
This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. B, 2025, 13, 4855–4863 |  4855

Cite this: J. Mater. Chem. B, 2025,

13, 4855

Glycosylated polyplex micelles from oppositely
charged block copolymers†
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Rudy Folkersmab and Katja Loos *a

Glycosylated nanoparticles hold significant promise for applications in biomedicine, because of their

ability to mimic complex carbohydrate interactions. Herein, we report the synthesis of block copolymers

featuring both a glycosylated segment and a charged block via RAFT polymerization and postpoly-

merization modifications. Additionally, we prepared glycosylated polyplex micelles by mixing oppositely

charged glycosylated block copolymers in aqueous media. Electrostatic interactions between

the charged segments occur, triggering the formation of glycosylated nanoparticles with a polyplex

core. The resulting nanoparticles were characterized via dynamic light scattering (DLS), z-potential

measurements and transmission electron microscopy (TEM), which confirmed their nonspherical

morphology. Furthermore, we expanded this strategy by incorporating oppositely charged homo-

polymers, highlighting the versatility of our approach. These findings demonstrate a robust and modular

platform for the design of glycosylated nanoparticles, paving the way for future exploration of their

dynamic properties and potential use as responsive carriers for drug delivery.

Introduction

Carbohydrates are ubiquitous in nature, and play crucial roles
as energy storage1 (e.g., glycogen and starch) and as structural
material2–4 (e.g., cellulose, chitin and collagen). Most impor-
tantly, carbohydrates are involved in numerous biomolecular
recognition events, including the inflammatory response and
microbial or viral infections, due to their ability to selectively
and specifically bind to proteins located on the surface of cells.
Although the monovalent interaction between a monosaccharide
and its receptor is relatively weak, the multivalent interactions
offered by carbohydrates, known as the ‘cluster glycoside effect’,5

significantly increase the overall binding strength. This multi-
valency leads to greater biological activity, which can be leveraged
for applications in recognition processes6 and drug delivery
systems.7 Polysaccharides, as naturally occurring and highly
abundant carbohydrates, possess inherent advantages for use as
materials.8–11 However, their use in biomedical applications can
be hampered by challenges such as poor structural control,
limited solubility and inherent fragility.

Nature remains a vast source of inspiration, particularly in
the field of biomedicine, where mimicking biological behaviors
with tailor-made molecules is essential for achieving signifi-
cant breakthroughs. Glycopolymers, are synthetic analogues of
polysaccharides, and feature pendant carbohydrate moieties
instead of sugar motifs within the polymer backbone. Glyco-
polymers have been developed as laboratory-made alternatives
that can be more easily produced and tailored. They can be
synthesized directly from glycomonomers via various polymer-
ization techniques, or sugar moieties can later be attached onto
a functional polymer backbone.12 This enables the facile pro-
duction of glycopolymers with tailored properties, such as
chain length, dispersity or end-group functionality. This degree
of control becomes even more important when the synthesis of
sequence-controlled glycopolymers, such as glycosylated block
copolymers, is sought.

Various glycosylated block copolymers have already been
utilized for the production of glycosylated nanoparticles, which
can be tailored for a wide range of applications.13–16 Stenzel
et al. not only demonstrated the formation of polymer micelles
featuring a hydrophobic core and a glycosylated shell, but also
investigated their applications for drug delivery. While a hydro-
phobic drug can be encapsulated and subsequently released
from the micellar core,17 smart macromolecular design can also
bring shape-changing capability18,19 or enzymatic degradability20

of the nanoparticles. These examples of glycosylated nanoparticles
rely on solvophobic interactions for self-assembly, where the
hydrophobic block collapses and is stabilized by the hydrophilic

a Macromolecular Chemistry and New Polymeric Materials, Zernike Institute for

Advanced Materials, University of Groningen, Nijenborgh 3, 9747 AG,

The Netherlands. E-mail: k.u.loos@rug.nl
b Circular Plastics, Academy Tech & Design, NHL Stenden University of Applied

Sciences, 7811 KL Emmen, The Netherlands

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tb02760d

Received 12th December 2024,
Accepted 22nd March 2025

DOI: 10.1039/d4tb02760d

rsc.li/materials-b

Journal of
Materials Chemistry B

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
C

ig
gi

lta
 K

ud
o 

20
25

. D
ow

nl
oa

de
d 

on
 2

5/
07

/2
02

5 
1:

