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ABSTRACT: Glycopeptide supramolecular polymers displaying multivalent carbohydrates are particularly suitable for immune-
relevant biomaterials, due to the important functions of carbohydrates in mediating cell-cell communication and modulating immune
responses. However, the diversity and complexity of carbohydrates limited the generation of glycopeptide supramolecular
monomers. Thereby, a modular platform of presenting various carbohydrates, especially more complex oligosaccharides, is highly
desirable but remains underexplored. Here, we first prepared the linear amphiphilic glycopeptides that self-assembled into spherical
nanoparticles and worm-like nanoparticles. Furthermore, the dendritic glycopeptides that self-assembled into uniform nanorods were
designed to generate modular supramolecular polymers with variable functionality, via redesigning the molecular backbone. With
various functional oligosaccharide-modified supramolecular polymers, the in vitro studies further indicated that these polymers were
not cytotoxic to macrophages, and significantly modulated the production of proinflammatory cytokines. These findings provide a
promising platform to develop supramolecular glycopeptide biomaterials with potential applications in immunomodulation and
immunotherapy.
KEYWORDS: supramolecular polymers, self-assembly, carbohydrates, dendritic peptide scaffolds, immune-related biomaterials

■ INTRODUCTION
Supramolecular polymers refer to arrays of repeating units
linked by reversible and directional noncovalent interactions
such as hydrogen bonding, metal coordination, host-guest
interaction, electrostatic interaction or π−π stacking.1−5

Although these non-covalent interactions are typically weaker
than covalent bonds, they support unified orientation, thereby,
generating highly ordered nanostructures.1−3,6−13 More
importantly, the inherently dynamic properties of these
interactions enable building blocks to undergo reversible
monomer-supramolecular polymer transitions that are essential
for many cellular machineries and living systems.14 For
example, the assembly and disassembly of microtubules
constructed by tubulins are dynamic and reversible, which is
critical for microtubules to support the morphology and
movement of cells and control the directional movement of
intracellular particles and organelles.15 Inspired by the
important role of supramolecular architectures in biological
systems, many artificial supramolecular biomaterials with

impressive properties and functions have been developed for
biomedical applications.16−22 In the past decades, peptide-
based assemblies have received extensive attention due to their
biomimetic chemical and mechanical properties, high bio-
degradability, and good biocompatibility.23−25 Since the first
example of supramolecular polymers based on amphiphilic
peptide molecules was reported by Stupp and co-workers,26

various supramolecular interactions have been successively
applied to peptide-based self-assembly systems, resulting in
spherical, cylindrical, sheet and tubular polypeptide assem-
blies.26−34 Meanwhile, well-established synthetic methods of
peptide building blocks enable the introduction of other
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biomolecules, such as nucleic acids, lipids, and carbohydrates,
for transducing biological signals and modulating cellular
behavior.35−41 Among them, the carbohydrate-peptide supra-
molecular polymers are especially highlighted by the structural
diversity and complexity.38−42 Moreover, carbohydrates play
an important role in mediating intercellular communication
and modulating immune responses,43,44 and small molecular
glycopeptides show excellent properties in anti-pathogen and
intracellular delivery.45−48 Therefore, the glycopeptide supra-
molecular polymers with multivalent presentation of carbohy-
drates are highly available for the fabrication of immune-
relevant biomaterials to address cancer, bacterial and viral
pathogens.42,49 However, due to the complexity of carbohy-
drates, the generation of appropriate glycopeptide monomers
is the foundation as well as the limiting step of fabricating
diverse glycopeptide supramolecular polymers.35−41 Therefore,
a modular approach to present the various carbohydrates,
especially oligosaccharides that are more complex than simple
monosaccharides, is highly desirable and challenging.
On the basis of previous work focusing on a single type of

oligosaccharide,38,40 in order to further develop a versatile
platform for oligosaccharide decorated supramolecular poly-
mers, we first designed and synthesized a linear amphiphilic
triphenylalanine backbone with two side-arms, which was
further modified with a variety of oligosaccharides including
maltotriose, maltopentaose and maltoheptaose, through an
oxime-mediated strategy.50 These glycopeptides self-assemble
in water to form spherical nanoparticles or worm-like
nanoparticles. Then, to further optimize the supramolecular

morphology, dendritic triazine-branched nonaphenylalanines
were employed as backbone, as they were able to direct
supramolecular polymerization of saccharides into uniform
nanorods.51 Furthermore, these nanorods were functionalized
with immune-relevant oligosaccharides such as mannotriose
and sialyl Lewis-X. In an in vitro study, these carbohydrate-
modified nanorods showed no cytotoxicity and significantly
modulated inflammatory cytokine released by macrophages,
suggesting a potential application in immunomodulation and
immunotherapy. Indeed, with the exchangeable carbohydrate
motifs, this work will provide a modular platform of
supramolecular polymers for exploring the biological and
medical application of various complex oligosaccharides.

