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ABSTRACT: Sugar regioisomerism (glycosidic linkage on different hydroxyl
groups of the same sugar) widely exists in various polysaccharides and glycans
with a significant contribution to their biological functions. However, the
effects of this regioisomersim in glycopolymers and their self-assembled
nanoparticles on such functions were almost not investigated previously. In this
paper, this regioisomersim effect is studied for self-assembled nanoparticles
NP-1-Gal and NP-6-Gal from triblock copolymers carrying different
constitutional isomers of the pendent sugar species (1 and 6 denote the
glycosidic linkage from the anomeric position and 6 position of the galactose
unit, respectively). NP-1-Gal shows strong binding to lectins of Peanut
(Arachis hypogea) agglutinin (PNA) and Erythrina cristagalli agglutinin (ECA),
while NP-6-Gal does not. More importantly, they show binding behavior
similar to the asialoglycoprotein receptor (ASGPR) but different internalization
pathways in the Hep G2 cell after ASGPR-mediated endocytosis; i.e., NP-1-Gal can reach the early endosome, late endosome, as
well as lysosome, while NP-6-Gal enters the early endosome only but not the others.

Sugars play fundamental and crucial biological roles in
nature. The molecular recognition between sugars and

proteins, i.e., lectins, is essential to cell−cell and cell−matrix
communication, which is involved in fertilization, virus
infection, etc.1 Most of the sugars participating in these
processes exist on the cell surface in the forms of glycoproteins,
glycolipids, and proteoglycans, which have a common name
“glycocalyx”. Because of their significant importance and
abundance, sugars are known as one of the most important
biomacromolecular species just like nucleic acids and proteins.
However, our current understanding of the nature and
biological roles of sugar is still far behind that of nucleic acid
and protein. Probably the most important obstacle in front of
us is the extreme complexity of the chemical structures,
especially the various isomers in oligosaccharides and
polysaccharides.
Meanwhile, it is also well-known that multiple sugar

molecules may bind to the same protein together exhibiting
an enhanced binding ability, i.e., multivalency.2 Thus, more and
more multivalent neoglycoconjugates have been developed, in
which glycopolymer has attracted special attention because of
its high molecular weight and versatile synthetic procedure.3,4

Although the synthesis and lectin-binding assay of many
glycopolymers containing monosaccharides or disaccharides in
the repeating units have been widely reported,5 little attention
has been paid to the effect of isomerism, e.g., constitutional
isomerism of the sugars along the polymer chain on their
binding behavior. This effect could be more complicated than

anticipated as the multivalency and constitutional isomerism of
sugars contribute together to the binding. Considering the
substantial role of different sugar isomers and abundance of
sugar structures on the cell surface, it is in strong demand to
investigate the biological effect of constitutional isomerism in
the presence of multivalency, including binding ability to lectins
and internalization pathway after cell uptake, which of course is
very important for further application of glycopolymers in
biorelated areas.
To this goal, self-assembled nano-objects containing

glycopolymers with well-defined isomerism on the surface can
be the preferred model system. Recently, we reported lectin
binding of polymeric vesicles mimicking glycocalyx, which were
constructed by self-assembled glycopolymers.6 In the current
work, this strategy has been employed by using glycopolymers
with the same polymeric backbone but different sugar
regioisomers as pendant groups. Thus, we are able to compare
the binding ability of the self-assembled nanoparticles with
different sugar isomers to lectins in a multivalent manner and
the subsequent cell-uptake pathways as well. For this purpose,
amphiphilic triblock copolymers containing conjugated poly-
fluorene (PF) as the middle block and glycopolymer as the side
blocks have been designed and prepared, which could assemble
into fluorescent nanoparticles with the sugar isomers on the