17
:2

5 
PM

. 
 T

hi
s 

ar
tic

le
 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-4613-1159
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tb02760d&domain=pdf&date_stamp=2025-04-01
https://doi.org/10.1039/d4tb02760d
https://doi.org/10.1039/d4tb02760d
https://rsc.li/materials-b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02760d
https://rsc.66557.net/en/journals/journal/TB
https://rsc.66557.net/en/journals/journal/TB?issueid=TB013016


4856 |  J. Mater. Chem. B, 2025, 13, 4855–4863 This journal is © The Royal Society of Chemistry 2025

glycosylated segment. Additionally, a plethora of alternative self-
assembly methods, such as direct hydration,21–23 polymerization-
induced self-assembly,24,25 sugar deprotection self-assembly26–28

and temperature induced self-assembly,29,30 have been reported for
the preparation of glycosylated nanoparticles in aqueous media.

Despite its potential, interpolyelectrolyte complexation has
been absent from the toolkit for preparing glycosylated nano-
particles. The utilization of electrostatic interactions between
oppositely charged polymers is a well-established strategy for
the creation of soft materials, particularly in aqueous environ-
ments, where the hydrophilicity of charged polymers enhances
their functional performance. Complexation between oppositely
charged polymers triggers the formation of a largely dehydrated
coacervate. Owing to the pseudo-hydrophobic31 nature of the
polyplex domains, particularly when charge-neutrality is achieved,
instability occurs and the coacervate tends to precipitate or aggre-
gate. Therefore, the attachment of water-soluble yet charged neutral
chains onto polyelectrolytes is necessary to stabilize the particles in
water. Before the advent of carbohydrate-decorated polymers,
poly(ethylene glycol) was widely used for this purpose,32,33 even
offering a certain degree of biocompatibility, but concerns regard-
ing its immune response,34,35 as well as the desire to move toward
biosourced14,36 and biodegradable37 alternatives are opening doors
toward the formation of glycosylated polyplex micelles.

In this study, an efficient approach for the construction of
glycosylated polyplex micelles via electrostatic interactions was
demonstrated (Scheme 1). Two block copolymers, each com-
prising a glycosylated block and a charged segment, were
synthesized via a combination of sequential reversible addi-
tion–fragmentation chain-transfer (RAFT) polymerization and
postpolymerization modification techniques. Through stoi-
chiometric mixing of the block copolymer solutions, nano-
particles with a polyplex core (i.e., a complex formed between
the charged segments) and stabilized by a glycosylated corona
were successfully formed. The resulting nanoparticles were
characterized via dynamic light scattering (DLS), z-potential
measurements and transmission electron microscopy (TEM),
which confirmed their size and morphology.

Results and discussion

The overall synthesis strategy involves the use of RAFT poly-
merization to produce a glycopolymer as the macromolecu-
lar chain-transfer agent (macro-CTA), which is then chain-
extended to incorporate poly(2-(dimethylamino)ethyl meth-
acrylate), followed by deprotection to expose the glucose units,
and quaternization to yield a glycopolymer containing a strong
polycationic block. An alternative pathway involves chain exten-
sion with poly(tert-butyl methacrylate), followed by simulta-
neous deprotection to obtain a glycopolymer featuring a weak
polyanionic segment.

Although glycosylated polymers can be directly synthesized
via the polymerization of hydrophilic sugar monomers,38–40 an
alternative approach was employed to convert glucose into a
hydrophobic protected glycomonomer. This strategy not only
facilitates its polymerization and subsequent chain extension
reactions but also enables more straightforward characterization
of the various polymer intermediates.41–43 The protected glyco-
monomer, acetonide-protected glucose methacrylate (PrGlcMA),
was synthesized through a two-step reaction: (i) the introduction
of two acetonide protective groups onto a-D-glucose, followed by
(ii) the addition of a methacrylic moiety to the remaining hydroxyl
group. This method enhances both the reactivity and manage-
ability of the monomer during the polymerization process (details
are in ESI†). After flash column chromatography, PrGlcMA
was obtained at high purity, as confirmed by 1H and 13C nuclear
magnetic resonance (1H NMR and 13C NMR, respectively,
Fig. S1, ESI†), as well as high-resolution mass spectrometry
(Fig. S2, PrGlcMA + Natheo = 351.14142, PrGlcMA + Naexp =
351.14103, ESI†).

