 mg (55 %). 
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Figure S 56: 1H-NMR spectrum of compound 13. 

 

 
Figure S 57: HR-MS spectrum of compound 13. 
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Figure S 58: RP-HPLC and ESI spectrum of compound 13. 

 

3.17 Lac(1,5)-5 L, 14 

 
1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]:7.84 (s, 2H, triazole-CH), 4.53 (t, 

3J = 6.8 Hz, 4H, O-CH2propyl), 4.46 (m, 4 H, CHanomerGlc, CHanomer-Gal), 4.01-3.70 (m, 13H, 

CHpyranose), 3.70-3.51 (m, 37H, O-CH2-, CHpyranose, -N-N-CH2-), 3.50-3.29 (m, 30H, C=ONH-

CH2, CHpyranose), 3.00 (t, 3J = 7.0 Hz, 4H, CH=CH-CH2), 2.79 (t, 4H, CH=CH-CH2-CH2), 2.56-

2.45 (m, 20H, NHC=O-CH2), 2.21 (m, 4H, CH2-CH2-CH2), 1.94 (s, 1.5H, CH3), 1.91 (s, 1.5H, 

CH3). HR-MS (ESI): m/z calc. for C88H154N19O41 [M+3H]3+ 711.0178; found 711.0183. Yield: 

120.7 mg (23 %). 
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Figure S 59: 1H-NMR spectrum of compound 14. 

 

 

Figure S 60: HR-MS spectrum of compound 14. 
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Figure S 61: RP-HPLC and ESI-MS spectrum of compound 14. 

 

3.18 Lac(1,5,9)-9 L, 15 

 
1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]:7.84 (s, 3H, triazole-CH), 4.53 (t, 

3J = 6.8 Hz, 6H, O-CH2propyl-), 4.46 (m, 6H, CHanomerGlc, CHanomer-Gal), 4.01-3.70 (m, 20H, 

CHpyranose), 3.70-3.51 (m, 66H, O-CH2-, CHpyranose,  -N-N-CH2-), 3.50-3.30 (m, 52H, CHpyranose, 

C=ONH-CH2), 3.00 (t, 3J = 6.9 Hz, 6H, CH=CH-CH2), 2.79 (t, 3J = 7.0 Hz, 6H, CH=CH-CH2-

CH2), 2.56-2.45 (m, 36H, NHC=O-CH2), 2.21 (m, 6H, CH2-CH2-CH2), 1.94 (s, 1.5H, CH3), 

1.91 (s, 1.5H, CH3). HR-MS (ESI): m/z calc. for C146H255N31O67 [M+4H]4+ 878.6869; found 

878.6877. Yield: 69.9 mg (22 %). 
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Figure S 62: 1H-NMR spectrum of compound 15. 

 

 
Figure S 63: HR-MS spectrum of compound 15. 
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Figure S 64: RP-HPLC and ESI-MS spectrum of compound 15. 

 

3.19  Glc(1,3,5)-6, 16 

 
1H-NMR (300 MHz, D2O) δ [ppm]7.93 – 7.87 (m, 3H, triazole-CH), 4.88 (d, J = 3.4 Hz, 

2.7H, CHanomerGlc), 4.72 –4.59 (m, 6H, -N-N-CH2), 4.43 (d, J = 7.9 Hz, 0.3H, CHanomerGlc), 

4.16 – 4.02 (m, 3H, O-CH2-), 4.00 – 3.86 (m, 3H, O-CH2-), 3.73 – 3.56 (m, 33H, O-CH2-, 

C=ONH-CH2, CHpyranose), 3.55 – 3.43 (m, 17H, O-CH2-), 3.42 – 3.30 (m, 27H, CH2-NH2), 3.00 

(t, J = 7.3 Hz, 6H, CH=C-CH2), 2.92 – 2.74 (m, 9H, CH=C-CH2-CH2), 2.58 – 2.42 (m, 24H, 

NHC=O-CH2), 2.00 (s, 3H, -CH3). HR-MS (ESI) calc. for C95H164N25O40 [M+3H]3+ 765.0517; 

found 765.0527. Yield: 110 mg (48 %). 
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Figure S 65: 1H-NMR spectrum of compound 16. 

 

 
Figure S 66: HR-MS spectrum of compound 16. 
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Figure S 67: RP-HPLC and ESI-MS spectrum of compound 16. 

 

3.20 Glc(1,3,5)-6, 16* 

 
1H-NMR (600 MHz, Deuterium Oxide) δ [ppm]: 8.46 (br s. 1 H. NH). 7.88 (m, 3H, triazole-

CH), 4.80 (m, 3H, CHanomerGlc), 4.64 (m, 6H, -N-N-CH2-), 4.41 (d, 3JHH = 7.9 Hz, 0.6H, 

CHanomerGlc), 4.07 (m, 3H, O-CH2-), 3.91 (m, 3H, O-CH2-), 3.75 (dd, 3JHH = 5.6; 4.6 Hz, 2H, 

O-CH2-), 3.69 (s, 4H, O-CH2-), 3.65 (s, 8H, O-CH2-), 3.63 – 3.28 (m, 59H, O-CH2-, C=ONH-

CH2, CHpyranose), 3.21 (m, 2H, CH2-NH2), 2.98 (m, 6H, CH=C-CH2), 2.87– 2.75 (m, 9H, CH=C-

CH2-CH2), 2.48 (m, 24H, NHC=O-CH2). ESI-MS m/z calc. for C93H162N25O39 [M+3H]3+ 

751.04. found: 751.25. Yield: 86 mg (38 %). 
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Figure S 68: 1H-NMR spectrum of compound 16*. 

 

 
Figure S 69: HR-MS spectrum of compound 16*. 
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Figure S 70: RP-HPLC and ESI-MS spectrum of compound 16*. 
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4. Analytical data for glycomacromolecule-lipid conjugates 

 

4.1. Lac(1)-2-PEG-DSPE-conjugate, L4 

Yield: 2.01 mg (58 %). Conversion: 66 %. MALDI-TOF-MS calc. for C173H330N11O73PNa 

[M+Na]+ 3786.5; found: 3787.8. 

 
Figure S 71:1H-NMR spectrum of compound L4. 
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Figure S 72: MALDI-TOF-MS-spectrum of compound L4. 

 

4.2. Lac(1,3,5)-6-PEG-DSPE-conjugate, L9 

Yield: 2.26 mg (44 %). Conversion: 56 %. MALDI-TOF-MS calc. für C243H446N27O107PNa 

[M+Na]+ 5511.3; found: 5511.6. 

 

Figure S 73: 1H-NMR spectrum of compound L9. 
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Figure S 74: MALDI-TOF-MS-spectrum of compound L9. 
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4.3. Lac(1,2,3)-4-PEG-DSPE-conjugate, L10 

Yield: 3.00 mg (69 %). Conversion: 66 %. MALDI-TOF-MS calc. for C223H410N23O99PNa 

[M+Na]+ 5051.8; found 5052.5. 

 

Figure S 75: 1H-NMR spectrum of compound L10. 
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Figure S 76: MALDI-TOF-MS-spectrum of compound L10. 
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4.4. Glc(1,3,5)-6-PEG-DSPE-conjugate, L16 

Yield: 1.54 mg (35 % ). Conversion: 62 % (as determined by 1H-NMR). MALDI-TOF-MS 

calc. for C231H428N27O95PNa [M+Na]+ 5158.0; found: 5158.7. 

 

Figure S 77: 1H-NMR spectrum of compound L16. 

 

 
Figure S 78: MALDI-TOF-MS-spectrum of compound L16.  
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5. Analytical data of liposomes 

  

 

 
Figure S 79: Exemplary DLS spectrum of liposome L4. 

 

 
Figure S 80: Exemplary DLS spectrum of liposome L9. 
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Figure S 81: Exemplary DLS spectrum of liposome L10. 

 

 
Figure S 82: Exemplary DLS spectrum of liposome L16. 
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ABSTRACT: Within this work, we introduce a new class of 
sequence-defined heteromultivalent glycomacromolecules 
bearing both lactose residues and non-glycosidic moieties 
with the goal of addressing secondary binding sites in the 
carbohydrate recognition domain of galectin-3. Galectins, a 
family of β-galactoside-binding proteins, are known to play 
crucial roles in different signaling pathways involved in 
tumor biology. Thus, research has focused on the design and 
synthesis of galectin targeting ligands for use as diagnostic 
markers or potential therapeutics. Heteromultivalent 
glycomacromolecules provide for the development of 
ligands with high avidity and specificity, which we 
demonstrate by combining the concepts of multivalency 
and the introduction of non-glycosidic moieties bearing 
either neutral, amine or sulfonated/sulfated groups. 
Enzyme linked immunosorbent assay and surface plasmon 
resonance studies were performed with the aforementioned 
glycomacromolecules, demonstrating a positive impact of 
the sulfonated/sulfated non-glycosidic moieties on galectin-
3 binding but not on galectin-1 binding. Furthermore, 
selected compounds were tested on galectin-3 positive MCF 
7 breast cancer cells, resulting in a selective biological effect 
in wound closure assays. 

Many processes in tumorigenesis are the result of 
dysregulated protein expression and the presentation of 
abnormal glycan motifs on the cell surface. [1-3] One family 
of proteins known to be involved in tumor biology are the 
galectins. Galectins consist of a conserved carbohydrate 
recognition domain that is known to bind β-galactoside 
terminating glycans such as those terminating in lactose 
(Lac) or poly N-acetyl-lactosamine (LacNAc). Galectin-3 
(Gal-3) is the only chimeric galectin within the galectin 
family, and contains a proline-rich N-terminal domain 

which can self-oligomerize into pentameric lectin lattices.[4, 

5] Gal-3 is normally found in the nucleus and cytoplasm, but 
can also be secreted and can interact with glycoproteins on 
cell surfaces. Gal-3 has been shown to play an important role 
in tumor metastasis and migration.[2, 6, 7] For example, 
monoclonal anti-galectin-3 antibodies and synthetic 
glycoamines were successfully used to inhibit lung 
metastasis and breast cancer metastasis in mouse models, 
respectively.[2, 8, 9] Based on these findings, a significant 
number of studies have been devoted to the synthesis and 
design of Gal-3 ligands for use as diagnostic markers or 
potential therapeutics.[5, 10-12] In an effort to enhance Gal-3-
carbohydrate ligand interactions, several different strategies 
have been explored. One example involves the multivalent 
presentation of carbohydrate residues on macromolecular 
scaffolds as described by Gabius and Pieters,[13, 14] Gabius and 
Roy,[15, 16] Elling,[17] Cloninger,[18, 19] Lecommandoux[20] and 
Wang.[21, 22] This approach takes advantage of the ability of 
Gal-3 to oligomerize in the presence of multivalent ligands 
leading to an effective increase in binding avidity.[23, 24] 
Other studies using monovalent carbohydrates have 
revealed that the introduction of non-glycosidic moieties 
can enhance the affinity of ligands targeting Gal-3.[25-27] For 
example, Nilsson and co-workers demonstrated that 
galactose derivatives containing aldoximes with different 
aromatic residues at the anomeric center could serve as 
LacNAc-mimetics with increased affinity.[11]  As another 
example, TD139, a small molecule Gal-3 ligand bearing non-
glycosidic moieties, is currently in clinical trials for treating 
idiopathic pulmonary fibrosis (IPF).[28] In addition to non-
glycosidic moieties, it has also been demonstrated, that 
sulfation patterns can be used to attenuate the affinity and 
selectivity of ligands for Gal-3.[5, 29-32] For example, Nilsson 



 

 

 

and Leffler revealed that by combining sulfation and 
incorporating non-glycosidic moieties increased binding to 
Gal-3 could be achieved, from a Kd value of 5900 μM for the 
unsubstituted methyl galactoside to 2800 μM for the 2-O-
sulfated and 87 μM for the 3-O-methylbenzamido- and 2-O-
sulfated derivative.[33, 34] Thus the combination of all three 
approaches, multivalency, sulfation and non-glycosidic 
moieties, via the use of heteromultivalent 
glycomacromolecules provides an attractive platform for 
the development of high avidity and specificity ligands [35-

37], but to the best of our knowledge has not yet been applied 
for targeting Gal-3.  

Herein, we report the solid phase polymer synthesis (SPPoS) 
of a library of sequence-defined lactose-based 
glycooligo(amidoamines) bearing non-glycosidic, 
sulfonated and sulfated moieties as selective ligands of Gal-
3. The resulting heteromultivalent glycomacromolecules 
were evaluated for binding to Gal-3 and Gal-1 using enzyme-
linked immunosorbent assay (ELISA). Results from ELISA 
studies revealed that glycomacromolecules bearing lactose 
and sulfate or sulfonate groups selectively bound Gal-3 over 
Gal-1. Binding studies with Gal-3 were then confirmed 
surface-plasmon resonance (SPR) studies.  

 
Scheme 1. Overview of synthesized structures. 

The best ligands were then applied to a wound healing assay 
using Gal-3 positive human cancer cells, demonstrating 
their selective ability to interfere with tumor cell migration. 
Lactose-based glycomacromolecules 1-8 were prepared as 
potential selective ligands for Gal-3 and glucose derivatives 
9-13 as non-binding controls (Scheme 1). SPPoS uses tailor-
made building blocks for the stepwise assembly of 
monodisperse, sequence-defined oligo(amidoamines) on 
solid support by applying standard Fmoc-peptide coupling 
protocols. The building blocks used in this study include 
TDS (triple bond diethylenetriamine succinyl, 1-(fluorenyl)-
3,11-dioxo-7-(pent-4-ynoyl)-2-oxa-4,7,10-triazatetra-decan-
14-oic acid)[38] for introducing an alkyne moiety in the side 
chain that can be used for site-selective conjugation of 
azido-functionalized carbohydrates via copper-catalyzed 
azide-alkyne cycloaddition (CuAAC), MDS (methyl succinyl 
diethylenetriamine succinyl, 1-(9H-fluoren-9-yl)-7-(4-
methoxy-4-oxobutanoyl)-3,11-dioxo-2-oxa-4,7,10-
triazatetradecan-14-oic acid)[39] for introducing a carboxylic 
group in the side chain for conjugation via amide coupling, 
and EDS (ethylene glycol diamine succinyl, 1-(9H-fluoren-
9-yl)-3,14-dioxo-2,7,10-trioxa-4,13-diazaheptadecan-17-oic 
acid)[40] for introducing an ethylene glycol motif in the main 
chain. Homomultivalent glycomacromolecules 1-3, and 9 
were synthesized according to previously established 
methods using TDS and EDS (see SI p.8-28 and p.50-56) and 
vary in the number of glycosidic residues.[38, 41] With the 
exception of 1 and 3, which were designed to represent 
mono- and higher valent analogs respectively, all 
heteromultivalent glycomacromolecules carry three 
glycosidic residues and two non-glycosidic moieties, and 
were designed to be similar in length and molecular weight 
for better comparison in binding studies. 
 
