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ABSTRACT: Polypeptide block copolymers with differ-
ent block length ratios were obtained by sequential ring-
opening polymerization of benzyl-L-glutamate and prop-
argylglycine (PG) N-carboxyanhydrides. Glycosylation of
the poly(PG) block was obtained by Huisgens cyclo-
addition “click” reaction using azide-functionalized gal-
actose. All copolymers were self-assembled using the
nanoprecipitation method to obtain spherical and worm-
like micelles as well as polymersomes depending on the
block length ratio and the nanoprecipitation conditions.
These structures display bioactive galactose units in the
polymersome shell, as proven by selective lectin binding
experiments.

The targeted delivery of highly specific next-generation
drugs such as biopharma therapeutics (peptides, proteins,

and nucleic acids) requires the development of new smart drug
delivery systems.1 In this respect, carriers resulting from the
self-assembly of amphiphilic block copolymers offer a wide
scope of possibilities.2 Important factors that determine the
morphology obtained from these molecules are the block
length ratio of the hydrophilic and hydrophobic blocks as well
as the processing conditions.3 Accordingly, morphologies can
range from spherical to wormlike micelles and vesicles.4 While
micelles have been the most intensively studied and wormlike
micelles have recently shown very promising long-term blood
circulation, their use has mainly been limited to the loading of
hydrophobic drugs.5,6 Polymersomes, on the other hand, are
ideally suited containers, as they can carry high payloads of
both hydrophobic and hydrophilic drugs.7 For targeted drug
delivery, polymersomes should display biological recognition
units on the surface for specific interactions with cells. For the
latter, glycans (i.e., carbohydrates) are ideal candidates, as they
play an important role in cell interaction and recognition.8,9

Three different approaches have been explored to date for the
synthesis of glycopolymeric vesicles: (1) conjugation of glycans
to preformed polymersomes,10 (2) formation of polymersomes
from end-functionalized synthetic block copolymers,11 and (3)
formation of polymersomes from polymers comprising
biomolecule-containing hydrophilic blocks.12 The last approach
favors the formation of polymersomes with highly functional-
ized inner and outer surfaces. This allows biomolecules to be
located in deeper layers, resulting in enhanced interaction with

the biological target in comparison with approaches involving
end-functionalized block copolymers.
As an alternative to purely synthetic polymers, polypeptide-

based copolymers show considerable promise as building
blocks for polymersomes.5 In addition to their biodegradability,
the supramolecular organization of peptides offers an
opportunity to produce hierarchical structures and can also
be used to promote specific “bioactivity”.13 For example, it has
been shown that the helical conformation of a hydrophobic
peptide segment such as poly(γ-benzyl-L-glutamate) (PBLG) is
an efficient way to form and stabilize vesicles.14 Block
copolymers combining polypeptide and oligosaccharide blocks
have previously been used to prepare glycoprotein biomimetic
polymersomes.15 This promising approach allowed the
preparation, by chemical coupling, of dextran-b-PBLG and
hyaluronan-b-PBLG. In aqueous solution, these simple
glycoprotein analogues self-assemble into glycopeptidic poly-
mersomes (glycopeptosomes) having structures and properties
similar to those of viral capsids. However, this approach is not
cost-effective and requires well-defined oligosaccharides. We
therefore disclose the efficient synthesis of novel amphiphilic
glycopeptide block copolymers and their formulation into
lectin-binding polymersomes. In this design, carbohydrates that
have been introduced on the side chains of the hydrophilic
segment fulfill a dual function by promoting self-assembly and
specific binding. The synthetic protocol, which uses controlled
polypeptide synthesis and postglycosylation, and the self-
assembly protocol permit extensive control over the morphol-
ogy of the structures formed. Because these structures are
composed entirely of amino acids and natural carbohydrates,
our approach omits the use of synthetic polymers and offers a
fully biocompatible system.
We propose PBLG-b-poly(galactosylated propargylglycine)