Received: November 11, 2013
Accepted: December 26, 2013

Letter

pubs.acs.org/macroletters

© XXXX American Chemical Society 96 dx.doi.org/10.1021/mz400577p | ACS Macro Lett. 2014, 3, 96−101

pubs.acs.org/macroletters
http://pubs.acs.org/action/showImage?doi=10.1021/mz400577p&iName=master.img-000.jpg&w=177&h=133


surface. Galactose was taken as a convenient example to build
such well-defined constitutional isomers with the glycosidic
linkage from its anomeric position (1-Gal) or 6-position (6-
Gal) to the polymeric backbone. Polymer-containing α-
mannopyranoside (1-Man) was employed as a control
(Scheme S1, Supporting Information).
There are a few reports on fluorescent-conjugated glycopol-

ymers for studying carbohydrate−protein interactions. Bunz
and co-workers used poly(p-phenyleneethynylene)s (PPEs)
substituted with α-mannopyranoside side groups to selectively
bind lectin concanavalin A (Con A).7 Liu and co-workers
synthesized poly(thiophene)s (PTs)8 and poly(p-phenylene)s
(PPPs)9 with α-mannopyranoside and β-glucopyranoside as
side groups, which exhibited similar properties. In these studies,
the binding sites, i.e., monosaccharides, were directly connected
to the main chains of the conjugated polymers. Thus,
fluorescence quench happened when the conjugated polymers
were aggregated by the multivalent carbohydrate−protein
interactions.7−10 However, in these works, the effect of
isomerism of sugars has not been touched. Our nanoparticles
from the triblock copolymers have significant advantages to
detect carbohydrate−protein interaction compared to the
previous fluorescent conjugated glycopolymers: (1) High
water solubility, i.e., as sufficient as 5 mg/mL, can be reached,
which allows all of the binding measurements to be readily
performed in water. (2) The fluorescent intensity of the
nanoparticles keeps stable during their binding to the specific
lectins, which ensures further fluorescent labeling in the cell.11

(3) Multivalent binding tendency is secured because of the
abundance of glycopolymer chains on the particle surface. All
these features make the nanoparticles serve as a suitable
platform to reach our goal of exploring the effect of
regioisomerism on the multivalent polymeric scaffold.
The structures of the conjugated block copolymers PF-1-

Gal, PF-6-Gal, and PF-1-Man are shown in Figure 1a. Their
synthesis started from a conjugated rod-block of poly(9,9-
dioctylfluorene) macroinitiator (Scheme S1, Supporting
Information) with the bromine-functionalized PF initiator
installed at the two ends, which was prepared according to
the literature.12 The macroinitiator had a degree of polymer-
ization (DP) of 6 (Mn = 2.4 × 103 g/mol) by 1H NMR (Figure
S1, Supporting Information) and polydispersity (PDI) of 1.4
determined by GPC (Figure S2, Supporting Information). By
using atom transfer radical polymerization (ATRP), the side
block of poly(glycidyl methacrylate) (PGMA) was initiated
directly from the macroinitiator, leading to a coil−rod−coil
triblock copolymer13 (PGMA-b-PF-b-PGMA) with DP 40 of
PGMA determined by 1H NMR (Figure S3, Supporting
Information) and PDI 1.4 by GPC (Figure S4, Supporting
Information). The total molecular weight of PGMA-b-PF-b-
PGMA was calculated as 1.35 × 104 g/mol (5.6 × 103 + 2.4 ×
103 + 5.6 × 103), which indicated the weight ratio of the PF as
17%. The subsequent ring opening of the pendent epoxide
group of the PGMA block with NaN3 afforded the side blocks
bearing one azide on each methacrylic repeating unit (PAMA-
b-PF-b-PAMA, 1H NMR in Figure S5, Supporting Informa-
tion), which was further reacted with the sugars modified with
alkynes.14 1-(2′-Propargyl)-D-galactose (α:β = 10:3) and 1-(2′-
propargyl)-α-D-mannose (1H NMR in Figure S6, Supporting
Information) were prepared according to the literature15 and
further clicked14 to PAMA-b-PF-b-PAMA, which gave PF-1-
Gal and PF-1-Man block copolymers, respectively (1H NMR in
Figure S7, Supporting Information). PF-6-Gal was prepared

according to the literature.16 The DP of the side blocks of PF-
6-Gal was 42 determined by its precursor (Mn = 1.6 × 104 g/
mol, 1H NMR in Figure S9, Supporting Information) with PDI
1.2 determined by GPC (Figure S10, Supporting Information),
which was similar to PF-1-Gal.
With the triblock copolymers PF-1-Gal, PF-6-Gal, and PF-1-