The synthesis of glycosylated block copolymers was initiated
with the polymerization of PrGlcMA to poly(acetonide protected
glucose methacrylate) (PPrGlcMA). RAFT polymerization, which
is mediated by 2-cyanopropan-2-yl propyl trithiocarbonate as
the CTA, was employed because of its ability to produce
polymers with low dispersity, high chain-end fidelity, and
compatibility with a wide range of monomers. This particular

Scheme 1 Synthesis of charged glycosylated block copolymers.
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CTA was selected for its enhanced stability, as the trithiocarbo-
nate group is less susceptible to hydrolysis44 and shows greater
resistance to strong nucleophiles, which is crucial for subse-
quent deprotection steps. Additionally, its short C3 alkane
chain is less hydrophobic than that of commercially available
C12 CTAs, which is particularly relevant for our hydrophilic
diblock copolymers.

The successful synthesis of the glycosylated homopolymer
was verified via 1H NMR (Fig. 1A1), which allowed for the
calculation of the polymer’s chain length on the basis of
monomer conversion (conv. = 95%, DPPPrGlcMA = 72, Mn,NMR =
23 800 Da), while size exclusion chromatography (SEC) was
used to monitor the dispersity of the polymers (Ð = 1.56,
Fig. 1B). Although featuring a high dispersity, the polymer
elugram retains a Gaussian distribution (i.e., absence of
chain-chain termination or tailing), suggesting a potential
interaction with the column material. Most importantly, an
excellent ratio was found between the acetonide signals (12H,
1.33–1.49 ppm) and the glucose ring (7H, 3.68–5.81 ppm),
confirming the absence of unwanted deprotection.

Subsequently, chain extension reactions via RAFT polymer-
ization were performed to produce different block copolymers.
The PPrGlcMA-block-poly(2-(dimethylamino)ethyl methacry-
late) (PPrGlcMA72-b-PDMAEMA71) block copolymer was synthe-
sized using PPrGlcMA as the macro-CTA. 1H NMR confirmed
the introduction of the new block, as evidenced by the new
proton signals (CH2, 2H, 4.05 ppm; CH2 2H, 2.56 ppm; CH3,
6H, 2.28 ppm, Fig. 1A1), and enabled the calculation of the
degree of polymerization of the second block through
monomer conversion (conv. = 71%, DPPDMAEMA = 71, Mn,NMR

= 35 000 Da). SEC confirmed the chain extension, as indicated
by a complete shift of the peak toward a lower retention time
and the absence of chain–chain termination, while preserving a
reasonable dispersity (Ð = 1.66). The PPrGlcMA-block-poly(tert-
butyl methacrylate) (PPrGlcMA72-b-PtBMA85, Fig. 1A2) block was
similarly synthesized using PPrGlcMA as the macro-CTA.
1H NMR again confirmed the introduction of the new block,
as shown by the appearance of new proton signals (CH3, 9H,
1.41 ppm, Fig. 1A2), and was used to calculate the degree
of polymerization of the second block on the basis of the

Fig. 1 Characterization of oppositely charged glycosylated block copolymers and their precursors. (A1)–(A3) 1H NMR spectra of the polymers:
PPrGlcMA72 (dark blue), PPrGlcMA72-b-PDMAEMA71 (red), and PPrGlcMA72-b-PtBMA85 (dark green), PGlcMA72-b-PMAA85 (light green), PGlcMA72-b-
PDMAEMA71 (orange), PGlcMA72-b-PMETAI71 (dark red). (B) SEC elugrams of PPrGlcMA72 (dark blue), PPrGlcMA72-b-PDMAEMA71 (red) and PPrGlcMA72-
b-PtBMA85 (dark green). (C) TGA and (D) DSC analyses of PPrGlcMA72-b-PDMAEMA71 (red), PGlcMA72-b-PDMAEMA71 (orange), PGlcMA72-b-PMETAI71

(dark red), PPrGlcMA72-b-PtBMA85 (dark green) and PGlcMA72-b-PMAA85 (light green).
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monomer conversion (conv. = 81%, DPPtBMA = 85, Mn,NMR =
35 900 Da). SEC further confirmed the chain extension by
complete shift of the peak toward a lower retention time and
reasonable dispersity (Ð = 1.55).