(PBLG-b-PGG) copolymers as candidates for the preparation
of glycopeptidic vesicles with lectin-binding galactose presented
at the polymersome surface (Scheme 1). The preparation of the
block copolymer was based on our previously reported
synthesis of glycopeptides by Huisgens' “click” reaction of
azide-functionalized galactose to poly(propargylglycine).16 The
latter can easily be obtained by ring-opening polymerization of
the N-carboxyanhydride (NCA) of propargylglycine (PG). On
the basis of this synthetic strategy, amphiphilic block
copolymers were obtained by sequential polymerization of
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BLG-NCA and PG-NCA and subsequent glycosylation using
the click reaction (Scheme 1). Because of the better solubility
of the PBLG block, BLG-NCA polymerization was carried out
first in DMF at 0 °C to prevent end-group termination.17 After
4 days, BLG-NCA was completely consumed, as monitored by
FTIR and NMR spectroscopy, and the PBLG macroinitiator
was added to PG-NCA in DMSO at room temperature for
chain extension. While the ratio of initiator to BLG-NCA was
kept constant at 1:20, the ratio of PG-NCA to BLG-NCA was
successively increased from 5:20 to 40:20 to obtain a library of
block copolymers with increasing ratios of hydrophilic
(glycosylated) to hydrophobic blocks. Analysis of the block
copolymers by size-exclusion chromatography (SEC) and 1H
NMR spectroscopy confirmed a low polydispersity index (PDI)
of ∼1.1 and good agreement of the polymer composition with
the monomer feed ratio [see the Supporting Information (SI)].
FTIR spectra of the block copolymers displayed amide bands
typical of both α-helical (1651 and 1544 cm−1) and β-sheet
(1630 and 1513 cm−1) conformations (see the SI). As the latter
band became more pronounced with increasing amount of PG,
these were assigned to the β-sheet conformation of this block.
Glycosylation of the block copolymers was subsequently

carried out with azide-functionalized galactose via Huisgens
cycloaddition (Scheme 1). The success of the click reaction and
the presence of galactose in the block copolymers were
monitored by SEC as well as 1H and 13C NMR and FTIR
spectroscopy (see the SI). The addition of galactose to the PG
block coincided with significant increases in the molecular
weights of the block copolymers (Table 1). Moreover, the
complete disappearance of alkyne peaks at 73 and 80 ppm in
the 13C NMR spectra of the block copolymers suggests nearly
quantitative glycosylation of the materials. Interestingly, the
(solid-state) conformation of the block copolymers after
glycosylation is different from that of the polymers before
glycosylation. Amide I and II bands can be found at 1656 and
1544 cm−1, respectively, in the FTIR spectra. These positions
are indicative of an α-helical conformation imposed by the
PBLG block. The presence of the bulky galactose moieties
conjugated to the side chains in the PGG block appears to
prevent the formation of β-sheets.
All of the block copolymers were self-assembled using the

nanoprecipitation method, which consists of adding a non-
solvent for the hydrophobic segment [here deionized (DI)
water] to a copolymer solution (10 mg/mL) in a common

solvent for both blocks (here DMSO). During this process,
DMSO quickly diffused into the water phase, leading to
aggregation of the hydrophobic chains and driving the self-
assembly process of the amphiphilic block copolymers. The
obtained morphology was generally predetermined by the
molecular composition, but the system could be kinetically
trapped when the kinetics of solvent diffusion was faster than
the kinetics of self-assembly, leading to metastable morpholo-
gies. The material morphology could also be controlled by the
order of addition (DMSO in water or water in DMSO) and the
addition speed.18

Dynamic light scattering (DLS) analysis was performed after
removal of DMSO by dialysis, except for samples with
hydrophilic weight ratios of 25 and 38%, which underwent
macroscopic aggregation. The three other samples (Table 1)
appeared perfectly limpid (no macroscopic aggregation) after
dialysis. Transmission electron microscopy (TEM) was used to
probe the morphology directly after self-assembly. As shown in
Figure 1 a−c, mixtures of spherical and wormlike structures
were observed irrespective of the hydrophilic weight ratio.
Changing the addition speed from a few seconds to 2 h and/or
the copolymer concentration from 0.1 to 10 g/L did not
significantly modify the nanoassemblies. In marked contrast,
changing the order of addition (DMSO in water instead of
water in DMSO) promoted the formation of spherical
structures without wormlike assemblies. Small polymersomes
with an average diameter of <100 nm were clearly evidenced by
TEM imaging for hydrophilic weight ratios of 55 and 63%
(Figure 1d,e). For PBLG20-b-PGG32 (Figure 1f), a mixture of
spherical micelles and vesicles was observed, indicating the
upper hydrophilic weight ratio limit for polymersome formation
with these diblock copolymers. It is worth taking into
consideration that in both cases (water in DMSO or DMSO
in water), the observed morphologies certainly resulted from
kinetic trapping induced by the rigidity of the PBLG segment.
Vesicles made of the block copolymer PBLG20-b-PGG18 were

significantly aggregated in solution, as evidenced by TEM,
atomic force microscopy (AFM), and DLS (see the SI). On the
other hand, vesicles made of the copolymer PBLG20-b-PGG25
were much more stable, allowing the determination of the
radius of gyration (RG) and the hydrodynamic radius (RH) by
multiangle light scattering analysis (Figure 2). As expected, the
RG/RH ratio was found to be close to 1, attesting the formation

Scheme 1. Synthesis of PBLG-b-PGG Glycopeptide Block
Copolymersa

aConditions: (a) DMF, benzylamine, 0 °C; (b) DMSO, r.t.; (c)
Cu(PPh3)3Br, Et3N, DMSO, 30 °C.