■ RESULTS AND DISCUSSION
To generate the amphiphilic glycopeptide for supramolecular
self-assembly, we first designed the linear monomers in which
the oligosaccharides were conjugated to hydrophobic scaffolds
as water-soluble moieties. In this monomer, triphenylalanine
was selected as the hydrophobic core because of its
demonstrated potential to drive supramolecular self-assem-
bly.52−54 Furthermore, as a model, malto-oligosaccharides were
introduced as the hydrophilic shell due to the relatively simple
structure and abundant sources. Meanwhile, an oligo(ethylene
glycol) chain aimed to improve solubilizing properties and
steric requirements, was employed to link the triphenylalanine
and oligosaccharides. To prepare the designed oligosaccharide-
modified peptide supramolecular polymer, Fmoc-protected
triphenylalanine (Fmoc-FFF) was first conjugated with the

Scheme 1. Scheme for the Synthesis of Linear Oligosaccharides-tripeptide Supramolecular Polymer Monomersa

a(a) N,N-dimethylformamide (DMF), ethyl cyanoglyoxylate-2-oxime, N,N′-diisopropylcarbodiimide (DIC), PL1. (b) Trifluoroacetic acid (TFA),
dichloromethane (DCM). (c) Piperidine, DMF. (d) DMF, P0-NHS. (e) TFA, DCM. (f) DMF, maltotriose. (g) DMF, maltopentaose. (h) DMF,
maltoheptaose
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Boc-protected ethylene glycol chain (PL1) via an amidation
reaction (A2). After deprotection, the purified product (A4)
was reacted with P0-NHS, which further extended the spacer
and improved the grafting efficiency of the oligosaccharide
moiety. After removal of the Boc group, the obtained
tripeptide (A6) with two alkoxyamine groups that could be
modified with two oligosaccharides at the same time,
underwent a condensation reaction with maltotriose, malto-
pentaose, and maltoheptaose, separately, under acidic con-
ditions (Scheme 1).55−57

The obtained three glycopeptide amphiphiles (2-M3, 2-M5,
2-M7) were directly dissolved in water and sonicated to
prepare an aqueous solution of glycopeptide assemblies.
Dynamic light scattering (DLS) was employed to characterize
the hydrodynamic diameter of the assembly. As shown in
Figure 1a, the assembly formed by the maltotriose-modified

tripeptide (2-M3) assembled in aqueous solution exhibited the
smallest hydrodynamic diameter (about 20 nm), while the
maltopentaose (2-M5) and maltoheptaose-modified tripep-
tides (2-M7) generated larger assemblies with hydrodynamic
diameters (about 240 nm and 450 nm, respectively). This
suggests that oligosaccharide moieties of different lengths
could lead to diverse morphologies of the assemblies.
Therefore, transmission electron microscopy (TEM) was
employed to further investigate the morphology of the
assembly. The observed images showed that the 2-M3 was
self-assembled into spherical nanoparticles with a diameter of
about 20 nm (Figure 1b), which was consistent with the results
of DLS. While 2-M5 and 2-M7 generated worm-like
nanoparticles with sizes exceeding 200 nm (Figure 1c,d). It
suggested that the linear malto-oligosaccharide-modified
triphenylalanines were capable of supramolecular polymer-
ization, albeit with less regularity of assemblies. Furthermore,
since these three glycopeptide molecules mainly differed in the

lengths of malto-oligosaccharide repeats, we speculated that
the carbohydrate-carbohydrate interactions and steric hin-
drance were very different in 2-M3, 2-M5, and 2-M7, thereby
affecting the morphological transition from spherical nano-
particles to worm-like nanoparticles.58−60

Given that the linear glycopeptides were able to form
spherical and worm-like nanoparticles, we further attempted to
obtain more regular supramolecular polymers by redesigning
the molecular backbone. Therefore, the dendritic “three-
branched” structure was selected as the scaffold, as the
molecules might provide stronger π−π stacking between the
phenylalanine moieties, and more pronounced directionality in
the supramolecular organisation.61−63 Furthermore, consider-
ing that increasing the content of phenylalanine will result in a
strongly hydrophobic structure, two hydrophilic dendritic
motifs containing three tetraethylene glycol arms were
designed to increase its solubility in water and colloid-stability
in supramolecular polymers. Meanwhile, only one arm was
used to introduce the oligosaccharide groups, as the linear
assembly results indicated that carbohydrate-carbohydrate
interactions and steric hindrance may arise when multiple
modification sites were involved, affecting the self-assembled
morphology (Figure 1). Structurally, it contained three critical
moieties: the dendritic glycopeptides containing three
triphenylalanine arms, could be conjugated with two dendritic
hydrophilic arms and one oligosaccharide hydrophilic arm; as a
core to generate C3 or C2 symmetry, triazine was selected for
its potential in fabricating supramolecular polymers; as another
indispensable element, mannotriose and sialyl-Lewis X were
employed to generate functionalized dendritic glycopeptides.
Among the oligosaccharide moieties, the mannoside residue of
mannotriose is known for its targeting properties to antigen
presenting cells (such as macrophages and dendritic cells) of
the innate immune system.42−44 Notably, via binding to the C-
type lectin receptors (CLRs) on antigen presenting cells,
various mannose-modified macromolecular or supramolecular
scaffolds have been reported to enhance immune responses in
cancer immunotherapy.42−44 Conversely, sialyl-Lewis X is a
high-affinity ligand for selectins (E-, P-, and L-selectin), and
has the ability to inhibit CD62-mediated neutrophil recruit-
ment to sites of inflammation.64,65 Furthermore, sialyl-Lewis X
is overexpressed in many cancer cells and closely related to
tumor invasion and metastasis.66−68