The two diblock copolymers, which are currently in their
protected and hydrophobic state, require postpolymerization
modifications to achieve their desired functionality. While
hexafluoroisopronanol/hydrochloric acid has been previously
reported as an efficient method for the removal of tert-butyl
protective groups,45 trifluoroacetic acid (TFA) has demonstrated
the ability to simultaneously remove both acetonide20,46 and tert-
butyl groups.47,48 Preliminary tests on PPrGlcMA and PtBMA
homopolymers (details are in ESI†) revealed that both routes
are viable, with the TFA route yielding slightly better results, as
shown by clearer signals of the glucose ring in the 1H NMR
spectra (Fig. S4-1, ESI†). This method was first applied to
PPrGlcMA72-b-PtBMA85 to produce a poly(glucose methacry-
late)-block-poly(methacrylic acid) (PGlcMA72-b-PMAA85) through
a facile two-in-one deprotection step. PGlcMA72-b-PMAA85, now
soluble in water, was analyzed by 1H NMR, which confirmed
the complete removal of both protective groups, with the
disappearance of the acetonide and tert-butyl signals (1.18–
1.64 ppm, respectively, Fig. 1A2). Fourier-transform infrared
spectroscopy (FT-IR, Fig. S5-2, ESI†) also evidenced the loss of
the tert-butyl protective groups and the appearance of O–H
stretching at 3000–3600 cm�1. The same protocol was used to
expose the glucose units on PPrGlcMA72-b-PDMAEMA71, yield-
ing water-soluble PGlcMA72-b-PDMAEMA71, which is now solu-
ble in water (Fig. 1A3). To ensure the PDMAEMA segment would
remain soluble at any pH, a quaternization step was performed
following a previously reported procedure.47,49 1H NMR
confirmed the modification by the shift of the CH2 and CH3

proton signals (from 3.05 to 3.34 ppm), yielding a PGlcMA-
block-poly(2-(methacryloyloxy)ethyl trimethylammonium iodide)
(PGlcMA72-b-PMETAI71) diblock copolymer featuring a strong
polyelectrolyte segment.

Thermal characterization was conducted on the various
block copolymers and their precursors, beginning with thermo-
gravimetric analysis (TGA, Fig. 1C and Fig. S6, ESI†). The results
indicate that none of the protected block copolymers exhibit
significant degradation below 180 1C, highlighting the rela-
tively high thermal stability of the acetonide and tert-butyl
protective groups. PPrGlcMA72-b-PDMAEMA71 demonstrates
greater thermal stability, with the initial weight loss occurring
at approximately 190 1C, corresponding to the degradation of
the acetonide protective groups. PGlcMA72-b-PDMAEMA71

rapidly decomposes above 190 1C because of the removal of
protective acetonide groups, and the weight loss is attributed
primarily to the degradation of the glucose rings. PGlcMA72-b-
PMETAI71 follows a similar decomposition trend, even after
quaternization. While PPrGlcMA72-b-PtBMA85 demonstrates the
earliest onset of degradation, it experiences a rapid weight loss
of approximately 40% at approximately 250 1C. This degrada-
tion is primarily due to the early decomposition of the tert-butyl
groups,50 followed by the subsequent thermolysis or hydro-
lysis of the remaining polymer. In contrast, after deprotection,

PGlcMA72-b-PMAA85 shows improved thermal stability and
higher residual mass.

Differential scanning calorimetry (DSC) was performed to
assess the thermal behaviour of the block copolymers and their
precursors (Fig. 1D and Fig. S6, ESI†). PPrGlcMA72-b-
PDMAEMA71 has two distinct glass transition temperatures
(Tg PPrGlcMA-b-PDMAEMA 1 = 119 1C and Tg PPrGlcMA-b-PDMAEMA 2 =
5 1C, Table S1, ESI†), which suggests that the blocks do not
mix. The higher Tg is attributed to the rigid PPrGlcMA segment
(Tg PPrGlcMA = 150 1C, Table S2, ESI†), whereas the lower Tg

corresponds to the softer PDMAEMA segment (Tg PDMAEMA =
6 1C, Table S2, ESI†). The Tg values of Tg PPrGlcMA-b-PDMAEMA 1