Heteromultivalent glycomacromolecules were synthesized 
by replacing the EDS building blocks of compound 2 with 
MDS.[39] The carboxylic side chain of the MDS building 
block and the alkyne moiety of the TDS building block 
enabled orthogonal post-modification of the scaffolds via 
amine coupling and CuAAC, respectively. As non-glycosidic 
moieties, aryl-residues bearing different amine or sulfonic 
acid functionalities were used.[42] Sulfonic acid 
functionalities were used instead of sulfates because of their 
inherent stability. Glycomacromolecules were synthesized 
with different end-functionalities: free (subgroup a) and 
capped amine (subgroup b) or FITC-conjugated derivatives 
(subgroup c) for different studies (Scheme 1).  
 
Final glycomacromolecules were deprotected, cleaved from 
the resin, purified by ion-exchange chromatography, and 
preparative RP-HPLC, and isolated with purities > 90 % (as 
determined by RP-HPLC analysis) (see SI Figures S29-S49; 
S57-S76). 
 
 
 

 



 

 

 

Table 1. Results of the inhibition-competition binding studies of glycomacromolecules 1b-8b to Gal-1 and Gal-
3 in the ELISA-type assay and Gal-3 in SPR measurements. 

Glycomacromolecule Carbohydrate 
residues 

Gal-1 IC50±SD 
[μM] [a] RIPGal-1 [b] Gal-3 IC50±SD 

[μM] [a] RIPGal-3[b] Gal-3 IP[%][c] 

Lactose 1 420 ± 94 1.0 159 ± 13 1 - 

1b 1 296 ± 70 1.4 123 ± 3 1.3 31 ± 3 

2b 3 55 ± 12 7.6 38 ± 2 4.2 68 ± 2 

3b 6 64 ± 5 6.5 16 ± 4 9.9 78 ± 0.5 

4b 3 105 ± 14 4.0 25 ± 1 6.3 73 ± 3 

5b 3 134 ± 22 3.1 22 ± 2 7.4 75 ± 3 

6b 3 100 ± 21 4.2 16 ± 1 9.9 79 ± 3 

7b 3 127 ± 19 3.3 15 ± 0.3 10.5 81 ± 2 

8a/b 3 89 ±18 4.7 14 ± 1 11.4 78 ± 0.4 

[a] IC50 values were determined in ELISA-type inhibition studies for Gal-1 and Gal-3 binding to asialofetuin. Measurements 
were performed two times in triplicates. Results for Gal-3 were confirmed by SPR experiments at one fixed concentration of 
ligands and Gal-3 (see SI). [b] Relative inhibitory potency (RIP): Calculated referring to the IC50-value of lactose. [c] Inhibitory 
potency (IP) resulting from the SPR inhibition studies were calculated relative to the binding signal of pure Gal-3 to the 
glycomacromolecule 2a functionalized SPR-surface as a 100 % binding signal and 0 % IP. 

 

For Lac(1,3,5)-Ph(1-SO3H,4-OH)(2,4)-6, 7, attachment of the 
non-glycosidic sidechain after carbohydrate conjugation as 
described above was unsuccessful, potentially due to steric 
hindrance of the lactose residues. Therefore, the synthetic 
route was altered to reverse the amide and CuAAC coupling 
steps. This strategy resulted in the desired product after 
deprotection, cleavage and purification (see SI Figure S57-
S60). Furthermore, shorter sulfated heterostructures 8 and 
13 were synthesized using Fmoc-L-Tyr(4-SO3H)-OH instead 
of the MDS building block, applying standard protocols 
giving the desired products after deprotection, cleavage and 
purification.  

To investigate the binding avidities of the heteromultivalent 
glycomacromolecules as selective ligands for Gal-3, 
competitive-inhibition binding studies were performed 
testing the ability to competitively inhibit the binding of 
Gal-3 to the glycoprotein asialofetuin (ELISA). These results 
were compared to similar studies with Gal-1 to determine 
selectivity differences between these two galectins. Gal-1 
was selected for these studies because of the similarities in 
their carbohydrate recognition domains (CRD) as well as 
their significant but unique roles in tumor metastasis and 
transformation. ELISA gives the half-maximum inhibitory 
concentration (IC50) of each ligand as a measure of avidity 

towards Gal-3 or Gal-1. Lower IC50-values thus correspond 
to higher avidity (Table 1).  

In general, homomultivalent structures show similar 
binding (Gal-1) or an increase in binding (Gal-3) with 
increasing valency. However, when comparing trivalent 
homomultivalent glycomacromolecule 2b lacking aromatic 
residues with trivalent heteromultivalent analogs 4b-8b 
bearing aromatic residues, binding to Gal-1 decreased while 
binding to Gal-3 increase. For better comparison, IC50-
values were normalized to the IC50-value of lactose giving 
the relative inhibitory potential (Table 1: RIP). 
Heteromultivalent glycomacromolecule ligands containing 
aromatic residues and three lactose units (4b-8a/b) showed 
decreased binding with Gal-1 by a factor of 1.5 to 2–fold in 
comparison to 2b. In contrast, binding to Gal-3 increased by 
a factor of  1.5 to 3–fold. The latter observation is likely due 
to hydrophobic interactions in the binding site of the CRD 
of Gal-3 and is in accordance with the aforementioned 
studies on aromatic residues and their participation in a 
Gal-3 binding event.[43] The Gal-3 CRD of consists of five 
different subunits A-E; lactose is known to bind within 
subunits C and D, whereby subunits A, B and E serve as 
potential secondary bindings sites.[44,45]  

Notably, significant increases in binding were observed for 
glycomacromolecules bearing sulfonated (6b and 7b) and 
sulfated (8b) aromatic moieties in binding studies with Gal-



 

 

 

3. These results were further confirmed by SPR assays 
conducted with the heteromultivalent 
glycomacromolecules and Gal-3 using lactose 
glycomacromolecule 2a for comparison.[27] For SPR 
experiments, a fixed concentration of Gal-3 and a ligand was 
used to determine the inhibitory potencies (IP) of the ligand 
as a value for avidity. A higher IP caused by the same ligand 
concentration would correspond to higher avidity (Table 1). 
The higher avidity of the sulfonated and sulfated derivatives 
(6b-8b) is in accordance with studies investigating the 
influence of negatively charged glycans on Gal-3 binding 
showing higher affinities in comparison to uncharged 
glycans.[29, 31, 32] When further normalizing the RIP onto the 
number of binding motifs for Gal-3, counting both 

carbohydrates and non-glycosidic moieties, we see that 
replacing carbohydrate ligands of 3b with non-glycosidic 
motifs results in conjugates with similar (6b) or even higher 
(7b and 8b) overall avidity. However, when replacing the 
binding carbohydrate ligands (lactose) with a non-binding 
carbohydrate ligand (glucose, 9b-13b), we see no inhibition 
in both ELISA and SPR studies (see SI Figure S111 -S113) 
showing that the lactose is required for binding to Gal-3 and 
only the specific combination of lactose and sulfonated or 
sulfated non-glycosidic motifs leads to higher avidity 
ligands.  

 

 

Figure 1. Interaction and localization studies of FITC-derivatives 3c and 8c on MCF 7 cells. A) Flow cytometry histogram of the 
FITC-channel for blank cells and cells stained with 200 μM 3c (red) and 8c (blue). B) Fluorescence images of MCF 7 cells 
stained with 200 μM 3c and 8c (3 hours at 37°C) and as references Hoechst 33342 staining for nucleus localization 

 

To further investigate the effect of glycomacromolecules as 
ligands of Gal-3 in functions of cells overexpressing the Gal-
3 receptor, in vitro cell studies were performed using human 
breast cancer cell line MCF 7 (known to overexpress Gal-3) 
and epithelial cell line HEK 293 (control with no Gal-3 
receptors).[46] Immunostaining of untreated live cells 
confirmed that only MCF 7 cells have cell surface expression 
of Gal-3 and neither cell line has cell surface expression of 
Gal-1, a galectin with similar binding properties (Figures 
S114). Internal staining of fixed, permeabilized MCF 7 cells 
resulted in higher level of Gal-3 staining, demonstrating that 
a substantial intracellular reserve of Gal-3 is present in these 
cells (Figure S114). In contrast, HEK 293 has a substantially 
lower  expression of intracellular Gal-3 that is notably less 
than the intracellular expression of Gal-1. 
 
As a prerequisite for further testing, cell toxicity of 
glycomacromolecules selected for cell experiments (1-3, 6, 
8-9,12-14) was determined via MTT cell viability assay. 

Results demonstrated no detectable differences in viability 
between the vehicle control and cells treated with the 
glycomacromolecules after 48 h incubation (Figure S115 
/116). To test the general ability of glycomacromolecules to 
interact with the cells, flow cytometry studies were 
performed using FITC-conjugated derivatives 1c-3c, 6c, 8c, 
9c, 12c, 13c at two different concentrations. After fixation of 
the cells, analysis of stained cells via flow cytometry showed 
a dose dependent staining for both cell lines for all 
compounds (Figure S117/118). The lack of a significant 
difference in the mean-FITC values suggests non-selective 
uptake rather than selective uptake (Figure 1A). 
Fluorescence microscopy was then performed to analyze 
localization of the glycomacromolecules. Exemplary 
comparison of compounds 3c (3b as best homomultivalent 
binder) and 8c (8b as best heteromultivalent binder) shows 
a general staining of both cell lines (Figure 1B, for HEK 293 
see SI). However, for compound 8c, there appears to be a 
stronger enrichment of fluorescence around the nucleus in 
comparison to the cytosol. A similar pattern was observed 
for cells stained with 6c, 12c and 13c (Figure S119-S123) and 



 

 

seems to be related to the presence of the aryl 
sulfonated/sulfated side chains. One possible explanation 
for this finding is that the negative charge of the sulfonic 
acids might lead to an attractive interaction with positively 
charged nucleoporins.[47] However, at this point, it is not 
possible to differentiate between an enrichment on or in the 
nucleus.  

Since the tested glycomacromolecules showed no cytotoxic 
behavior and positive uptake into cells, we decided to study 
their influence on cell migration, which is known to be 
mediated by Gal-3. This was accomplished by performing a 
wound closure assay as described by Dion and coworkers[48, 

49] using compounds 1a-3a, 6a, 8a-9a and 12-14a 
representing the direct precursor of the FITC derivatives. 
Cells were cultivated as a monolayer and a “wound field” was 
created (Figure 2A). Cells were then incubated with the 
glycomacromolecules, and the width of the wound field was 
observed under an inverted microscope. The distance 
analysis at different time points was used to create a wound 
closure curve (Figure 2B). In this model, ligand binding to 
Gal-3 is expected to result in a reduction in wound closure 
over time. 

Indeed, we observed different effects on wound closure for 
the different glycomacromolecules (Figure S124-133; Table 
S1-S3). Generally, glucose functionalized 
glycomacromolecules resulted in a slightly faster wound 
closure.[50] In comparison, the lactose-derivatives led to a 
delayed wound closure, especially sulfonic acid derivatives 
6a and sulfated 8a. For example, after 48 h compound 8a 
differed with 57 ± 5 % almost 20 % from the corresponding 
glucose derivative 13a showing 76 ± 5 % closure (Table S2). 

These results are in agreement with similar studies on other 
ligand systems targeting lectins involved in cell 
migration.[42, 48, 49, 51] For example, Dion and co-workers 
observed a delay in wound healing of around 20 % for the 
treatment of keratinocytes with lactosamine based (2-
naphthyl)methyl compounds inspired by TD139, which is 
currently in clinical trials.[28, 48, 49] Ramen and co-workers 
achieved a delay of 20-30 % through the incubation of MCF 
7 cells with a nucleoside analogue addressing RNA 
helicase.[51]  
To examine the effects of sustained exposure of the 
glycomacromolecules on the MCF 7 cells, we performed a 
“dosing” study by introducing additional aliquots of 
glycomacromolecules 6a, 8a, 12a and 13a after 12, 24, 36 and 
48 h giving in total an additional 100 mol% (Figure 2b). In 
this experiment, the differences in wound closure were even 
more significant, yielding delays of 53 ± 7 % for 8a compared 
to 80 ± 4 % for 13a after 48 h (Figure S127, S133 and Table S3) 
indicating a dose specific response. The same experiments 
were repeated on the HEK 293 cell line. However, no 
significant difference in the migration was observed in 
comparison to the vehicle control (Figure S128-131). 
Therefore, we concluded that glycomacromolecule ligands 
with higher inhibition potentials in the ELISA and SPR 
studies also showed stronger effects in the migration assay 
for Gal-3 positive cells. Again we find that replacing 

carbohydrate ligands with sulfonated/sulfated non-
glycosidic motifs results similar or even stronger effects 
(comparing 3a and 8a). Negative controls replacing lactose 
by glucose side chains, showed no effects in similar studies, 
confirming that it is the combination of carbohydrate and 
non-glycosidic motifs that enables high avidity and selective 
binding. 