The backbone of dendritic glycopeptide was synthesized by
solid phase peptide synthesis (SPPS). Starting from a resin
loaded with bis-(2-aminoethyl)-ether (B1), B1 was elongated
using the Fmoc-aminohexanoic acid and 3 × Fmoc-L-Phe-OH
to obtained B2. Meanwhile, the core of triazine (C2) and the
hydrophilic dendritic motifs containing three triethylene glycol
arms (D2) was synthesized, according to previous report.51,69

The prepared triazine C2 with two substituents being methyl-
2-thioglycolate and one substituent being thioglycolic acid was
conjugated with the B2 in DMF to prepare B3. Then the B4
could be obtained by cleavage from the resin using a mixture of
TFA/TIPS/H2O (9.5/0.25/0.25). The purified product (B4)
was reacted with P3-NHS or P0-NHS to extend the spacer
(B5 or B11), and followed by methyl ester hydrolysis with 0.1
M LiOH in tetrahydrofuran (THF) to generate dicarboxylated
B6 or B12. The P3-NHS formed an N-methyl alkoxyamine
group after deprotection to maintain the cyclic form of the
saccharide after conjugation.70 However, in the model reaction,
the N-methyl alkoxyamine-modified dendritic peptide scaffolds
(B14) were employed to conjugate with maltotriose, resulting

Figure 1. Hydrodynamic sizes and TEM images of linear amphiphilic
glycopeptide assemblies. Assemblies were generated at room temper-
ature using 25 μM aqueous solutions (water) of 2-M3, 2-M5, and 2-
M7 monomers, respectively. (a) Hydrodynamic sizes of 2-M3, 2-M5,
and 2-M7 assemblies. (b) Spherical nanoparticles of 2-M3. (c)
Worm-like nanoparticles of 2-M5. (d) Worm-like nanoparticles of 2-
M7.
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in low yields of 3-M3. Therefore, P0-NHS, which can form
alkoxyamine groups after deprotection, was selected as a
functional group to improve the reaction efficiency with
oligosaccharides. Furtherly, B6 was double amidated by
hydrophilic dendritic motifs D2 to give B7, followed by
deprotection leading to the formation of alkoxyamine group
(B8). In the final step, the alkoxyamine group was conjugated
with oligosaccharides (3-triM and 3-SA) in DMF at 45 °C
(Scheme 2).55−57

From previous reports,51,69,71,72 we could tentatively
speculate that this designed glycopeptide may direct supra-
molecular polymerization into nanorod-like polymers in
aqueous solution. Therefore, the 3-M3 with maltotriose as a
model of C3 symmetric glycopeptides was first dissolved in
aqueous solution and sonicated to prepare assemblies. The
DLS results suggested the generation of assemblies at 200 nm
(Figure S1). TEM further confirmed the self-assembly of 3-M3
into nanorod-like materials (Figure S1). It was confirmed that

Scheme 2. Scheme for the Synthesis of Dendritic Oligosaccharides-tripeptide Supramolecular Polymer Monomersa

a(a) Fmoc-aminohexanoic acid, Fmoc-L-Phe-OH, HBTU, HOBt, DIPEA, piperidine, DMF. (b) HATU, HOAt, DMF, C2. (c) TFA/TIPS/H2O
9.5:0.25:0.25. (d) DMF, P0-NHS. (e) DMF, P3-NHS. (f) MeOH, THF, LiOH 0.1 M. (g) HOBt, DMF, PyBOP, DIPEA, D2. (h) TFA, DCM. (i)
DMF, sialyl Lewis-X. (j) DMF, mannotriose. (k) DMF, maltotriose.
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the oligosaccharide-modified peptides with C3 symmetrical
cores were capable of preparing regular supramolecular
polymers. Similarly, the functional oligosaccharide-peptides,
3-triM and 3-SA, were also prepared by dissolution and
sonication. The DLS results showed that hydrodynamic
diameter of 3-triM assembly was about 200 nm (Figure 2a),