and Tg PPrGlcMA-b-PDMAEMA 2 are lower than the Tg values of
individual PPrGlcMA and PDMAEMA, presumably due to block
mixing near the interface,51,52 which increases the mobility of
the polymer chains. After deprotection, the PGlcMA segment
becomes more flexible (Tg PGlcMA = 61 1C, Table S2, ESI†), and
PGlcMA72-b-PDMAEMA71 features a unique Tg at 62 1C. This
suggests either that deprotection enables mixing of the two
blocks or that the thermal behavior of the PrGlcMA block
prevails over that of the PDMAEMA. Following quaternization,
the PMETAI segment becomes more rigid because of stronger
interactions between the charged polymer chains (Tg PMETAI =
48 1C, Table S2, ESI†). PGlcMA72-b-PMETAI71 exhibited a single
thermal transition (Tg PGlcMA-b-PMETAI = 40 1C, Table S1, ESI†),
possibly due to the mixing of the blocks. The thermogram
of PPrGlcMA72-b-PtBMA85 shows two distinct transitions
(Tg PPrGlcMA-b-PtBMA 1 =153 1C and Tg PPrGlcMA-b-PtBMA 2 = 83 1C,
Table S1, ESI†), corresponding to those of the PPrGlcMA
(Tg PPrGlcMA = 150 1C, Table S2, ESI†) and PtBMA (Tg PtBMA =
120 1C, Table S2, ESI†) homopolymers. After deprotection, both
segments of PGlcMA72-b-PMAA85 become softer, and polymer
exhibits a broad thermal transition near the Tg of the individual
polymers (Tg PGlcMA-b-PMAA = 38 1C, Table S1 (ESI†); Tg PGlcMA =
61 1C and Tg PMAA12= 45 1C, Table S2, ESI†).

The formation of glycosylated polyplex micelles (GPM) was
subsequently investigated through electrostatic complexation
between oppositely charged PMETAI and PMAA segments
(Fig. 2A). Solutions of each block copolymer were prepared at
a concentration of 1 g L�1 in 10 mM KNO3 and a pH of 7.2,
which permits the PMAA85 block to be charged (pKa PMAA=
4.8–5.5),53 while the charge of PMETAI71 is independent of pH.
When aqueous solutions of PGlcMA72-b-PMAA85 and PGlcMA72-b-
PMETAI71 (GPM1) were mixed, micelles formed almost instanta-
neously. A stoichiometric ratio (1 : 1) between the positively charged
PMETAI and the negatively charged PMAA segments was used to
balance the charges so that a charge-neutral and pseudo hydro-
phobic domain formed, i.e., the core of the micelles. Dynamic light
scattering (DLS) experiments were conducted to measure the
effective hydrodynamic radii of the particles. Using this technique,
we confirmed the presence of small particles with a mean core
diameter of Dh GPM1 = 14.6 nm and a rather low polydispersity index
(PDI = 0.149) (Fig. 2B, Fig. S7-1, ESI†). The small diameter may be
attributed to the glycosylated corona around the core, as PGlcMA
segments not only provide stability and solubility in water
but also prevent the micelles from continuously growing into
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larger particles.54 Additionally, the low salt concentration of
the solution leads to stronger charge repulsion between poly-
electrolytes and results in slower diffusion of the individual
polymer molecules in the solution, which inhibits polymer
aggregation into larger clusters.55 z-Potential measurements
(zGPM1 = 5.0 mV, Table 1) confirmed the quasi neutral nature
of the particles and the near-compensation of all charges.
Visualization of the nanoparticles was conducted via transmis-
sion electron microscopy (TEM) on negatively stained samples
(Fig. 2C). Uranyl acetate was used to stain the polyplex domains

at the particle cores, resulting in an inverted contrast (i.e., ‘positive
staining’).56 The particles observed in most samples were elliptical.
Polyplex micelles in solution with a nonspherical morphology
are not common, and elliptical shape is theoretically predicted
as possible intermediates in the transition from spheres to
lamellae.57 Elliptical overall shape and disc-like core formed
from the complexation of oppositely charged block copolymers
have been reported previously,58,59 with the proposed mecha-
nism of coronal microphase separation of the stabilizing seg-
ments from different block copolymers. For GPM1, elliptical

Fig. 2 Formation of glycosylated polyplex micelles through electrostatic complexation between oppositely charged glycosylated block copolymers.
(A) Schematic representation of the self-assembly process. (B) DLS (1731) intensity plot (bars) and correlation coefficient (line) of glycosylated
nanoparticles in a 10 mM KNO3 solution. (C) TEM images of uranyl acetate-stained glycosylated nanoparticles. (D) Statistical analysis of glycosylated
nanoparticles (data extracted from 300 particles in several images).