 In conclusion, we introduced the synthesis of 
heteromultivalent lactose-functionalized 
glycomacromolecules bearing non-glycosidic moieties as 
side chains. These structures were successfully tested as 
inhibitors of Gal-3 using ELISA and SPR studies showing 
increased selectivity and avidity can be achieved through 
combination of both, glycosidic- and non-glycosidic, 
especially sulfonated or sulfated motifs. The same trend was 
observed in wound closure studies using a Gal-3 positive 
MCF 7 breast-cancer cell line where the most significant 
biological effect was achieved for structures shown to have 
the highest inhibition of Gal-3. Based on these findings, 
future studies will explore the possibility of using 
heteromultivalent glycomacromolecules in lectin-based 
drug targeting applications, and will further study their 
effects on cell migration.  

 



 

 

 

Figure 2. Wound healing experiment of MCF 7. A. 
Exemplary images of the wound area at time point t=0h and 
t=48 h for MCF 7 treated with the vehicle control H2O (top), 
lactose structure 8a (middle) and corresponding glucose 
structure 13a (bottom). B. Results of the time dependent 
wound closure for dosing tests with compounds 6a,8a,12a 
and 13a. (for more data see SI S124-S133) 
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Figure S 1: Precursors for the synthesis of the heteroglycoconjugates. 
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Experimental Procedures 

Synthesis of Glycomacromolecules 

 
General Methods 
 
Acetic anhydride was purchased from VWR chemicals. Piperidine, trifluoro acetic acid, sodium methoxide, N-Boc 
phenylenediamine 4-pentynoic acid and sodium diethyldithiocarbamte were purchased from Acros Organics. Dimethylformamide 
(for peptide synthesis) was purchased from Biosolve. 3-Amino-4-hydroxy benzene-sulfonic acid and TIPS were purchased from 
Sigma Aldrich. 4-Amino benzene sulfonic acid was purchased from J&K, benzylamine, oxalyl chloride from Alfa Aesar. HOBt 
was purchased from Iris Biotech. DIPEA and diethylenetriamine were purchased from Carl Roth, lithium hydroxide, sodium 
ascorbate and potassium carbonate from PanReac AppliChem. DCM and triethyleneamine were purchased from Merck. HATU 
was purchased from Abcr. PyBOP from Fluorochem and CuSO4 anhydrous from Fluka Chemika. Fmoc-L-Tyr(4-SO3H)-OH was 
purchased from Iris Biotech GmbH. Solid phase synthesis was performed on TentaGel®SRam resin purchased from Rapp 
Polymere using polypropylene reactors with polyethylene frits closed with luerstoppers from MultiSyntech GmbH. Building blocks 
TDS, EDS and MDS were synthesized as reported earlier. (2-Azidoethyl)-2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside, (2-
Azidoethyl)-2,3,4,6-tetra-O-acetyl-α-D-glucosepyranoside and 2,3,4,6-tetra-O-acetyl-α-D-glucosepyranoside were synthesized 
as known from literature.[1] Reactions were monitored via analytical thin layer chromatography, performed on Merck silica gel 60 
F254 plates and were visualized with ninhydrin staining. All reagents and solvents were used without further purification. 
 
1H-NMR and 13C-NMR spectra were measured on Bruker Avance III 300 or Bruker Avance III 600. Analytic reversed phase 
HPLC (RP-HPLC) measurements were performed on Agilent Technologies 6120 series coupled with an Agilent Quadrupol mass 
spectrometer. All spectra were measured with solvent A: 95 % H2O, 5 % ACN, 0.1 % formic acid, and solvent B: 5 % H2O, 95 % 
ACN, 0.1 % formic acid with a gradient of 5 to 50 % B in 30 min. Purities of the compounds were determined by the integrations 
of the signals given through the absorption at 214 nm. Preparative RP-HPLC was performed on an Agilent 1200 series. High 
resolution ESI (HR-ESI) spectra were measured on UHR-QTOF maXis 4G (Bruker Daltonics). 
 
 
Solid Phase Synthesis 
 
General protocols for the solid phase synthesis are described for batch sizes of 0.1 mmol resin. All reactions were performed at 
room temperature in a polypropylene syringe reactor with a frit on a shaker. 
 
A: Resin preparation and Fmoc cleavage 
0.1 mmol resin (800 mg, resin loading 0.25 mmol/g,) were transferred into a 10 ml reactor and 5 ml DCM were added to swell 
the resin for 1 h. After washing the resin 10 times with 5 ml DMF, Fmoc was cleaved by adding 5 ml of 25 % piperidine in DMF 
three times for 10 min. In between the deprotection steps, the resin was washed three times with 5 ml DMF, and after the last 
deprotection, the resin was washed ten times with 5 ml DMF. 
 
B: Building block and amino acid coupling 
0.5 mmol building block (5 eq) and 260 mg PYBOP (0.5 mmol, 5 eq) were dissolved in 3 ml DMF and 0.2 ml DIPEA (1 mmol, 10 
eq) were added. After flushing the solution with nitrogen for 1 min, the solution was added to the resin and the reaction was 
shaken for 1-1.5 h. After that, the liquid content was discarded, and the resin was washed ten times with 5 ml DMF. 
 
C: Terminal-NH2 capping  
The resin was treated with 3 ml acetic anhydride for two times 15 min. In between, the resin was washed with DMF. After the 
last capping step, the resin was washed five times with 5 ml MeOH and five times with 5 ml DMF. 
 
D: Deprotection of carboxylic side chain[2] 
For conditioning, the resin was washed ten times with 5 ml of THF/H2O (1/1). For deprotection, the resin was treated two times 
for one hour with 5 ml 0.2 M LiOH in THF/H2O (1/1). In between, the resin was washed three times with 5 ml THF/H2O (1/1). 
After deprotection, the resin was washed alternately five times with each 5 ml of H2O, DMF and DCM.  
 
E: Carbohydrate conjugation-CuAAC 
Azido carbohydrate derivatives (3 eq /alkyne group) were dissolved in 2 ml DMF. Separately, CuSO4 (50 mol% /alkyne) and 
sodium ascorbate (50 mol% /alkyne) were each dissolved in 0.2 ml MilliQ water. The carbohydrate solution was first added to 
the resin, followed by sodium ascorbate and CuSO4. After shaking the reaction mixture over night, the resin was washed 
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sequentially with 5 ml of DMF, a solution of 0.2 M sodium diethyldithiocarbamte in DMF and water (1/1), water, DMF and DCM 
until no more color changes were observable after the treatment with the diethyldithiocarbamte solution.  
 
F: Side chain coupling 
F.1 Coupling with HATU: 0.6 mmol of the amine residue (3 eq/acid) and 0.6 mmol HATU (3 eq/acid) were each dissolved in 1.5 
ml DMF. 0.4 ml DIPEA (2 mmol, 10 eq/acid) were added to HATU and the reaction mixture was added to the resin. After a 15 
min preactivation of the resin, the amine was added and the reaction was shaken for 1.5 h. 
F.2 Coupling with PyBOP: 0.6 mmol of the amine residue (3 eq/acid) was dissolved in 1.5 ml DMF/DCM (1/1). 0.6 mmol PyBOP 
(3 eq/acid) and 0.6 mmol HOBt (3 eq/acid) were dissolved in 1.5 ml DMF/DCM(1/1) and 0.4 ml DIPEA (2 mmol, 10 eq/acid) were 
added. The reaction mixture was added to the resin, and after a 15 min preactivation, the amine was added and the reaction 
was shaken for 1.5 h. 
 
G: Carbohydrate deprotection 
The resin was treated two times for 30 min with 5 ml 0.2 M NaOMe in MeOH. In between, the resin was washed with three times 
with 5 ml MeOH. At the end, the resin was washed with each five times with 5 ml of MeOH, DMF and DCM.  
 
H: Macro cleavage 
The resin was washed ten times with 5 ml DMF and DCM. A cleavage solution (5 ml) consisting of 95 % TFA, 2.5 % TIPS and 
2.5 % DCM was then added, and the reaction was shaken for 1 h. The supernatant was added dropwise to cooled Et2O (40 ml) 
to precipitate the product. The mixture was centrifuged, the supernatant was decanted, and the white precipitate was dried under 
a stream of nitrogen. The resulting solid was dissolved in water and lyophilized. 
 
I: TFA removal 
TFA-removal was performed with a AG1-X8, quarternary ammonium, 100-200 mesh, acetate form resin from BioRad according 
to a protocol by Roux et al.[3] A 1.6 M acetic acid solution was prepared by diluting 23 mL acetic acid in 227 mL water and a 0.16 
M solution by diluting 2.3 ml acidic acid in 247.7 ml water. For 100 mg sample, 1000 mg of the ion exchange resin were used. 
The resin was activated by washing three times with 10 mL of the 1.6 M acetic acid solution, followed by three times with 10 mL 
of the 0.16 M acetic acid solution. The sample was dissolved in 10 ml water and the solution was loaded to the resin into the 
syringe. The syringe was shaken for 1 h. The supernatant was recovered, and the resin was washed three times with 2 ml water. 
The combined water phases were loaded onto new, freshly activated resin and shaken for 1 h. The supernatant was collected, 
and the resin was washed three times with 2 ml water. The combined liquid phases were lyophilized to obtain the crude product 
as a white solid. 
 
For the acetyl-capped heteroderivatives, precursor scaffold 15 (Figure S5) N-terminus was capped with acetic anhydride followed 
by deprotection of the carboxylic side chain with lithium hydroxide in THF/H2O. In the next step, precursor 15 was conjugated 
with either a protected 2,3,6,2',3',4',6'-hepta-O-acetyl-β-lactosyl azide (for 4-6) or 2-azidoethyl 2,3,4,6-tetra-O-acetyl-α-D-
glucopyranoside (for 10-12) resulting in 16 and 17, respectively (Figure S1). After splitting each batch into three equal aliquots, 
the non-glycosidic motifs benzylamine (-Bz), N-Boc phenylenediamine (-pNH2Ph), and 4-amino benzene sulfonic acid (-
pSO3HPh), were coupled to the carboxylic side chains using HATU and DIPEA. 
 
For the amine and FITC derivatives, the Fmoc group of the last EDS building block remained until the end of the solid phase 
assembly. Since the basic deprotection conditions for the MDS-sidechain could result in loss of Fmoc groups, Boc protected β-
alanine was used as final building block for structures 6a,c and 12a,c. FITC conjugation was performed in solution on  purified 
glycomacromolecules as reported privously[4], and the corresponding FITC conjugates were repurified by preparative 
chromatography. 
 
Glycomacromolecules were used as isolated after precipitation, TFA removal and preparative purification. All samples have 
purities higher 90 % (see RP-HPLC spectra below), however, they contain small amounts of deletion sequences that are 
individually assigned and quantified in the according HPLC spectra (see below). The ESI-MS-spectrum of the main peak is given, 
but the analysis of each individual peak is not further shown. 
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Binding Studies 
 
Enzyme-linked immunosorbent assay (ELISA) inspired inhibition studies 
 
ELISA-type inhibition studies were performed according to an already established protocol by Elling and coworkers. [5] Inhibition 
of Gal-3 binding to asialofetuin was investigated for glycoligands 1b-13b with final concentrations between 0.1 and 2000 μM. All 
measurements and performed two times in triplicates. 
 
SPR-inhibition studies 
The SPR-inhibition studies were performed on a lactose-functionalized CM5 senor chip on a Biacore X100 from GE Healthcare 
Life Science. The lactose-functionalized CM5 chip was prepared using the “surface preparation wizard” for the sensor chip CM5. 
An amine-coupling procedure with NHS/EDC (contact time 420 s, flow rate 10 μL/min) was used for the functionalization of the 
two flow cells. 
Therefore, flow cell 1, as reference cell was blank immobilized with ethanolamine according to the software. For flow cell 2 (mess 
cell) 1 mM Lac(1,3,5)-6, 2a, in HBS-P buffer from GE Healthcare was used with a contact time of 600 s. As running buffer, HBS-
P buffer from GE Healthcare was used. The immobilization levels reached were 411 RU for flow cell 2 and 186 RU for flow cell 
1. 
The inhibition assay was performed in a “Custom Assay Wizard-Binding Analysis” in a multi cycle measurement. For the inhibition 
studies, stock solutions of 100 μM of each ligand and 200 μg/mL of Gal-3 both in PBS buffer (150 mM NaCl, 50 mM NaH2PO4, 
pH 7.5) were prepared. Gal-3 was incubated with each ligand by mixing the solutions of the protein and ligands in a 1:1 ratio, 
resulting in final concentrations of 100 μg/mL for Gal-3 and 50 μM for the ligands. PBS was used as running buffer during the 
measurements choosing an association time of 90 s and a dissociation time of 60 s with a flow rate of 10 μL/min over both flow 
cells. For regeneration of the cell surface, 3 M MgCl2 in MilliQ water was injected for 60 s with a flow rate of 10 μL/min after each 
cycle.  
The evaluation was performed using the evaluation software provided by GE Healthcare. The response unit of the Gal-3 binding 
event without and after incubation with the ligands was taken 155 s after start of the sample injection. The response unit (RU) 
for only Gal-3 represents the 100 % binding and 0% inhibition event. The value of the inhibition with the glycomacromolecules 
were referred to the response unit of only Gal-3. All measurements were performed in triplicates. 
 
 
Cell based assays 
 
Cell lines and tissue culturing 
Tissue culture was performed in a SterilGARD® III Advance SG 603 laminar flow hood from Baker Company. Cell cultures were 
observed using a Zeiss Axiovert 25 inverted microscope. All cell lines and culture media were purchased from ATCC. Cell line 
HEK-293 (#CRL-1573) was grown in Eagle's Minimum Essential Medium (EMEM) (# 30-2003) and supplemented with 10 % of 
FBS and 1 % Pen/Strep. Cell line MCF7 (ATCC® HTB-22) was cultured in EMEM with 0.1 mg/ml insulin, 10 % of FBS and 1 % 
Pen/Strep. Cells were cultured in 75 cm2 tissue culture flask from TPP at 37 °C and 5 % CO2 in a CO2 water jacketed incubator 
3110 from Scientific Inc. Once weekly, the medium was changed and the trypsinization of confluent cells was performed with 
trypsin-EDTA solution from ATCC (#30-2101) for subculturing as recommended by the supplier. Cell counting was performed 
with a 2 %-trypan-blue solution in PBS from VWR and disposable hemacytometers from Incyto C-chip™. 
 