Man in hand, which contain the same middle rod block and
side coil blocks with similar DP, their self-assembly in water was
further performed. Typically, PF-1-Gal was solubilized in DMF
(1 mg/mL), which was then dialyzed against HEPES buffer for
2 days. Then a certain amount of HEPES buffer was added into
the solution to adjust the final concentration to 0.5 mg/mL.
The hydrodynamic radius (⟨Rh⟩) was measured to be 23 nm
with PDI around 0.21 by dynamic light scattering (DLS)
(Figure 1b). From its TEM images, well-dispersed spheres were
found from the solution of PF-1-Gal (Figure 1c), showing that
the polymer self-assembled into nanoparticles with the glyco
block as the shell and the rod block as the core, which is
denoted as NP-1-Gal. Similarly, NP-6-Gal (⟨Rh⟩ = 19 nm) and
NP-1-Man (⟨Rh⟩ = 38 nm) nanoparticles formed via the self-
assembly of PF-6-Gal and PF-1-Man, respectively (Figure 1a
and Figure S12, Supporting Information). In short, NP-1-Gal,
NP-6-Gal, and NP-1-Man nanoparticles share similar morphol-
ogy and ⟨Rh⟩, which make them nice candidates to evaluate the
carbohydrate−protein interactions in the self-assembled state.
Several techniques can be used to investigate the

carbohydrate−protein interactions. For the nanoparticles with
sugars on the surface, our group utilized DLS to detect the
interactions by measuring the binding-induced particle
aggregation with multivalent lectins in solution,6 in which the

Figure 1. (a) Chemical structures of PF-1-Gal, PF-6-Gal, and PF-1-
Man and cartoon representation of the self-assembled nanoparticles.
(b) Rh distributions of NP-1-Gal, NP-6-Gal, and NP-1-Man in
HEPES buffer at 25 °C (concentration: 0.5 mg/mL). (c) TEM image
of NP-1-Gal.
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relative scattered light intensity (Is/I0) was traced as it is
generally proportional to the concentration and mass of the
macromolecules or particles in solution.17 By this method,
carbohydrate−protein interaction can be detected in solution,
which is quite reliable and reproducible, without using
fluorescence-labeled proteins. In the present studies, when
PNA18 was added to the solution of NP-1-Gal (0.05 mg/mL),
a dramatic increase of the scattered light intensity was observed
(Figure 2a, red line with circles), as the PNA concentration
reached 20 μg/mL. Under the same condition, adding ECA19

solution to NP-1-Gal made an obvious increase of the scattered
light intensity as well (Figure 2a, red line with dots). However,
with regard to the intensity value at the equilibrium plateau,
ECA was only one-half of that with PNA. This may be
explained by the tetramer state of PNA and heterodimer state
of ECA and each monomer having one sugar-binding site.19

Meanwhile, ⟨Rh⟩ underwent a very sharp increase (Figure 2b)
when the concentration of PNA reached 50 μg/mL in the
solution of NP-1-Gal (0.05 mg/mL). Similarly, after addition of
ECA, the ⟨Rh⟩ value of NP-1-Gal particles (0.05 mg/mL) was
increased to around 150 nm (Figure 2c), significantly smaller
than that obtained with PNA addition. Moreover, it can be seen
that from the scattered light intensity and ⟨Rh⟩ NP-1-Man and
NP-6-Gal did not show any binding ability with both PNA and
ECA, showing that specific interactions do not exist between
these sugar-covered nanoparticles and the two lectins. This
result gives clear evidence that NP-1-Gal binds to PNA and
ECA, while NP-6-Gal and NP-1-Man do not. Thus in this case
the binding ability of the nanoparticles is mainly determined by
the constitutional isomerism of sugars, which may be predicted
from the crystal structures of lectin and sugar.18,19 Furthermore,
as shown in Figure 2d, successful binding between NP-1-Gal
and PNA does not induce fluorescence quenching of the

nanoparticles; i.e., the fluorescence of NP-1-Gal is quite stable
during protein titration, which is very different from the
previous reports on the interactions between lectin and sugar-
containing polymers.7−9 This result comes from our design of
the block copolymer, where the fluorescent species and sugar
units exist in different blocks. The aggregation of the
nanoparticles due to the interaction between the sugar species
and lectins would not affect the PF chain in the core of the
nanoparticles. Obviously, such stable fluorescent emission
makes the subsequent cell-uptake study of the nanoparticles
by fluorescent confocal microscopy realizable.
Besides the plant lectins, some animal lectins are known for