Table 1. Glycosylated Peptide Block Copolymers

Mn (g/mol)b PDIb

block
copolymera

before
glycosylation

after
glycosylation

after
glycosylation

hydrophilic
weight ratio

PBLG20-b-
PGG5

5800 9200 1.10 25%

PBLG20-b-
PGG9

7400 9700 1.07 38%

PBLG20-b-
PGG18

7800 11200 1.08 55%

PBLG20-b-
PGG25

8200 11500 1.17 63%

PBLG20-b-
PGG32

9300 16200 1.17 68%

aBLG, γ-benzyl-L-glutamate; PG, propargylglycine; PGG, glycosylated
poly(PG). Formulas were calculated by 1H NMR analysis using the
integrated peak ratios of PBLG at 5.0 ppm (−OCH2C6H5) and the
combined PPG/PBLG backbone signals at 3.8−4.6 ppm (−CHCO−),
with the PBLG aromatic signal at 7.3 ppm as an internal standard.
bDetermined by SEC in HFIP with PMMA standards.
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of polymersomes. High-magnification TEM imaging of the
vesicles allowed good membrane visualization, the thickness
being estimated as 5−10 nm. AFM analysis evidenced a
diameter/height ratio in agreement with the hollow structure
(Figure 3). As a result, by means of a solvent-injection method,
galactosylated vesicles with small sizes and good dispersity were
obtained by using (1) the appropriate block copolypeptides
after galactose coupling and (2) the appropriate nano-
precipitation process and in particular the correct order of
solvent addition.
The bioactivity of the glycopeptide polymersomes formed

from PBLG20-b-PGG25 copolymer was assessed by carbohy-
drate−lectin binding experiments. This involved mixing of the
glycosylated polymersome solution with a lectin that specifically
binds the sugar conjugated to the copolymer. In this case,
Ricinus communis agglutinin (RCA120) was chosen because it is
highly specific and selective for binding of galactosyl residues.19

Upon the addition of different concentrations of the

glycopeptide polymersomes to the RCA120 solution, instanta-
neous precipitation was observed. This signifies that the
carbohydrate groups present at the surface of the polymer-
somes are available to mediate the interaction with the
biological target molecules. In an attempt to quantify the
interaction with the RCA120, the absorbance spectra of the
polymersome/lectin solutions were recorded. As shown in
Figure 4, the absorbance is highest for the greatest
concentration of glycopeptide polymersomes. Furthermore,
the lectin binding is so rapid that no change of absorbance was
measured over time regardless of the concentration of
glycosylated block copolymer. The control experiment with
concanavalin A (Con A), which is selective for mannosyl and
glucosyl but unable to bind galactosyl residues,19 showed no
significant precipitation or change in turbidity. In addition, the
lectin recognition experiments were also performed using self-
assembled structures obtained from the other glycopeptide
block copolymers (Table 1). It was observed that all of the
structures showed biological activity in these tests (see the SI).
For the block copolymers with longer glycopeptide blocks, the
absorbance slightly increased, although it is uncertain whether
this small difference was caused by the chain length of the
glycopeptide blocks or the structure of the self-assembly.

Figure 1. TEM images of samples obtained by instantaneously adding
(a−c) water in DMSO and (d−f) DMSO in water: (a, d) PBLG20-b-
PGG18; (b, e) PBLG20-b-PGG25; (c, f) PBLG20-b-PGG32.

Figure 2. Multiangle light scattering analysis of PBLG20-b-PGG25. (a)
Guinier plot and RG determination. (b) Variation of decay rate vs
squared scattering vector and RH determination.

Figure 3. Microscopy of galactosylated polymersomes made of
PBLG20-b-PGG25: (a) high-magnification TEM image; (b) AFM
image; (c) section profile of the AFM image along the white line in
(b).
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In summary, we have presented a versatile and facile route to
bioactive polymersomes fully based on amino acid and
carbohydrate building blocks. Using controlled NCA polymer-
ization and efficient “click” glycosylation afforded well-defined
amphiphilic galactose-containing block copolymers. Depending
on the block copolymer composition and the self-assembly
protocol, the morphology of the structures formed could be
controlled, ranging from (wormlike) micelles to polymersomes.
These materials hold promise as nanosized drug carriers for
targeted delivery.
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Figure 4. Absorbance (450 nm) of PBLG20-b-PGG25 polymersomes in
the presence of two different lectins in DI water: (■) lectin RCA120,
glycopeptide concentration 1.0 mg/mL; (●) lectin RCA120,
glycopeptide concentration 0.25 mg/mL; (▲) lectin Con A,
glycopeptide concentration 1.0 mg/mL; (▼) no lectin, glycopeptide
concentration 1.0 mg/mL.
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