Galectin-antibody analysis with flow cytometry 
Human galectin-1 biotinylated antibody, human galectin-3 biotinylated antibody and goat IgG biotinylated antibody as isotype 
control were purchased from R&D systems (#BAF1152, BAF1154 and BAF108).  
For surface staining, cells were suspended at 5∙106 cells/ml in DPBS buffer containing 0.1 % w/w BSA and 0.1 % w/w sodium 
azide. 100 μL of the cell suspension (500,000 cells) were incubated with 3 μL of human BD Fc block (#564220) from BD 
biosciences for 10 min at room temperature. Without washing in between, either 3 μL of the biotinylated human galectin 
antibodies or the isotype control (each 0.5 μg/ μL stock solution) were added and the cells were incubated for an additional 1 h 
on ice. After that, the cells were washed three times with cooled PBS+ buffer (containing BSA and sodium azide) by centrifugation 
at 780 rpm and 4 °C for 5 min, followed by resuspension of the pellet in PBS. After the last centrifugation step, the cell pellet was 
resuspended in 100 μL of PBS+ and the cells were stained with 10 μL of a 0.002 ug/ml solution of Streptavidin-PE conjugate for 
20 min at room temperature. The cells were washed three time with on ice cooled PBS+, followed by the resuspension of the 
cell pellet in 300 μL of PBS+ buffer for the flow cytometry measurements using an the Accuri C6 flow cytometer. For intracellular 
staining, the cells were fixed before staining using a Fixation/Permeabilization Solution Kit  from BD Bioscience. Therefore, a cell 
pellet of 500,000 cells was suspended in 1 ml Fix/Perm. Solution provided by the kit for 20 min on ice. Cells were washed 3 times 
with 1 ml BD Perm/Wash™ Buffer. After that, the staining was performed as described for the surface staining using 
permeabilization buffer for the washing steps in between to ensure permeability. A total of 100,000 cells were counted with a 
medium flow rate. Evaluation of the FACS result were performed with the FCS Express 4 program. 
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Studies of FITC-conjugated glycooligomers using flow cytommetry 
The entire procedure was performed while avoiding light exposure to the samples. 500,000 cells in 90 μL were seeded into 96-
well plates. 10 uL of FITC conjugated derivatives of the glycoconjugates, prepared as 2000 μM  and 1000 μM stock solutions in 
water, were added to the cells resulting in a total volume of 100 μL containing 200 μM  and 100 uM of the ligands, respectively. 
After incubation of the cells for 3 h at 37 °C and 5 % CO2, the content of each well was transferred to a centrifuge tube and the 
well was washed one time with 200 μL PBS, which was afterwards transferred to the same corresponding centrifuge tube. After 
washing the cells 3 times with 1 mL PBS buffer, the cells were fixed with 100 μL of a Cytofix solution for 20 min on ice. Fixed 
cells were washed three times with 1 ml PBS+ before measuring with an Accuri 6 flow cytometer. 20,000 cells were collected 
with a slow flow rate of 14 uL/min. In between samples, two washing steps were performed at a high flow rate of 66 μL/min for 
one minute, the first of which involved a bleach solution containing 4% of hypochlolrite, followed by MilliQ water. A slow flow rate 
and the washing steps were needed to avoid clogging the system. 
 
Fluorescence microscopy  
Cells were grown on 24 mm cover slips (# 229174) in 6-well plates (#229106) purchased from Celltreat. Cover slips were first 
coated with a 0.01% poly-L-lysine solution from Sigma Aldrich for 5 min, followed by three washing steps with sterile MilliQ water. 
Cover slips were transferred into 6-well-plates and allowed to dry at room temperature for 2 h.  
The cells lines were trypsinized, counted, centrifuged and resuspended to a final concentration of 70.000 cells/ml in the 
corresponding total growth medium. Next, 3 ml of the cell suspension were transferred to each well. The cells were grown on the 
cover slips for 2 days at 37°C at 5 % CO2.  
The staining procedure was performed in petri dishes (60 mm x 15 mm) from Fisher Brand. After removing the cell medium, the 
cover slips were carefully washed twice with prewarmed PBS. Staining was performed after fixation of the adherent cells with 1 
ml of 3.7 % formaldehyde solution in PBS for 10 min at room temperature. The cover slips were washed again with prewarmed 
PBS and transferred into small petri dishes for the permeabilization with a solution of 0.1 % Tween 20 in PBS for 5 min at room 
temperature. The cover slips were washed two more times with PBS and transferred into a new clean petri dish for staining. 
First, the staining with FITC-labeled glycoconjugates was performed. Cover slips were freed from buffer and incubated with 200 
μL of 200 μM FITC-labeled glycoconjugate solution for 3 hours at 37°C and 5% CO2. The supernatant was removed, and the 
cover slips were washed 3 times with PBS. As a negative control, the glycoconjugate staining was skipped. The next step was 
the reference staining. 
For reference staining Hoechst 33342 (#H1399) staining for the nucleus an Alexa Fluor™ 647 Phalloidin (#A22287) staining for 
actin were used; both were purchased from Invitrogen. The dilutions were prepared as recommended by supplier:100 mg of 
33342 Hoechst was dissolved in 10 ml deionized H2O. 5 μL of 33342 Hoechst stock solution was further diluted in 10 mL PBS 
(1:2000 ratio). The content of the Alexa Fluor ™ 647 Phalloidin vial was dissolved in 1.5 ml methanol and further diluted by 
mixing 5 μL of the phalloidin stock solution in 200 μL PBS. For staining, the cover slips were freed from buffer and 200 μL of 
phalloidin-staining and 200 μL of Hoechst staining solution were simultaneously added on the cover slips and co-incubated for 
40 min at room temperature. The supernatant was removed and the cover slips were washed 3 times with PBS. TrueBlack® 
Lipofuscin autofluorescence quencher from Biotium (#23007) was diluted by mixing 50 μL of the 20 x stock solution in 1 mL 70 % 
ethanol right before usage. The cover slips were coated with the dilution for 30 sec. After that, the cover slip was washed carefully 
3 times with PBS buffer, freed from an excess of liquid by dapping on dust free tissue and flipped onto glass slides for microscopy, 
using one drop of ProLong™ Gold as antifade mountant (#P10144). Fluorescence microscopy was performed with an Olympus 
DP80 coupled with Prior Scientific Launches L200S fluorescence illumination system. 
  
MTT cell viability assay 
An MTT Assay Kit was purchased from Abcam (#ab211091). Cells were seeded into 96-well plates with a volume of 90 μL/well 
and 40,000 cells for the HEK 293 cell line and 30,000 cells for the MCF 7 cell line in complete growth medium. 10 μL of amine-
derivatives of the glycoconjugates, prepared as 2000 μM stock solutions in water were added to the cells resulting in a total  
volume of 100 μL containing 200 μM of the ligands. After incubation of the cells for 48 h at 37 °C and 5 % CO2, the plates were 
centrifuged at 1000 rpm, 4 °C for 5 min. 60 μL of the supernatant were carefully removed, followed by the addition of 50 μL PBS 
and 50 μL MTT reagent. After incubation for 3 hours at 37 °C and 5 % CO2 the plates were centrifuged and 75 μL of the 
supernatant were removed. The purple precipitation was than dissolved by adding 200 μL of DMSO to each well and shaking 
the plate for 3 hours at room temperature covered with aluminum foil. The plates were read out with a Synergy H1 microplate 
reader from Biotek at 590 nm without a lid. 
 
Migration Assay  
Cells were seeded at 400,000 cells/well in 12-well plates with a final volume of 1 ml cell culture medium. Cells were grown for 
48 h until a dense monolayer was reached. A wound field was created with a 10 μL pipet tip using a line on the back of the plate 
as guide. After creation of the wound field, the medium was removed and replaced by 360 μL total growth medium and 40 μL of 
a 2000 μM glycoconjugate or lactose solution in MiliQ water resulting in a final glycoconjugate concentration of 200 μM. For the 
unstained control, 400 μL complete growth medium and for the vehicle control 360 μL complete growth medium and 40 μL of 
MiliQ water were added. For the dosing experiments, an extra 30 μL of complete growth medium and 10 μL of the 2000 μM 
glycomacromolecule solution was added after 12, 24, 36 and 48 h. For the migration experiments, the amine-derivatives of the 
glycomacromolecules were used, as the direct precursor of the FITC-derivatives, used in the other cell studies. 
Pictures were taken with a Nikon Eclipse TS100 using a Nikon E Plan 4x 0.10 ∞ /WD 30 Microscope Objective and coupled with 
a Nikon ELWD 0.3/OD75 condenser. Distances of the wound field were analyzed with the free software ImageJ. 
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Results and Discussion 

Analytics Glycomacromolecules 
 

 
Lac(1)-2–NH2, 1a  

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 7.98 – 7.94 (m, 1H, triazole-CH), 5.66 (d, J = 9.2 Hz, 1H CHanomerGlc), 4.43 (d, J 
= 7.7 Hz, 1H, CHanomer-Gal), 4.02 – 3.45 (m, 20H, CHpyranose, CH2 pyranose, O-CH2-), 3.44 – 3.20 (m, 10H, C=ONH-CH2), 3.13 (t, J 
= 5.0 Hz, 2H,CH2-NH2), 2.96 (t, J = 7.0 Hz, 2H, CH=CH-CH2), 2.73 (t, J = 7.0 Hz, 2H, CH=CH-CH2-CH2), 2.50 – 2.34 (m, 8H, 
NHC=O-CH2).  

13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 188.64, 175.21, 175.03, 87.38, 77.88, 77.55, 75.63, 72.73, 72.15, 71.17, 69.66, 
69.07, 68.79, 66.72, 61.30, 60.24, 45.16, 41.31, 39.32, 39.05, 37.10, 32.07, 31.17, 31.16, 31.00, 30.85, 30.48.  

HR MS (ESI+) m/z calc. for C35H63N9O17 [M+2H]2+ 440.72; found 440.72. Yield: 48 mg (54 %). 
 
 

 
Figure S 2: 1H NMR spectrum of compound 1a. 
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Figure S 3: 13C NMR spectrum of compound 1a. 

 

 
Figure S 4: HR-MS spectrum of compound 1a. 

 

 
Figure S 5: RP-HPLC chromatogram and ESI+-MS spectrum of compound 1a. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak (*) is shown. 
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Lac(1)-2–Ac, 1b  

1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.05 (s, 1 H, triazole-CH,), 5.75 (d, J = 9.2 Hz, 1H, CHanomerGlc), 4.52 (d, J = 7.7 
Hz, 1H,  CHanomer-Gal), 4.10 – 3.73 (m, 10H, CHpyranose, CH2 pyranose, O-CH2-), 3.72 – 3.57 (m, 10H, CHpyranose, CH2 pyranose, O-CH2- 
), 3.47-3.31 (m 12 H, C=ONH-CH2), 3.05 (t, J = 7.1 Hz, 2H, CH=CH-CH2), 2.82 (t, J = 7.0 Hz, 2H, - CH=CH-CH2-CH2), 2.58 – 
2.43 (m, 8H, NHC=O-CH2) , 2.00 (s, 3H, -CH3).  

13C-NMR (75 MHz, Deuterium Oxide) δ [ppm]: 176.64, 174.15, 173.97, 173.89, 173.80, 173.37, 146.24, 121.71, 102.05, 86.31, 
76.81, 76.46, 74.55, 73.71, 71.66, 71.09, 70.10, 68.56, 67.93, 67.72, 65.16, 60.23, 58.89, 46.28, 44.13, 38.11, 38.05, 36.44, 
36.02, 30.98, 29.99, 29.79, 29.36, 20.97, 19.80.  

HR MS (ESI+) m/z calc. for C37H65N9O18 [M+2H]2+ 461.7218; found 461.7217. Yield: 51 mg (55 %). 
 

 
Figure S 6: 1H-NMR spectrum of compound 1b. 
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Figure S 7: 13C-NMR spectrum of compound 1b. 
 

 

 
Figure S 8: HR-MS spectrum of compound 1b. 

 

 
Figure S 9: RP-HPLC chromatogram and ESI+-MS spectrum of compound 1b. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Lac(1)-2-FITC, 1c 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.21 – 7.88 (m, 3H; FITC-CH, triazole-CH), 7.65 (s, 1H, FITC-CH, ), 7.11 – 6.43 
(m,6, FITC-CH), 5.68 (d, J = 8.9 Hz, 1H, CHanomerGlc), 4.49 (d, J = 7.3 Hz, 1H, CHanomer-Gal), 4.12 – 3.11 (m, 32H, CHpyranose, 
CH2 pyranose, O-CH2-, C=ONH-CH2), 3.00 – 2.82 (m, 2H, CH=CH-CH2), 2.78 – 2.58 (m, 2H, CH=CH-CH2-CH2), 2.53 – 2.14 (m, 
8H, NHC=O-CH2). 

HR MS (ESI+) m/z calc. for C54H62N24O12S [M+2H]2+ 635.2344; found 635.2344. Yield: 11 mg (56 %). 
 

Figure S 10: 1H-NMR spectrum of compound 1c. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S 11: HR-MS spectrum of compound 1c. 
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Figure S 12: RP-HPLC chromatogram and ESI+-MS spectrum of compound 1c. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Lac(1,3,5)-6–NH2, 2a  

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.05 (s, 3H, triazol-CH), 5.75 (d, J = 9.2 Hz, 3H, CHanomerGlc), 4.52 (d, J = 7.7 
Hz, 3H, CHanomerGal), 4.11 – 3.54 (m, 60H, CHpyranose, CH2 pyranose, O-CH2-), 3.54 – 3.28 (m, 34H, CHpyranose, , C=ONH-CH2), 3.26 
– 3.18 (m, 2H, CH2-NH2), 3.04 (t, J = 6.9 Hz, 6H, CH=CH-CH2), 2.81 (t, J = 6.9 Hz, 6H, CH=CH-CH2-CH2), 2.48 (h, J = 6.6 Hz, 
24H, NHC=O-CH2).  