their binding ability with galactopyranoside. The most
representative one found in animals is the asialoglycoprotein
receptor (ASGPR).20 It is related to the circulation of
glycoproteins in our body by selectively removing “old”
proteins, which have galactopyranoside exposed at the end of
their glycan chain.21 ASGPR is highly expressed on the hepatic
cell surface and induces endocytosis of galactoside-containing
glycoproteins after binding. Here the binding ability of NP-1-
Gal, NP-6-Gal, and NP-1-Man with human ASGPR was
examined by a quartz crystal microbalance (QCM). The surface
of a QCM-D sensor was first modified with ASGPR via
polyhistidine (His) tag-affinity.22 Then the frequency changes
were monitored in the processes of NP-1-Gal and NP-6-Gal
loading to the sensor surface. As shown in Figure 3, the
frequency underwent an obvious decrease in both the cases,
indicating that NP-1-Gal and NP-6-Gal show binding abilities
similar to ASGPR, which to some extent can be explained by
the previous investigation on monosaccharides or oligosacchar-
ides.23 As a control experiment, NP-1-Man did not show any
binding effect to the ASGPR surface.

Figure 2. DLS and fluorescence study of the binding behavior between NP-1-Gal, NP-6-Gal, NP-1-Man, and lectins, i.e., PNA and ECA, in HEPES
buffer (20 mM, pH 7.4) containing NaCl (50 mM), CaCl2 (5 mM), and MnCl2 (5 mM). (a) Relative scattered light intensity (Is/I0) of the three
particles after addition of PNA and ECA. (b) ⟨Rh⟩ changes of the three nanoparticles after addition of PNA and ECA. (Particle concentration: 0.05
mg/mL). (c) ⟨Rh⟩ changes of the particles below 150 nm. (d) Relative fluorescence intensity (I/I0) of NP-1-Gal, NP-6-Gal, and NP-1-Man with
different concentrations of PNA. I0 is the maximum fluorescent intensity of nanoparticles in the absence of PNA, and I is the maximum fluorescent
intensity of nanoparticles after addition of PNA.
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The uptake of the two binding nanoparticles by Hep G2 cells
with abundantly expressed ASGPR on their surface was further
investigated. HeLa cells, which do not express ASGPR, were
employed in the assay as a control.24−27 NP-1-Gal and NP-6-
Gal were first proved with low cytotoxicity in vitro (Figure S13,
Supporting Information). Then Hep G2 and HeLa cells were
first seeded onto sterile glass coverslips that had been placed in
the wells of a 24-well plate and then cultured in 2 mL of
DMEM containing 10% FBS overnight. The cells were then
incubated with NP-1-Gal or NP-6-Gal (50 μg) in DMEM for 4
h at 37 °C. After removal of the unbound NP-1-Gal or NP-6-
Gal, fluorescence imaging of cells was carried out using
confocal microscopy. As shown in Figure 4a and 4b, the images

clearly indicate the presence of NP-1-Gal and NP-6-Gal in the
cytoplasm but not in the nuclei of Hep G2 cells (Figure S14c,f,
Supporting Information). This internalization was further
confirmed with Z-stack images (Figures S15 and S16,
Supporting Information), which are the layer cross-sectional
images of the focal plane at different levels in cell samples. The
uptake of NP-1-Gal and NP-6-Gal by Hep G2 cells cannot be
observed when the incubation was at 4 °C, indicating an
energy-dependent internalization process (Figure S17, Support-

ing Information). Meanwhile, NP-1-Gal and NP-6-Gal cannot
be internalized by HeLa cells (Figure 4c,d and Figure S18,
Supporting Information). To confirm that the uptake of NP-1-
Gal and NP-6-Gal results from a specific interaction between
galactopyranoside and ASGPR, preincubation of the cells with
lactose26 (as a competitive inhibitor, 20 mM) for 1 h before the
incubation with NP-1-Gal and NP-6-Gal was performed. It
resulted in significantly inhibited endocytosis (Figure 4e,f and
Figure S18, Supporting Information). Moreover, NP-1-Man
was used as a control because 1-mannopyranoside does not
interact with ASGPR. After incubation of Hep G2 cells with
NP-1-Man (50 μg) at 37 °C for 4 h, the confocal microscopy
result does not show any obvious endocytosis (Figure S14h,
Supporting Information).
The internalization pathway of NP-1-Gal and NP-6-Gal

(Figure 5) in Hep G2 was further examined after endocytosis.