Table 1 Characteristics of glycosylated polyplex micelles (GPM)

GPM Polyanion (x)a Polycation (y)a Dh
b (nm) PDIb zb (mV) Øc (nm)

GPM1 PGlcMA72-b-PMAA85 (1) PGlcMA72-b-PMETAI71 (1) 14.6 0.149 5.0 21.5
GPM2 PGlcMA72-b-PMAA85 (1) PMETAI41 (1) 63.2 0.142 1.1 50.5
GPM3 PMAA74 (1) PGlcMA72-b-PMETAI71 (1) 69.5 0.079 6.9 70.9
GPM4 PSPMA-Na114 (1) PGlcMA72-b-PMETAI71 (1) 89.3 0.092 �18.0 90.4
GPM5 PSPMA-Na114 (0.5) PGlcMA72-b-PMETAI71 (1) 114.0 0.081 �5.0 96.2

a Stoichiometric ratio between the polyanion and the polycation. b Determined by DLS/z-potential measurements at 25 1C on 1 g L�1 solutions in
10 mM KNO3 and measured in triplicate. c Determined from TEM images and measurements of 300 particles.
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micelles with constant dimensions were observed on a large
scale, suggesting that the PGlcMA corona plays an important
role in stabilizing the nonspherical morphology. Additionally,
the mean core diameter (ØGPM1 = 21.5 nm) of GPM1 was obtained
from statistical analyses of several TEM images (Fig. 2D). The
glycosylated polyplex micelles exhibited a good stability due to
their rigid complex core and stabilizing segments. No dissociation
or aggregation was observed during measurements.

Since the concept of glycosylated polyplex micelles (GPM)
with block copolymers was demonstrated, different polymers
have been explored for charge compensation, potentially
eliminating the need for glycosylated block copolymers. Three
charged homopolymers, PMETAI41, PMAA74 and poly(sulfo-
propyl methacrylate) sodium salt (PSPMA-Na114), were produced
via a combination of RAFT polymerization and postpolymerization
modification (details are in ESI†). Two of these polymers, namely,
PMETAI41 and PSPMA-Na119, are strong polyelectrolytes, i.e., their
charge density is pH-independent in the medium, which have
significant rigidity and hydrodrynamic volume in water.

The preparation of GPM was conducted as previously
described, with the aim of nearly compensating for the charge
in 10 mM KNO3. However, here we used a pair consisting
of a glycosylated block copolymer and one complementary

homopolymer. Aqueous solutions of PMETAI41 and PGlcMA72--
b-PMAA85 (GPM2) were mixed at a 1 : 1 stoichiometric ratio
between positively charged PMETAI and negatively charged
PMAA segments (Fig. 3A1). This led to the formation of stable
and spherical micellar-like polyplexes. z-Potential measurements
(zGPM2 = 1.1 mV, Table 1) confirmed the quasi neutrality of the
particles’ core and the near-compensation of all charges. The
DLS results (Fig. 3B1 and Fig. S7-2, ESI†) revealed the presence
of glycosylated polyplex micelles with hydrodynamic radius
of Dh GPM2 = 63.2 nm, whereas the TEM images (Fig. 3C1)
confirmed their spherical morphology with mean core dia-
meters of ØGPM2 = 50.5 nm (Fig. S7-1, ESI†). The hydro-
dynamic radius from (Dh GPM2) DLS is smaller than the mean
core diameter (ØGPM2), possibly due to the hydration layer in
DLS or/and particle shrinkage in TEM of the micelles. Interes-
tingly, while the components of GPM2 are similar to those of
GPM1, the resulting polyplex micelle morphologies are
markedly different. The possible reason is that both GPM1 and
GPM2 initially underwent a transient phase in which metastable
large-scale aggregates formed via spontaneous complexation
after mixing.60 However, owing to the less stabilizing corona
in GPM2 than in GPM1, the charge-neutral clusters of
GPM2 underwent thermodynamic equilibration.61 This process

Fig. 3 Formation of glycosylated polyplex micelles using one charged glycosylated block copolymer and one oppositely charged homopolymer.
Depiction of the electrostatic interaction between (A1) PGlcMA72-b-PMAA85 and PMETAI41 (GMP2), (A2) PGlcMA72-b-PMETAI71 and PMAA74 (GMP3) or (A3)
PGlcMA72-b-PMETAI71 and PSPMA-Na114 (GMP4) yielding glycosylated nanoparticles. (B1)–(B3) Corresponding DLS (1731) intensity plots (bars), correlation
coefficient (lines) and zeta potential values. (C1)–(C3) Corresponding TEM images of uranyl acetate-stained glycosylated nanoparticles.
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involves fusion-fission or expulsion-insertion events, ultimately
yielding spherical polyplex micelles.