13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 175.19, 175.00, 174.92, 174.83, 170.60, 147.30, 122.78, 103.15, 87.41, 77.90, 
77.58, 75.65, 74.82, 72.76, 72.18, 71.19, 69.79, 69.66, 69.07, 68.81, 66.62, 61.31, 59.98, 47.34, 45.20, 39.33, 39.14, 37.53, 
37.11, 32.07, 31.24, 31.08, 20.90. 

HR-MS (ESI+) m/z calc. for C105H180N25O51 [M+3H]3+ 869.07; found: 869.08. Yield: 103 mg (40 %). 
 

 
Figure S 13: 1H-NMR spectrum of compound 2a. 
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Figure S 14: 13C-NMR spectrum of compound 2a. 

 
 
 

 
Figure S 15: HR-MS spectrum of compound 2a. 
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Figure S 16: RP-HPLC chromatogram and ESI+-MS spectrum of compound 2a. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Lac(1,3,5)-6–Ac, 2b  

1H-NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.05 (s, 3H, triazole-CH), 5.75 (d, J = 9.2 Hz, 3H, CHanomerGlc), 4.52 (d, J = 7.7 
Hz, 3H, CHanomer-Gal), 4.13 – 3.56 (m, 60H, CHpyranose, CH2 pyranose, O-CH2- ), 3.53 – 3.26 (m, 36H, CHpyranose, CH2 pyranose, 
NHC=O-CH2), 3.04 (t, J = 7.1 Hz, 6H, CH=CH-CH2), 2.81 (t, J = 7.1 Hz, 6H, CH=CH-CH2-CH2), 2.60 – 2.38 (m, 24H, NHC=O-
CH2), 1.99 (s, 3H, CH3). 

13C NMR (75 MHz Deuterium Oxide) δ [ppm]: 174.43, 174.24, 174.17, 174.08, 146.53, 122.02, 102.38, 86.64, 77.13, 76.80, 
74.87, 74.05, 71.98, 71.42, 70.42, 68.88, 68.30, 68.04, 60.54, 59.22, 46.57, 44.42, 38.43, 38.37, 36.76, 36.34, 31.29, 30.48, 
30.36, 30.27, 21.29, 20.13. 

HR-MS (ESI+) m/z calc. for C107H182N25O52 [M+3H]3+ 883.0783; found: 883.0787. Yield: 109 mg (41 %). 
 

  
Figure S 17: 1H-NMR spectrum of compound 2b. 
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Figure S 18: 13C-NMR spectrum of compound 2b. 

 

 
Figure S 19: HR-MS spectrum of compound 2b. 

 

 
Figure S 20: RP-HPLC chromatogram and ESI+-MS spectrum of compound 2b. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Lac(1,3,5)-6–FITC, 2c 

1H NMR (600 MHz, Deuterium Oxide) δ [ppm]: 8.12 (s, 1H, FITC-CH), 8.07 – 7.95 (m, 3H, triazole-CH), 7.70 (s, 1H, FITC-CH), 
7.07 (s, 1H, FITC-CH), 6.90 (s, 2H, FITC-CH), 6.79 (s, 2H, FITC-CH), 6.67 (d, J = 8.8 Hz, 2H, FITC-CH), 5.77 – 5.66 (m, 3H, 
CHanomer-Glc), 4.55 – 4.46 (m, 3H, CHanomer-Gal), 4.07 – 3.99 (m, 3H, CHpyranose), 3.97 – 3.79 (m, 20H, CHpyranose, CH2 pyranose, O-
CH2-), 3.79 – 3.51 (m, 40H, CHpyranose, CH2 pyranose, O-CH2-, C=ONH-CH2), 3.48 – 3.20 (m, 34H, CHpyranose, C=ONH-CH2), 3.07 – 
2.89 (m, 6H, CH=CH-CH2), 2.83 – 2.66 (m, 6H, CH=CH-CH2-CH2), 2.53 – 2.34 (m, 24H, NHC=O-CH2).  

13C NMR (151 MHz, Deuterium Oxide) δ [ppm]: 177.48, 174.58, 146.96, 122.47, 102.92, 87.18, 77.65, 77.39, 75.40, 74.58, 
72.52, 71.94, 70.94, 69.40, 68.81, 68.56, 61.06, 59.76, 47.10, 45.01, 38.89, 37.30, 36.88, 31.76, 31.00, 30.88, 30.83, 30.77, 
30.21, 30.08, 20.64.  

HR-MS (ESI+) m/z calc. for C126H191N26O56S [M+3H]3+ 998.7534; found 998.7514. Yield: 21 mg (60 %). 
 

Figure S 21: 1H-NMR spectrum of compound 2c. 
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Figure S 22: 13C-NMR spectrum of compound 2c. 

 

 
Figure S 23: HR-MS spectrum of compound 2c. 
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Figure S 24: RP-HPLC chromatogram and ESI+-MS spectrum of compound 2c. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. (1) Peaks with the same m/z. 
 
  
Lac(1,2,3,4,5,6)-7–NH2, 3a  

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.05 – 8.01 (m, 6H, triazole-CH), 5.74 (d, J = 9.2 Hz, 6H, CHanomerGlc), 4.52 (d, 
J = 7.6 Hz, 4H, CHanomer-Gal), 4.09 – 3.82 (m, 44H, CHpyranose, O-CH2-), 3.82 – 3.54 (m, 36H, CHpyranose, CH2 pyranose, O-CH2-), 
3.52 – 3.27 (m, 50H, C=ONH-CH2), 3.24 – 3.19 (m, 2H, CH2-NH2), 3.07 – 2.95 (m, 12H, CH=CH-CH2), 2.85 – 2.73 (m, 12H, 
CH=CH-CH2-CH2), 2.56 – 2.37 (m, 28H, NHC=O-CH2).  

13C NMR (126 MHz, Deuterium Oxide) δ [ppm]: 173.92, 146.27, 121.70, 102.13, 86.36, 76.86, 76.77, 74.59, 73.82, 71.78, 
71.15, 70.18, 67.79, 65.08, 60.24, 59.06, 46.29, 44.15, 38.32, 38.04, 36.54, 36.12, 31.01, 30.18, 30.06, 30.01, 29.89, 19.89, 
13.27. 

HR-MS (ESI+) m/z calc. for C160H265N39O82 [M+4H] 4+ 1011.1936; found 1011.1945.Yield: 174 mg (43 %). 

 
 

Figure S 25: 1H-NMR spectrum of compound 3a. 
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 Figure S 26: 13C-NMR spectrum of compound 3a. 

 

 
Figure S 27: RP-HPLC chromatogram and ESI+-MS spectrum of compound 3a. 



 

23 
 

 
 
Figure S 28: RP-HPLC chromatogram and ESI+-MS spectrum of compound 3a. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Lac(1,2,3,4,5,6)-7–NHAc, 3b  
 
1H NMR (600 MHz, Deuterium Oxide) δ [ppm]:8.04 (m, 6H, triazole-CH), 5.74 (d, J = 9.2 Hz, 6H, CHanomerGlc), 4.52 (d, J = 7.6 
Hz, 6H, CHanomer-Gal), 4.10 – 3.74 (m, 62H, CHpyranose, O-CH2-), 3.72 – 3.54 (m, 20H, CHpyranose, CH2 pyranose, O-CH2-), 3.50 – 
3.27 (m, 50H, C=ONH-CH2), 3.04-2.98 (m, 12H, CH=CH-CH2), 2.85 – 2.72 (m, 12H, CH=CH-CH2-CH2), 2.52-2.41 (m, 28H, 
NHC=O-CH2), 1.99 (s, 1H, CH3).  
 
13C NMR (151 MHz, Deuterium Oxide) δ [ppm]: 215.59, 174.62, 174.05, 146.95, 122.42, 102.80, 87.07, 77.55, 77.24, 75.29, 
74.47, 72.41, 71.84, 70.85, 69.29, 68.46, 60.96, 59.64, 46.96, 44.80, 38.84, 37.16, 36.75, 31.70, 30.67, 30.15, 29.89, 29.63, 
29.37, 29.11, 28.85, 28.60, 20.56.  

HR-MS (ESI+) m/z calc. for C162H267N39O83 [M+4H] 4+ 1021.6962; found 1021.6962. Yield: 235.1 mg (55 %). 
 
 

 
Figure S 29: 1H-NMR spectrum of compound 3b. 
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Figure S 30: 13C-NMR spectrum of compound 3b. 

 

 
Figure S 31: HR-MS spectrum of compound 3b. 

 

 
Figure S 32: RP-HPLC chromatogram and ESI+-MS spectrum of compound 3b. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Lac(1,2,3,4,5,6)-7–FITC, 3c 

1H NMR (600 MHz, Deuterium Oxide) δ [ppm]: δ 8.11 (s, 1H, FITC-CH), 8.08 – 7.93 (m, 6H, triazole-CH), 7.71 (s, 1H, FITC-
CH), 7.15 (d, J = 6.5 Hz, 1H, FITC-CH), 6.93 (d, J = 7.0 Hz, 2H, FITC-CH), 6.86 (s, 2H, FITC-CH), 6.71 (d, J = 7.0 Hz, 2H, 
FITC-CH), 5.79 – 5.66 (m, 6H, CHanomerGlc), 4.58 – 4.44 (m, 6H, CHanomer-Gal), 4.07 – 3.54 (m, 80H, CHpyranose, CH2 pyranose, O-
CH2-), 3.51 – 3.18 (m, 52H, CHpyranose, C=ONH-CH2), 3.07 – 2.89 (m, 12H, CH=CH-CH2), 2.85 – 2.65 (m, 12H, CH=CH-CH2-
CH2), 2.55 – 2.32 (m, 28H, NHC=O-CH2).  

13C NMR (151 MHz, Deuterium Oxide) δ [ppm]: 174.61, 146.99, 122.46, 102.92, 87.17, 77.64, 77.39, 75.39, 74.57, 72.51, 
71.94, 70.94, 68.55, 61.05, 59.76, 47.06, 44.95, 37.28, 36.87, 31.75, 30.79, 30.61, 20.64.  

HR-MS (ESI+) m/z calc. for C182H276N38O88S [M+4H]4+ 1108.4497; found 1108.4503. Yield: 15 mg (33 %). 
 
 

 
Figure S 33: 1H-NMR spectrum of compound 3c. 
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Figure S 34: 13C-NMR spectrum of compound 3c. 

 

 
Figure S 35: HR-MS spectrum of compound 3c. 
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Figure S 36: RP-HPLC chromatogram and ESI+-MS spectrum of compound 3c. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak (*) is shown. (1) Peaks show the same m/z. 
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Lac(1,3,5)-Bz(2,4)-6–Ac, 4b 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.05 – 8.00 (m, 3H, triazole-CH), 7.41 – 7.25 (m, 10H, aromatic-CH), 5.79 – 
5.68 (m, 3H, CHanomerGlc ), 4.56 – 4.46 (m, 2H, CHanomerGal), 4.35 (s, 4H, aromatic CH2,), 4.12 – 3.53 (m, 48H, CHpyranose, CH2 
pyranose, O-CH2-), 3.52 – 3.22 (s, 44H, CHpyranose,C=ONH-CH2), 3.08 – 2.95 (m, 6H, CH=CH-CH2), 2.84 – 2.73 (m, 6H, CH=CH-
CH2-CH2), 2.73 – 2.34 (m, 34H, CHpyranose, NHC=O-CH2), 1.99 (s, 3H, CH3).  

13C NMR (126 MHz, Deuterium Oxide) δ [ppm]: 173.96, 173.91, 173.79, 146.27, 137.37, 127.92, 126.54, 126.34, 121.70, 
102.14, 86.36, 76.86, 76.77, 74.59, 73.82, 71.79, 71.15, 70.17, 68.61, 68.01, 67.97, 67.78, 65.08, 60.23, 59.05, 46.32, 46.24, 
44.21, 42.11, 38.16, 38.11, 36.55, 36.50, 36.13, 30.99, 30.25, 30.19, 30.13, 30.08, 30.03, 29.91, 29.47, 29.34, 27.35, 21.05, 
19.88, 13.28. 

HR MS (ESI+) m/z calc. for C125H198N29O52 [M+3H]3+ 979.1241 found 979.1237. Yield: 104 mg (35 %). 
 

Figure S 37: 1H-NMR spectrum of compound 4b. 
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 Figure S 38: 13C-NMR spectrum of compound 4b. 

 
 

Figure S 39: HR-MS spectrum of compound 4b. 
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Figure S 40: RP-HPLC chromatogram and ESI+-MS spectrum of compound 4b. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 

Lac(1,3,5)-pNH2Ph(2,4)-6–Ac, 5b 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.09 – 7.97 (m, 3H, triazole-CH), 7.23 (d, J = 8.4 Hz, 4H, aromatic CH), 6.87 (d, 
J = 8.4 Hz, 4H, aromatic CH), 5.79 – 5.68 (m, 3H, CHanomerGlc), 4.55 – 4.45 (m, 3H, CHanomerGal), 4.11 – 3.57 (m, 46H, 
CHpyranose, CH2 pyranose, O-CH2-), 3.56 – 3.23 (m, 46H, CHpyranose,C=ONH-CH2), 3.08 – 2.93 (m, 6H, CH=CH-CH2), 2.85 – 2.59 
(m, 15H, CH=CH-CH2-CH2, CHpyranose), 2.55 – 2.30 (m, 24H, CHpyranose, NHC=O-CH2), 1.99 (s, 3H, CH3). 

13C NMR (126 MHz, Deuterium Oxide) δ [ppm]: 173.91, 146.26, 122.48, 121.70, 116.63, 102.14, 86.36, 76.86, 76.78, 74.60, 
73.83, 71.79, 71.15, 70.18, 68.61, 68.01, 67.97, 67.79, 60.24, 59.06, 46.33, 44.22, 38.16, 38.11, 36.55, 36.21, 36.14, 30.99, 
30.09, 29.94, 27.29, 21.06, 19.89, 13.28. 