and TEM results showed that it self-assembled in water to
form uniform supramolecular nanorods with an average
diameter of 7 nm and an average length of 114 nm (Figure
2a). Meanwhile, the 3-SA could self-assemble in solution to
form a hydrodynamic diameter of about 300 nm (Figure 2b).
In the TEM experiments, the assembled morphology was a
nanorod structure with an average diameter of 7 nm and an
average length of 66 nm (Figure 2b). Similar supramolecular
architectures prepared from 3-M3, 3-triM, and 3-SA suggested
that the dendritic glycopeptides were able to generate
repeatable morphology of supramolecular polymers even
with diverse oligosaccharide modules. To further evaluate the
universal applicability of this supramolecular monomer
including the possibility of imaging functions, an alternative
route for synthesizing a fluorescent label (FITC) was
investigated. The B4 and FITC were dissolved in DMF and
catalyzed with TEA overnight, followed by demethylation and
amidation with D2. More importantly, the TEM confirmed
that the 3-FITC self-assembled into nanorods similar to

glycopeptides (Figure S2), indicating the high diversity and
replaceability of oligosaccharide moieties.
Encouraged by these results, the application of these

glycopeptide supramolecular polymers as immune-related
biomaterials was tested on RAW264.7 macrophages. As a
crucial factor limiting the applicability, the cytotoxicity of the
assemblies was first examined by in vitro incubation with
RAW264.7 at serial dilution concentrations ranging from 125
to 7.5 μg/mL for 24 h. It showed that all assemblies had no
obvious cytotoxicity even at concentrations up to 125 μg/mL
(Figure S3), suggesting good biocompatibility of these
oligosaccharide-modified supramolecular polymers. Subse-
quently, RAW264.7 cells were incubated with these assemblies
at final concentrations of 10 and 100 μg/mL, to further
evaluate their effects on macrophage bioactivity. After 24h of
incubation, proinflammatory cytokines including tumor
necrosis factor α (TNF-α) and interleukin 6 (IL-6) in the
supernatant were detected. In most samples, the secretion of
TNF-α and IL-6 were significantly increased with increasing
concentration of assemblies (Figures 3 and S3). The results
suggest that the supramolecular glycopeptide arrays provide
significant immunostimulatory effects in vitro. Interestingly,
compared with other glycopeptides, the 3-SA self-assembled
nanorods had negligible increases in the production of TNF-α
and IL-6 (Figure 3). Furthermore, the reduced secretion of
TNF-α and IL-6 at 100 μg/mL confirmed a concentration-
dependent behavior (Figure 3). These results suggested that
the sialyl-Lewis X modified supramolecular polymer might be
able to suppress rather than induce immune responses.
Although the detailed biological mode of action needs further
investigations, these promising preliminary results support the
potential of supramolecular glycopeptide polymers as
immunomodulating biomaterials.

■ CONCLUSIONS
In summary, amphiphilic glycopeptide molecules had been
designed and synthesized, in which the linear glycopeptides
could self-assemble into spherical nanoparticles and worm-like
nanoparticles in aqueous solution. Furthermore, in order to
prepare a modular glycopeptide monomer that could easily
fabricate similar supramolecular polymers with various
complex oligosaccharides, via redesigning the peptide back-
bone, a dendritic backbone was employed to synthesize more
versatile glycopeptide molecules. These dendritic glycopeptide
monomers were able to perform self-assembly in aqueous
solution to generate uniform supramolecular nanorods. More
importantly, the similar morphologies in diverse oligosacchar-
ide-modified supramolecular polymers confirmed the high
adaptability to different oligosaccharide moieties. Finally, the

Figure 2. Hydrodynamic sizes and TEM images of dendritic
glycopeptide assemblies. Assemblies were generated at room temper-
ature using 25 μM aqueous solutions (water) of 3-triM, and 3-SA
monomers, respectively. Nanorod-shaped supramolecular polymers of
(a) 3-triM, and (b) 3-SA.

Figure 3. Cytokine release of macrophages induced by the dendritic glycopeptide supramolecular polymers. The production of (a) TNF-α, and (b)
IL-6 after 24h incubation with 3-M3, 3-triM, and 3-SA. The control group used PBS buffer.
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incubation of supramolecular polymers with macrophages
significantly affected the expression of proinflammatory
cytokines. These findings provide a versatile strategy for
conjugation of various oligosaccharides onto the same
backbone via the same chemical method, resulting in
comparable morphologies at nanoscale, which will be a
promising platform for the development of artificial self-
assembled glycopeptide biomaterials, and show potential
applications in immunomodulation and immunotherapy.
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