We prepared another spherical core-corona polyplex micelle
by mixing PMAA74 with PGlcMA72-b-PMETAI71 (GPM3, Fig. 3A2).
Like GPM2, GPM3 comprises a core consisting of complexed
PMETAI and PMAA encapsulated by a PGlcMA corona. The DLS
results (Fig. 3B2 and Fig. S7-3, ESI†) and TEM images (Fig. 3C2)
confirmed the near charge neutrality (zGPM3 = 6.9 mV, Table 1)
and spherical morphology of GPM3, with a mean core diameter
of ØGPM3 = 70.9 nm (Fig. S8-2, ESI†). Notably, the hydrodynamic
radius of GPM3 (Dh GPM3 = 69.5 nm, Table 1) is larger than that
of GPM2 primarily because of the increased length of the core-
forming block.62,63 The glycosylated polyplex micelles formed
by the complexation of PSPMA-Na114/PGlcMA72-b-PMETAI71

(GPM4, Fig. 3A3) exhibited a relative large hydrodynamic
radius (Dh GPM4 = 89.3 nm, Table 1), as confirmed by the DLS
results (Fig. 3B3 and Fig. S7-4, ESI†). The increase in size is
attributed to the larger volume and higher molar mass of
PSPMA-Na than of the PMAA segment. Despite a 1 : 1
stoichiometric ratio, the z-potential (zGPM4 = �18.0 mV,
Table 1) of GPM4 remained negative, indicating incomplete
charge compensation of PSPMA-Na units. This could be due to
the larger hydrodynamic volume and stiffer nature of the
PSPMA-Na chains than those of PMAA, as well as the broad
dispersity of the block copolymer contributes to increased
heterogeneity during micelle formation, leading to a wider size
distribution an uneven z-potential among the nanoparticles.
Although the PGlcMA corona provides stabilization, the
negatively charged GPM4 remains susceptible to aggregation,
as confirmed by the TEM images (Fig. 3C3 and Fig. S8-3, ESI†).
To achieve complete charge compensation of the PSPMA-Na
units, z-potential titration across various charge ratios was
performed (Fig. S9, ESI†). Therefore, we used a ratio of 0.5 : 1

between PSPMA-Na114 and PGlcMA72-b-PMETAI71 (GPM5), and
the z-potential (zGPM5 = �5.0 mV, Table 1) of GPM5 confirmed
the formation of a nearly charge-neutral complex core. TEM
images (Fig. 4B) revealed the spherical morphology of GPM5,
with variable dimensions of the particles but less aggregation.
Both the hydrodynamic radius (Dh GPM5 = 114.0 nm, Table 1)
and mean core diameter (ØGPM5 = 96.2 nm) increased
compared with those of GPM4, likely due to the incorporation
of additional PGlcMA72-b-PMETAI71 chains into the complex
core to fully compensate for the charges of PSPMA-Na114.64 The
larger hydrodynamic radius compared with the mean core
diameter is attributed to the intensity-weighted averaging in DLS
measurements, which is more sensitive to larger particles.65

Conclusions

This study successfully demonstrated the potential to fabricate
glycosylated polyplex micelles through electrostatic interac-
tions. Oppositely charged block glycosylated copolymers were
produced in a straightforward fashion, via a combination of
RAFT polymerization and postpolymerization modification.
Upon mixing oppositely charged block copolymers, stable
nonspherical nanoparticles were formed. Their morphology
was confirmed by dynamic light scattering and transmission
electron microscopy, underscoring the precision of this
method in the preparation of glycosylated nanoparticles.
The versatility of this system was further explored by employ-
ing oppositely charged homopolymers, broadening the
potential applications of glycosylated nanoparticles. This
approach offers a promising pathway toward more intricate
nanoparticle designs, with potential for use in responsive
delivery systems and other advanced biomedical applications.
The insights gained from this work pave the way for future
research into the responsive characteristics of these nano-
particles, facilitating their evolution into more sophisticated
carriers for therapeutic cargo.
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