HR-MS (ESI+) m/z calc. for C123H197N31O52 [M+4H]4+ 735.0925; found 735.0917. Yield: 110 mg (38 %). 
 
 

Figure S 41: 1H-NMR spectrum of compound 5b. 
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Figure S 42: 13C-NMR spectrum of compound 5b. 

 

 
Figure S 43: HR-MS spectrum of compound 5b. 
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Figure S 44: RP-HPLC chromatogram and ESI+-MS spectrum of compound 5b. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. (1) Peaks with the same m/z. 
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Lac(1,3,5)-pSO3H Ph(2,4)-6–NH2, 6a 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.06 – 7.98 (m, 3H, triazole-CH), 7.76 (d, J = 8.7 Hz, 4H, aromatic CH), 7.57 (d, 
J = 8.6 Hz, 4H, aromatic CH), 5.79 – 5.67 (m, 3H, CHanomer-Glc), 4.56 – 4.45 (m, 3H, CHanomer-Gal), 4.10 – 3.70 (m, 30H, 
CHpyranose, CH2 pyranose, O-CH2-), 3.68 – 3.20 (m, 60H, CHpyranose,  C=ONH-CH2, CH2-NH2), 3.11 – 2.91 (m, 6H, CH=CH-CH2), 2.85 
– 2.62 (m, 16H, CH=CH-CH2-CH2, NHC=O-CH2 ), 2.55 – 2.31 (m, 24H, NHC=O-CH2).  

13C NMR (151 MHz, Deuterium Oxide) δ [ppm]:173.90, 173.90, 173.76, 172.58, 171.31, 146.24, 139.24, 137.54, 125.68, 
121.71, 119.55, 102.06, 86.32, 76.80, 76.52, 74.55, 73.74, 71.69, 71.13, 70.13, 68.54, 67.97, 67.88, 67.75, 60.23, 58.93, 
48.46, 46.24, 44.12, 38.04, 36.43, 36.03, 34.87, 31.06, 30.92, 30.69, 29.99, 29.89, 29.80, 26.95, 19.81. 

HR MS (ESI+) m/z calc. for C124H197N30O58S2 [M+3H]3+ 1032.7604 found; 1032.7593. Yield: 27 mg (10 %). 

 
 

 Figure S 45: 1H-NMR spectrum of compound 6a. 
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Figure S 46:  13C-NMR spectrum of compound 6a. 

 

 
Figure S 47: HR-MS spectrum of compound 6a. 
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Figure S 48: RP-HPLC chromatogram and ESI+-MS spectrum of compound 6a. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
 
 
Lac(1,3,5)-pSO3H Ph(2,4)-6–Ac, 6b 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.09 – 7.96 (m, 3H, triazole-CH), 7.76 (d, J = 8.7 Hz, 4H, aromatic CH), 7.58 (d, 
J = 8.5 Hz, 4H, aromatic CH), 5.86 – 5.60 (m, 3H, CHanomer-Glc), 4.58 – 4.43 (m, 3H, CHanomer-Gal), 4.12 – 3.97 (m, 3H, 
CHpyranose), 3.97 – 3.49 (m, 45H, CHpyranose, CH2 pyranose, O-CH2-), 3.49 – 3.22 (m, 40H, C=ONH-CH2), 3.11 – 2.90 (m, 6H, 
CH=CH-CH2), 2.84 – 2.65 (m, 14H, CH=CH-CH2-CH2, ), 2.58 – 2.32 (m, 24H, NHC=O-CH2), 1.99 (s, 3H). 

13C NMR (126 MHz, Deuterium Oxide) δ [ppm]:173.90, 146.27, 141.84, 139.20, 125.72, 121.74, 119.67, 102.13, 86.37, 76.86, 
76.76, 74.57, 73.80, 71.78, 71.15, 70.17, 68.60, 67.96, 67.79, 65.08, 60.22, 59.06, 46.33, 46.12, 44.23, 44.02, 38.17, 38.11, 
36.54, 36.21, 36.14, 31.00, 30.79, 30.10, 27.07, 21.05, 19.87, 13.27. 

HR S (ESI+) m/z calc. for C123H194N29O58S2 [M+3H]3+ 1023.0849, found; 1023.0848. Yield: 23 mg (10 %). 

Figure S 49: 1H-NMR spectrum of compound 6b. 
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Figure S 50: 13C-NMR spectrum of compound 6b. 

 

 
Figure S 51: HR-MS spectrum of compound 6b. 
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Figure S 52: RP-HPLC chromatogram and ESI+-MS spectrum of compound 6b. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Lac(1,3,5)-pSO3H Ph(2,4)-6–FITC, 6c 
 
1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.08 – 7.95 (m, 3H, triazole-CH), 7.79 – 7.65 (m, 4H, aromatic CH), 7.62 – 7.49 
(m, 4H, aromatic CH), 7.33 – 7.19 (m, 2H, FITC-CH), 6.76 – 6.62 (m, 2H, FITC-CH), 5.78 – 5.66 (m, 3H, CHanomer-Glc), 4.55 – 
4.46 (m, CHanomer-Gal), 4.12 – 3.56 (m, 45H, CHpyranose, CH2 pyranose, O-CH2-), 3.56 – 3.16 (m, 45H, CHpyranose,  C=ONH-CH2, CH2-
NH2), 3.07 – 2.91 (m, 6H, CH=CH-CH2), 2.82 – 2.60 (m, 17 H, CH=CH-CH2-CH2, NHC=O-CH2), 2.55 – 2.17 (m, 23H, NHC=O-
CH2). 
 
13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 174.96, 174.92, 174.79, 167.78, 126.73, 103.13, 93.57, 87.39, 77.87, 77.84, 
77.60, 77.58, 75.60, 74.78, 72.73, 72.18, 71.17, 69.69, 69.65, 69.61, 69.55, 68.99, 68.77, 66.77, 61.28, 59.99, 47.08, 45.95, 
45.15, 44.24, 37.50, 37.45, 37.23, 37.18, 37.08, 31.21, 31.13, 31.10, 31.05, 20.90. 

HR MS (ESI+) m/z calc. for C146H209N29O64S3 [M+4H]4+ 872.0783, found; 872.0800. Yield: 7 mg (36 %). 
 

Figure S 53: 1H-NMR spectrum of compound 6c. 
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Figure S 54: 13C-NMR spectrum of compound 6c. 

 

 
Figure S 55: HR-MS spectrum of compound 6c. 
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Figure S 56: RP-HPLC chromatogram and ESI+-MS spectrum of compound 6c. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Lac(1,3,5)-(1-SO3H,4-OH)Ph(2,4)-6–Ac, 7b 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.09 – 7.91 (m, 3H, triazole-CH), 7.53 (dd, J = 8.5, 2.2 Hz, 2H, aromatic CH), 
7.03 (d, J = 8.5 Hz, 2H, aromatic CH), 5.81 – 5.63 (m, 3H, CHanomer-Glc), 4.58 – 4.40 (m, 3H, CHanomer-Gal), 4.13 – 3.68 (m, 
38H, CHpyranose, CH2 pyranose, O-CH2-), 3.68 – 3.17 (m, 52H, CHpyranose, C=ONH-CH2,), 3.10 – 2.89 (m, 6H, CH=CH-CH2), 2.83 – 
2.62 (m, 14H, CH=CH-CH2-CH2, NHC=O-CH2), 2.59 – 2.30 (m, 24H, ), 1.99 (s, 3H,CH3 ).  

13C NMR (126 MHz, Deuterium Oxide) δ [ppm]: 173.89, 121.71, 115.45, 102.11, 86.34, 76.84, 76.74, 74.56, 73.83, 71.82, 
71.18, 70.20, 68.58, 67.95, 67.83, 65.07, 60.25, 59.09, 56.65, 44.22, 38.15, 36.53, 30.95, 30.11, 19.85, 16.01, 13.27. 

HR MS (ESI+) m/z calc. for C123H194N29O60S2 [M+3H]3+ 1033.7482, found; 1033.7487. Yield: 20 mg (9 %). 

 
 

Figure S 57: 1H-NMR spectrum of compound 7b. 
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Figure S 58: 13C-NMR spectrum of compound 7b. 

 

 
Figure S 59: HR-MS spectrum of compound 7b. 
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Figure S 60: RP-HPLC chromatogram and ESI+-MS spectrum of compound 7b. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Lac(1,3,5)-Tyr(4-SO3H)(2,4)-6–NH2, 8a 

1H NMR (600 MHz, Deuterium Oxide) δ [ppm]: 8.08 – 7.98 (m, 3H, triazole-CH), 7.29 – 7.20 (m, 6H, aromatic CH), 7.20 – 6.81 
(m, 2H, aromatic CH), 5.75-5,72 (m, 3H, CHanomer-Glc), 4.54 – 4.48 (m, 3H, CHanomer-Gal), 4.07 – 3.56 (m, 52H, Tyr CH, 
CHpyranose, CH2 pyranose, O-CH2-), 3.44- 3.20 (m, 32H, CHpyranose, C=ONH-CH2, Tyr CH2), 3.13 –2.72 (m, 20H, CH=CH-CH2-CH2, 
NHC=O-CH2), 2.54 – 2.25 (m, 18H, NHC=O-CH2). 

13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 175.09, 174.95, 174.71, 174.62, 173.28, 150.50, 147.35, 130.57, 122.74, 
121.73, 103.19, 87.40, 77.88, 75.59, 74.84, 72.82, 72.21, 71.21, 69.81, 69.67, 69.08, 68.83, 66.57, 61.24, 60.12, 47.52, 45.29, 
39.38, 39.10, 37.60, 37.19, 32.04, 31.14, 30.98, 30.44, 20.91. 

HR MS (ESI+) m/z calc. for C103H162N23O53S2 [M+3H]3+ 877.6704; found 877.6701. 

Yield: 82 mg (31 %). 
 
 

Figure S 61: 1H-NMR spectrum of compound 8a. 
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Figure S 62: 13C-NMR spectrum of compound 8a. 
 

 
 Figure S 63: HR-MS spectrum of compound 8a. 

Figure S 64: RP-HPLC chromatogram and ESI+-MS spectrum of compound 8a. Retention time tR [min] and area [%] of the peaks 
are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Lac(1,3,5)-Tyr(4-SO3H)(2,4)-6–FITC, 8c  
 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.07 – 7.89  (m, 4H, triazole-CH), 7.71 – 7.57 (m, 1H, FITC-CH) 7.31 – 7.14 (m, 
8H, phenyl-CH, FITC-CH), 7.14 – 6.96 (m, 2H, FITC-CH), 6.86 – 6.58 (m, 2H, FITC-CH), 5.75-5,63 (m, 3H, CHanomer-Glc), 4.53 
– 4.49 (m, 3H, CHanomer-Gal), 4.08 – 3.53 (m, 49H, Tyr CH, CHpyranose, CH2 pyranose, O-CH2-), 3.49 – 3.15 (m, 29H, CHpyranose, 
C=ONH-CH2, Tyr CH2), 3.11 – 2.83 (m, 10H, CH=CH-CH2-CH2, NHC=O-CH2), 2.82 – 2.65 (m, 6H, CH=CH-CH2-CH2), 2.55 – 
2.23  (m, 16H, NHC=O-CH2). 

13C NMR (75 MHz, Deuterium Oxide) δ [ppm]:175.11, 175.00, 174.97, 174.90, 174.90, 174.74, 174.65, 174.58, 173.52, 
150.53, 147.36, 147.28, 131.07, 130.59, 122.76, 122.66, 122.63, 121.75, 113.48, 103.35, 103.23, 87.44, 77.91, 75.62, 74.87, 
72.86, 72.25, 71.25, 69.84, 69.81, 69.71, 69.12, 68.87, 66.61, 61.27, 60.17, 55.24, 55.19, 55.18, 55.15, 47.56, 47.48, 47.42, 
47.20, 47.17, 47.13, 45.44, 45.38, 45.34, 45.32, 45.28, 39.42, 39.25, 39.14, 37.63, 37.61, 37.58, 37.45, 37.42, 37.23, 36.77, 
36.75, 36.57, 32.08, 32.06, 32.03, 31.33, 31.26, 31.18, 31.01, 30.92, 30.90, 30.60, 30.48, 20.95. 

HR MS (ESI+) m/z calc. for C124H173N24O58S3 [M+3H]3+ 1007.3490 found 1007.3480. Yield: 5 mg (32 %). 
 

 
Figure S 65: 1H-NMR spectrum of compound 8c. 
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Figure S 66: 13C-NMR spectrum of compound 8c. 

 
 

Figure S 67: HR-MS spectrum of compound 8c. 
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Glc(1,3,5)-6–NH2, 9a  

1H-NMR (600 MHz, Deuterium Oxide) δ [ppm]: 8.46 (br s. 1 H. NH). 7.88 (m, 3H, triazole-CH), 4.80 (m, 3H, CHanomerGlc), 4.64 
(m, 6H, -N-N-CH2-), 4.41 (d, 3JHH = 7.9 Hz, 0.6H. CHanomerGlc ). 4.07 (m, 3H, O-CH2-), 3.91 (m, 3H, O-CH2-), 3.75 (dd, 3J = 
5.6; 4.6 Hz, 2H, O-CH2-), 3.69 (s, 4H, O-CH2-), 3.65 (s, 8H, O-CH2-, CHpyranose), 3.63 – 3.28 (m, 59H, O-CH2-, C=ONH-CH2, 

CHpyranose), 3.21 (m, 2H, CH2-NH2), 2.98 (m, 6H, CH=C-CH2), 2.87– 2.75 (m, 9H, CHpyranose,, CH=C-CH2-CH2), 2.48 (m, 24H, 
NHC=O-CH2).  

13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 177.79, 175.18, 175.04, 175.01, 174.94, 174.85, 171.24, 147.07, 124.31, 
102.74, 98.20, 76.20, 75.89, 73.23, 73.18, 72.04, 71.42, 69.85, 69.81, 69.68, 69.32, 69.10, 68.42, 66.73, 66.12, 60.39, 50.23, 
47.39, 45.27, 39.36, 39.16, 39.09, 37.57, 37.15, 32.23, 31.28, 31.15, 31.11, 31.03, 30.52, 20.90. 