To further trafficking of endocytotic pathways via different
cellular organelles, LysoTracker Red DND-99 was used to label
the lysosome, and CellLight Late Endosomes-RFP cell
transduction reagent for expression of the red fluorescence
protein (RFP) was used to label the late endosome selectively.
Confocal microscopy images of NP-1-Gal showed the
colocalization of blue from the nanoparticle (Figure 5a) and
red from LysoTracker (Figure 5e), proving that the nano-
particles are found inside lysosomes (Figure 5i). Similarly, the
images also showed the colocalization of blue from the
nanoparticle (Figure 5b) and red from RFP in late endosomes
(Figure 5f), proving that the NP-1-Gal is found inside the late
endosome as well (Figure 5j). However, in the case of NP-6-
Gal, the absence of colocalization between blue from the
nanoparticle (Figure 5c,d) and red from LysoTracker (Figure
5g) or red from RFP in the late endosome (Figure 5h) is also
apparent in Figure 5k,l, indicating the absence of NP-6-Gal in
both the lysosome and late endosome. Thus, the difference in
localization between NP-1-Gal and NP-6-Gal inside Hep G2
cells after endocytosis is apparent. Considering that the binding
behavior of the nanoparticles to ASGPR seemed similar to that

Figure 3. Binding of ASGPR with NP-1-Gal, NP-6-Gal, and NP-1-
Man measured by QCM.

Figure 4. Confocal fluorescence microscopy images of nanoparticles
internalized by Hep G2 cells with 50 μg of (a) NP-1-Gal or (b) NP-6-
Gal; HeLa cells with 50 μg of (c) NP-1-Gal or (d) NP-6-Gal; Hep G2
cells with preincubated 20 mM lactose for 1 h at 37 °C, and then NP-
1-Gal (e) or NP-6-Gal (f) at 37 °C after 4 h incubation. Fluorescence
of NP-1-Gal and NP-6-Gal is blue. Scale bar: 10 μm.

Figure 5. Colocalization of nanoparticles with intracellular compart-
ments: Hep G2 cells were incubated with nanoparticles at 37 °C for 4
h. Confocal micrographs of the cells show (a−d) intracellular location
of NP-1-Gal and NP-6-Gal in blue, (e−h) lysosomes labeled by
lysotracker (red) or late endosomes expressing RFP (red), and (i−l)
superimposed images. Scale bar: 10 μm.
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observed by QCM, this result was to some extent beyond our
expectation and thus inspired us to track back of both NP-6-
Gal and NP-1-Gal inside the cell. The CellLight Early
Endosomes−RFP cell transduction reagent was used and
resulted in expression of the red fluorescence protein (RFP)
in early endosomes. As shown in Figure 6, both NP-6-Gal and

NP-1-Gal show colocalization with early endosomes. Because
of the general pathway of endocytosis, i.e., from the clathrin-
coated vesicle to early endosome, late endosome, and finally
lysosome,1 based on the results above we intend to conclude
that NP-1-Gal with 1-galactopyranoside could reach the
lysosome via this pathway; however, its counterpart NP-6-Gal
with constitutional isomer 6-galactopyranoside could not, which
mostly stays in the early endosome within the same or even
rather long time scale during incubation. In other words, our
results demonstrated the different distributions of NP-1-Gal
and NP-6-Gal after their internalization by Hep G2 cells,
although both of them bind to ASGPR that meditates the
endocytosis. This is the first time, as far as we know, it has been
demonstrated that the constitutional isomerism of sugars may
bring different pathways and then different distributions of their
nanoparticles inside the cell, although their internalizations are
mediated by the same protein. Furthermore, since NP-6-Gal
cannot reach the lysosome, it could be used as a better drug
delivery system than NP-1-Gal.
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