HR MS (ESI+) m/z calc. for C93H162N25O39 [M+3H]3+ 751.04. found 751.25. Yield: 86 mg (38 %). 

 

 
Figure S 68: 1H-NMR spectrum of compound 9a. 
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Figure S 69: 13C-NMR spectrum of compound 9a. 

 

 
Figure S 70: HR-MS spectrum of compound 9a. 
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Figure S 71: RP-HPLC chromatogram and ESI+-MS spectrum of compound 9a. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak (*) is shown. 
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Glc(1,3,5)-6–Ac, 9b  

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 7.91 (s, 3H, triazole-CH), 4.88 (d, J = 3.4 Hz, 3H, CHanomerGlc), 4.71 – 4.61 (m, 
6H, -N-N-CH2-), 4.15 – 4.03 (m, 3H, CHpyranose), 3.99 – 3.89 (m, 3H, CHpyranose), 3.74 – 3.55 (m, 35H, CH-Glc, -O-CH2 ), 3.54 – 
3.43 (m, 18H, -O-CH2, CHpyranose), 3.42 – 3.30 (m, 30H, -NH-CH2- ), 3.00 (t, J = 7.3 Hz, 6H, CH=C-CH2 ), 2.91 – 2.74 (m, 9H, 
CHpyranose, NH-C=O-CH2-), 2.58 – 2.42 (m, 28H, NH-C=O-CH2-), 2.00 (s, 3H, CH3). 

13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 173.96, 173.82, 173.78, 173.72, 173.63, 145.83, 123.07, 96.96, 71.94, 70.80, 
70.19, 68.44, 68.08, 67.86, 67.80, 64.89, 59.14, 48.99, 46.13, 44.05, 37.92, 36.34, 35.91, 31.00, 30.05, 29.88, 29.80, 20.85, 
19.66.  

HR MS (ESI+) m/z calc. for C95H164N25O40 [M+3H]3+ 765.0517; found 765.0527. Yield: 110 mg (48 %). 

 

 
Figure S 72: 1H-NMR spectrum of compound 9b. 
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Figure S 73: 13C-NMR spectrum of compound 9b. 

 
 

 
Figure S 74: HR-MS spectrum of compound 9b. 

 
Figure S 75: RP-HPLC chromatogram and ESI+-MS spectrum of compound 9b. Retention time tR [min] and area [%] of the peaks 
are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Glc(1,3,5)-6–FITC, 9c 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 8.02 (s, 1H, FITC-CH), 7.91 – 7.76 (m, 3H, triazole-CH), 7.64 (d, J = 7.1 Hz, 1H, 
FITC-CH), 7.01 (d, J = 7.5 Hz, 1H, FITC-CH), 6.80 – 6.64 (m, 4H, FITC-CH), 6.57 (d, J = 8.7 Hz, 2H, FITC-CH), 4.88 – 4.84 
(m, 3H, CHanomerGlc), 4.66 – 4.52 (m, 6H, -N-N-CH2-), 4.13 – 3.96 (m, 3H, CHpyranose), 3.96 – 3.82 (m, 3H, CHpyranose), 3.79 – 
3.48 (m, 38H, CHpyranose, CH2 pyranose, O-CH2-), 3.48 – 3.22 (m, 40H, CHpyranose, C=ONH-CH2), 3.02 – 2.82 (m, 8H, CHpyranose, 
CH=CH-CH2), 2.80 – 2.64 (m, 6H, CH=CH-CH2-CH2), 2.54 – 2.36 (m, 24H, NHC=O-CH2).  

13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 175.10, 174.79, 174.69, 141.29, 131.57, 124.21, 98.20, 73.18, 72.04, 71.43, 
69.67, 69.32, 69.09, 66.11, 60.38, 47.39, 46.04, 45.32, 44.48, 39.15, 37.58, 37.15, 37.12, 31.26, 31.11, 31.04, 20.90. 

HR MS (ESI+) m/z calc. for C114H173N26O44S [M+3H]3+ 880.7268; found 880.7260. Yield: 15 mg (42 %). 

 
 

Figure S 76: 1H-NMR spectrum of compound 9c. 
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Figure S 77: 13C-NMR spectrum of compound 9c. 
 
 

Figure S 78: HR-MS spectrum of compound 9c. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

56 
 

Figure S 79: RP-HPLC chromatogram and ESI+-MS spectrum of compound 9c. Retention time tR [min] and area [%] of the peaks 
are given. ESI-MS spectrum of the main peak  (*) is shown.  
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Glc(1,3,5)-Bz(2,4)-6–Ac, 10b 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 7.94 – 7.82 (m, 3H, triazole-CH), 7.44 – 7.24 (m, 10H, aromatic-CH), 4.90 – 
4.85 (m, 3H, CHanomerGlc), 4.68 – 4.56 (m, 6H, -N-N-CH2-), 4.35 (s, 4H, aromatic CH2 ), 4.14 – 4.01 (m, 3H, CHpyranose), 3.97 – 
3.84 (m, 3H, CHpyranose), 3.68 – 3.57 (m, 15H, CHpyranose , O-CH2-), 3.55 – 3.26 (m, 53H, CHpyranose C=ONH-CH2 ), 3.04 – 2.92 
(m, 6H, CH=C-CH2), 2.90 – 2.81 (m, 3H, CHpyranose), 2.81 – 2.66 (m, 10H, NH-C=O-CH2-), 2.62 – 2.38 (m, 28H, NH-C=O-CH2-), 
1.99 (s, 3H, -CH3). 

13C NMR (126 MHz, Deuterium Oxide) δ [ppm]: 173.97, 173.91, 173.79, 146.00, 137.36, 127.89, 126.52, 126.32, 123.14, 
97.20, 72.16, 71.02, 70.39, 68.61, 68.36, 68.01, 67.97, 65.08, 59.42, 49.13, 46.33, 44.28, 42.10, 38.16, 38.11, 36.56, 36.13, 
31.15, 30.19, 30.12, 30.07, 30.03, 29.92, 27.35, 21.04, 19.85, 0.00. 

HR MS (ESI+) m/z calc. for C113H180N29O40 [M+3H]3+ 861.0975; found 861.0978. Yield: 81 mg (31 %). 
 

Figure S 80: 1H-NMR spectrum of compound 10b. 
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Figure S 81: 13C-NMR spectrum of compound 10b. 

 

 
Figure S 82: HR-MS spectrum of compound 10b. 
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Figure S 83: RP-HPLC chromatogram and ESI+-MS spectrum of compound 10b. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown.  
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Glc(1,3,5)-pNH2Ph(2,4)-6–Ac, 11b 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 7.95 – 7.80 (m, 3H, triazole-CH), 7.22 (d, J = 8.5 Hz, 4H, aromatic-CH), 6.85 (d, 
J = 8.2 Hz, 4H, aromatic-CH), 4.89 – 4.84 (m, 3H, CHanomerGlc), 4.69 – 4.56 (m, 6H, -N-N-CH2-), 4.13 – 4.00 (m, 3H, CHpyranose), 
3.96 – 3.85 (m, 3H, CHpyranose), 3.70 – 3.58 (m, 14H, CHpyranose , O-CH2-), 3.58 – 3.25 (m, 53H, CHpyranose C=ONH-CH2), 3.02 – 
2.91 (m, 6H, CH=C-CH2), 2.89 – 2.81 (m, 3H, CHpyranose), 2.81 – 2.61 (m, 14H, -N-C=O-CH2-), 2.56 – 2.35 (m, 24H, NH-C=O-
CH2-), 1.99 (s, 3H, -CH3). 

13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 175.53, 175.34, 175.27, 175.18, 174.77, 147.64, 123.13, 103.49, 87.75, 78.24, 
77.91, 75.99, 75.15, 73.09, 72.53, 71.53, 69.99, 69.41, 69.36, 69.15, 66.58, 61.65, 60.33, 47.67, 45.54, 39.54, 39.48, 37.87, 
37.45, 32.41, 31.59, 31.42, 30.80, 22.40, 21.24, 14.66.  

HR MS (ESI+) m/z calc. for C111H178N31O40 [M+3H]3+ 861.7610; found 861.7597. Yield: 84 mg (33 %). 
 

Figure S 84: 1H-NMR spectrum of compound 11b. 
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Figure S 85: 13C-NMR spectrum of compound 11b. 

 

 
Figure S 86: HR-MS spectrum of compound 11b. 
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Figure S 87: RP-HPLC chromatogram and ESI+-MS spectrum of compound 11b. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Glc(1,3,5)-pSO3H Ph(2,4)-6–NH2, 12a 

1H NMR (300 MHz Deuterium Oxide) δ [ppm]:  8.26 (br s, 1H, NH), 7.93 – 7.84 (m, 3H, triazole-CH), 7.75 (d, J = 8.6 Hz, 4H, 
aromatic-CH), 7.56 (d, J = 8.6 Hz, 4H, aromatic-CH), 4.89 – 4.84 (m, 3H, CHanomerGlc), 4.69 – 4.55 (m, 6H,-N-N-CH2), 4.12 – 
4.00 (m, 3H, CHpyranose), 3.97 – 3.83 (m, 3H, CHpyranose), 3.69 – 3.52 (m, 23H, CHpyranose, CH2 pyranose, O-CH2-), 3.50 – 3.22 (m, 
47H, CHpyranose, CH2 pyranose, C=ONH-CH2, CH2-NH2), 3.03 – 2.91 (m, 6H, CH=CH-CH2), 2.91 – 2.82 (m, 3H, CHpyranose), 2.81 – 
2.64 (m, 16H, CH=CH-CH2-CH2, NH-C=O-CH2), 2.57 – 2.32 (m, 24H, NH-C=O-CH2).  

13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 174.68, 140.06, 138.34, 126.46, 120.30, 97.90, 72.89, 71.74, 71.14, 69.36, 
69.03, 65.82, 60.09, 49.94, 45.03, 38.86, 36.88, 35.69, 31.89, 30.84, 20.62. 

HR MS (ESI+) m/z calc. for C112H179N30O46S2 [M+3H]3+ 914.7338; found 914.7332. Yield: 30 mg (15 %). 

 

 
 

Figure S 88: 1H-NMR spectrum of compound 12a. 
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Figure S 89: 13C-NMR spectrum of compound 12a. 

 

Figure S 90: HR-MS spectrum of compound 12a. 
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Figure S 91: RP-HPLC chromatogram and ESI+-MS spectrum of compound 12a. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 

 
Glc(1,3,5)-pSO3H Ph(2,4)-6–Ac, 12b 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: δ 7.93 – 7.82 (m, 3H, triazole-CH), 7.75 (d, J = 8.5 Hz, 4H, aromatic-CH), 7.57 
(d, J = 8.5 Hz, 4H, aromatic-CH), 4.88 – 4.84 (m, 3H, CHanomerGlc), 4.69 – 4.56 (m, 6H, N-N-CH2-), 4.12 – 4.00 (m, 3H, 
CHpyranose), 3.97 – 3.85 (m, 3H, CHpyranose), 3.69 – 3.58 (m, 36H, CHpyranose, O-CH2- ), 3.57 – 3.24 (m, 59H, O-CH2-, C=ONH-
CH2, CHpyranose), 3.03 – 2.91 (m, 6H, CH=C-CH2), 2.90 – 2.81 (m, 4H, CHpyranose ), 2.80 – 2.68 (m, 14H, CHpyranose CH=C, -CH2-
CH2), 2.55 – 2.34 (m, 26H, NHC=O-CH2), 1.99 (s, 3H, CH3). 

13C NMR (126 MHz, Deuterium Oxide) δ [ppm]: 174.05, 173.89, 125.69, 119.61, 99.01, 97.19, 72.16, 71.00, 70.40, 68.60 
68.36, 67.96, 65.08, 59.42, 49.15, 46.34, 44.28, 38.16, 38.11, 36.56, 36.22, 36.15, 31.13, 30.10, 21.04, 19.85, 13.27.  

HR MS (ESI+) m/z calc. for C111H176N29O46S2 [M+3H]3+ 905.0583; found 905.0574. Yield: 23 mg (9 %). 
 

Figure S 92: 1H-NMR spectrum of compound 12b. 
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Figure S 93: 13C-NMR spectrum of compound 12b. 
 
 

Figure S 94: HR-MS spectrum of compound 12b. 
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Figure S 95: RP-HPLC chromatogram and ESI+-MS spectrum of compound 12b. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Glc(1,3,5)-pSO3H Ph(2,4)-6–FITC, 12c 

1H NMR (300 MHz Deuterium Oxide) δ [ppm]: 7.92 – 7.80 (m, 3H, triazole-CH), 7.80 – 7.63 (m, 5H, aromatic-CH, FITC CH), 
7.62 – 7.47 (m, aromatic-CH, FITC CH), 7.32 – 7.15 (m, 1H, FITC CH), 6.74 – 6.53 (m, 2H, FITC CH), 4.89 – 4.84 (m, 3H, 
CHanomerGlc), 4.66 – 4.54 (m, 6H ,-N-N-CH2), 4.13 – 3.98 (m, 3H, CHpyranose), 3.96 – 3.83 (m, 3H, CHpyranose), 3.69 – 3.23 (m, 
23H, CHpyranose, CH2 pyranose, O-CH2, C=ONH-CH2), 3.03 – 2.65 (m, 28H, CH=CH-CH2-CH2, NH-C=O-CH2), 2.55 – 2.33 (m, 26H, 
NH-C=O-CH2). 

13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 174.92, 147.00, 140.31, 126.70, 124.21, 120.53, 98.14, 73.12, 71.97, 71.39, 
69.27, 66.06, 60.33, 50.15, 47.34, 45.27, 39.09, 37.49, 37.44, 37.13, 37.11, 35.95, 32.16, 31.09, 30.48, 20.85. 

HR MS (ESI+) m/z calc. for C133H191N31O51S3 [M+4H]4+ 783.5611; found 783.5627. Yield: 9 mg (33 %). 

 

Figure S 96: 1H-NMR spectrum of compound 12c. 
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Figure S 97: 13C-NMR spectrum of compound 12c. 

 
Figure S 98: HR-MS spectrum of compound 12c. 
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Figure S 99: RP-HPLC chromatogram and ESI+-MS spectrum of compound 12c. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. (1) Unconjugated starting material. 
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Glc(1,3,5)-Tyr(4-SO3H)(2,4)-6–NH2, 13a 

1H NMR (600 MHz, Deuterium Oxide) δ [ppm]: 7.95 – 7.87 (m, 3H, triazole-CH), 7.29 – 7.19 (m,8H, aromatic CH), 4.90 – 4.85 
(m, 3H, CHanomerGlc), 4.68 – 4.57 (m, 6H,-N-N-CH2), 4.55 – 4.48 (m, 3H, CHpyranose), 4.12 – 4.04 (m, 3H, CHpyranose), 3.96 – 3.86 
(m, 3H, CHpyranose ), 3.78 – 3.74 (m, 2H, O-CH2-), 3.71 – 3.54 (m, 14H, Tyr CH, CHpyranose, CH2 pyranose, O-CH2-), 3.51 – 3.19 (m, 
36H, O-CH2-, C=ONH-CH2, CHpyranose), 3.11 – 2.85 (m, 14H, CH2-NH2, CH=C-CH2, CHpyranose,), 2.80 – 2.72 (m, 6H, CH=CH-CH2-
CH2,), 2.55 – 2.40 (m, 12H, NH-C=O-CH2), 2.36 – 2.27 (m, 4H, NH-C=O-CH2). 

HR MS (ESI+) m/z calc. for C91H144N23O41S2 [M+3H]3+ 759.6438; found 759.6430. Yield: 82 mg (36 %). 

 
Figure S 100: 1H-NMR spectrum of compound 13a. 

 
 

 
Figure S 101: HR-MS spectrum of compound 13a. 
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Figure S 102: RP-HPLC chromatogram and ESI--MS spectrum of compound 13a. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Glc(1,3,5)-Tyr(4-SO3H)(2,4)-6–FITC,13c 
 
 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]: 7.89 – 7.77 (m, 4H, triazole-CH, FITC CH), 7.70 – 7.58 (m, 1H, FITC CH), 7.31 
– 7.14 (m, 9H, aromatic CH, FITC CH), 6.82 – 6.67 (m, 4H, FITC CH), 4.88 – 4.84 (m, 3H, CHanomerGlc), 4.64 – 4.53 (m, 1H), 
4.12 – 3.98 (m, m, 3H, CHpyranose), 3.95 – 3.13 (m, 55H, Tyr CH, Tyr CH2, CHpyranose, CH2 pyranose, O-CH2-, C=ONH-CH2,), 3.02 – 
2.81 (m, 14H,, CH=C-CH2, CHpyranose), 2.79 – 2.63 (m, 6H, CH=CH-CH2-CH2), 2.56 – 2.24 (m, 16H, NH-C=O-CH2). 
 
 
13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 215.95, 174.91, 174.74, 166.67, 158.04, 150.42, 148.46, 146.96, 138.65, 
130.53, 124.15, 121.72, 98.17, 73.14, 71.97, 71.43, 69.77, 69.29, 69.28, 66.11, 60.32, 54.57, 50.13, 47.10, 37.54, 37.13, 
32.16, 31.11, 30.89, 20.83. 
 
HR MS (ESI+) m/z calc. for C112H155N24O46S3 [M+3H]3+ 889.3224; found 889.3218. Yield: 5 mg (25 %). 

 

Figure S 103: 1H-NMR spectrum of compound 13c. 
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Figure S 104: 13C-NMR spectrum of compound 13c. 
 

Figure S 105: HR-MS spectrum of compound 13c. 

 

Figure S 106: RP-HPLC chromatogram and ESI+-MS spectrum of compound 13c. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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EDS-FITC, 14 

1H NMR (300 MHz, Deuterium Oxide) δ [ppm]:  8.34 (s, 1H, , FITC-CH), 7.83 (s, 1H), 7.39 (s, 1H, FITC-CH H), 6.88 (s, 2H, , 
FITC-CH), 6.39 (d, J = 29.0 Hz, 4H, , FITC-CH), 3.75 – 3.10 (m, 14H), 3.02 – 2.88 (m, 2H), 2.49 – 2.16 (m, 4H). 

13C NMR (75 MHz, Deuterium Oxide) δ [ppm]: 215.96, 175.75, 174.69, 170.78, 69.89, 69.84, 69.06, 39.45, 36.97, 31.13, 
31.04, 30.90, 30.25, 29.99, 29.73, 29.47, 29.21. 

HR MS (ESI+) m/z calc. for C33H39N5O9S [M+2H]2+ 340.6229; found 340.6233. 

Yield: 56 mg (82 %). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S 107: 1H-NMR spectrum of compound 14. 
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Figure S 108: 13C-NMR spectrum of compound 14. 

 

Figure S 109: HR-MS spectrum of compound 14. 
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Figure S 110: RP-HPLC chromatogram and ESI+-MS spectrum of compound 14. Retention time tR [min] and area [%] of the 
peaks are given. ESI-MS spectrum of the main peak  (*) is shown. 
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Results Binding Studies 

 

Figure S 111: Inhibition curves of the inhibition competition ELISA-type assays of Gal-1 with compounds 1b-3b and 9b. 

 

Figure S 112: Inhibition curves of the inhibition competition ELISA-type assays of Gal-1 with compounds 4b-5b and 10b-11b. 
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Figure S 113: Inhibition curves of the inhibition competition ELISA-type assays of Gal-1 with compounds 6b-8b and 12b-13b. 

 

Figure S 114: Inhibition curves of the inhibition competition ELISA-type assays of Gal-3 with compounds 2b,4b-7b and 10b-
12b. 
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Figure S 115: Inhibition curves of the inhibition competition ELISA-type assays of Gal-3 with compounds 2b,3b and 8b. 

 

 
Figure S 116: Results from the SPR inhibition studies of Gal-3 and samples 2b,4b-7b. Values are calculated regarding the 
signal of Gal-3 as 100 % binding signal. 

Figure S 117: Results from the SPR inhibition studies of Gal-3 with lactose as control and samples 9b-12b. Values are 
calculated regarding the signal of Gal-3 as 100 % binding signal. 

 

 



 

81 
 

 

 

Results Cell Assays 

 

 
Figure S 118: Flow cytometry of the antibody staining of HEK 293 and MCF 7 cells. A. Histogram of the mean fluorescence 
intensity (MFI) of the surface staining and intracellular staining after fixation and permeabilization (Fix/Perm.) using biotinylated 
anti-bodies and PE-conjugated streptavidin. Unstained (black), streptavidin-PE (red), isotype control (blue), anti-Gal-3 (yellow) 
and anti-Gal-1(green). B. Relative mean fluorescence of the Gal-3 staining on the surface and after fixation and permeabilization. 
Values are MFI of Gal-1 or Gal-3 subtracted by the MFI of the isotype control. 
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Figure S 119: Results of the MTT cell viability assay for the HEK 293 cell line. Measurements were performed two times in 
triplicates. 

Figure S 120: Results of the MTT cell viability assay for MCF 7 cell line. Measurements were performed two times in triplicates. 
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 Figure S 121: Results of the uptake studies of the MCF 7 cells for glycomacromolecules 1-3c, 6c, 8c, 9c, 12c, 13c. A. Histograms 
of the flow measurements showing the mean fluorescence intensity (MFI) of unstained cells and cells incubated with FITC-
labeled glycomacromolecules at final concentrations of 100 and 200 μM. B. Comparison of the MFI-values for the different 
glycomacromolecules. Measurements were performed in duplicates.  
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Figure S 122: Results of the uptake studies of HEK 293 cells for glycomacromolecules 1-3c, 6c, 8c, 9c, 12c, 13c. A. Histograms 
of the flow measurements showing the mean fluorescence intensity (MFI) of unstained cells and cells incubated with FITC-
labeled glycomacromolecules at a final concentration of 100 and 200 μM. B. Comparison of the MFI-values for the different 
glycomacromolecules. Measurements were performed in duplicates.  
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Figure S 123: Exemplary fluorescence microscopy image of HEK 293 (A) and MCF 7 (B) with Hoechst 33342 staining, Phalloidin 
staining and glycocoligomer 3c. 

 

 
Figure S 124: Exemplary fluorescence microscopy image of HEK 293 (A) and MCF 7 (B) with Hoechst 33342 staining, Phalloidin 
staining and glycocoligomer 6c. 
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Figure S 125: Exemplary fluorescence microscopy image of HEK 293 (A) and MCF 7 (B) with Hoechst 33342 staining, 
Phalloidin staining and glycocoligomer 8c. 

 
 

 
Figure S 126: Exemplary fluorescence microscopy image of HEK 293 (A) and MCF 7 (B) with Hoechst 33342 staining, Phalloidin 
staining and glycocoligomer 12c. 
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Figure S 127: Exemplary fluorescence microscopy image of HEK 293 (A) and MCF 7 (B) with Hoechst 33342 staining, Phalloidin 
staining  and glycocoligomer 13c. 

 

Figure S 128: Results of the migration of assays of MCF7: Untreated (red), vehicle control with H2O (black) and treated with 
lactose (blue). 
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Figure S 129: Results of the migration of assays of MCF7 treated with the vehicle control H2O (black) and compounds 1a (blue), 
2a (red), 3a (orange) and 9a (green). 

 

Figure S 130: Results of the migration of assays of MCF7 treated with the vehicle control H2O (black) and compounds 6a (blue), 
8a (red), 12a (green) and 13a (orange). 
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Figure S 131: Results of the migration of assays of MCF7 treated with the vehicle control H2O (black) and compounds 6a (blue), 
8a (red), 12a (green) and 13a (orange) in a dosing experiment giving extra doses after 12,24,36 and 48 h. 

 

 
Figure S 132: Results of the migration of assays of HEK 293: Untreated (red), vehicle control with H2O (black) and treated with 
lactose (blue). 
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Figure S 133: Results of the migration of assays of HEK 293 treated with the vehicle control H2O (black) and compounds 1a 
(blue), 2a (red), 3a (orange) and 9a (green). 

 

 
Figure S 134: Results of the migration of assays of HEK 293 treated with the vehicle control H2O (black) and compounds 6a 
(blue), 8a (red), 12a (green) and 13a (orange). 
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Figure S 135: Results of the migration of assays of HEK 293 treated with the vehicle control H2O (black) and compounds 6a 
(blue), 8a (red), 12a (green) and 13a (orange) in a dosing experiment giving extra doses after 12,24,36 and 48 h. 

 
Figure S 136: Comparison of the woundc closure± SD [%] of the MCF 7 cells after 48 h. Vehicle control (orange line) and SD 
(dotted line). 

  

 

Figure S 137: Comparison of the woundc closure± SD [%] of the MCF 7 cells after 48 h. Vehicle control (orange line) and SD 
(dotted line). The results of the compounds marked with * are from dosing experiments. 
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Table S1. Percentage wound closure after 48 h for MCF 7 migration treated with glycoconjugates 1a-3a, 9a and controls. 

Glycoconjugate  Wound closure 48 h  + SD [%] [a] 

Unstained 69 ± 6 

Vehicle Control 69 ± 6 

Lactose 71 ± 5 

Lac(1)-2, 1a 70 ± 6 

Lac(1,3,5)-6, 2a 62 ± 5 

Lac(1,2,3,4,5,6)-7, 3a 57 ± 5 

Glc(1,3,5)-6, 9a 79 ± 4 

[a] Wound closure with the standard deviation SD [%]  was calculated refereeing  the distance of the woundfield at time point 48 h to the woundfield at time 
point 0h. Woundfield distance at 0h was set to 0 % wound closure. Distance value for one timepoint is the average of 25 different distance measurements 
using an ImageJ software.  

 

 

 

 

 

Table S2. Percentage wound closure after 48 h for MCF 7 migration treated with glycoconjugates 6a, 8a, 12a and 13a.   

Glycoconjugates  Wound closure 48 h  + SD [%] [a] 

Vehicle Control 69 ± 6 

Lac(1,3,5)-pSO3HPh(2,4)-6, 6a 62 ± 5 

Lac(1,3,5)-Tyr(3-SO3H)(2,4)-6, 8a 57 ± 5 

Glc(1,3,5)-pSO3HPh(2,4)-6, 12a 76 ± 4 

Glc(1,3,5)-Tyr(3-SO3H)(2,4)-6, 13a 76 ± 5 

[a] Wound closure with the standard deviation SD [%] was calculated refereeing the distance of the woundfield at time point 48 h to the woundfield at time 
point 0h. Woundfield distance at 0h was set to 0 % wound closure. Distance value for one timepoint is the average of 25 different distance measurements 
using an ImageJ software.  

 

Table S3. Percentage wound closure after 48 h for MCF 7 migration treated with glycoconjugates 6a, 8a, 12a and 13a in dosing experiments, giving extra 
doses after 12, 24,36,48 h. 

Glycoconjugates  Wound closure 48 h  + SD [%] [a] 

Vehicle Control 69 ± 6 

Dosing Lac(1,3,5)-pSO3HPh(2,4)-6, 6a 58 ± 7 

Dosing Lac(1,3,5)-Tyr(3-SO3H)(2,4)-6, 8a 53 ± 7 

Dosing Glc(1,3,5)-pSO3HPh(2,4)-6, 12a 74 ± 8 

Dosing Glc(1,3,5)-Tyr(3-SO3H)(2,4)-6, 13a 80 ± 4 

[a] Wound closure with the standard deviation SD [%] was calculated refereeing the distance of the woundfield at time point 48 h to the woundfield at time 
point 0h. Woundfield distance at 0h was set to 0 % wound closure. Distance value for one timepoint is the average of 25 different distance measurements 
using an ImageJ software.  
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