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End-functionalised glycopolymers as
glycosaminoglycan mimetics inhibit HeLa cell
proliferation†
Chendong Yang,‡a Lei Gao,‡a Meng Shao,a Chao Cai, *a,b Lihao Wang,a,b
Yifan Chen,a Jianghua Li,a Fei Fan,a Yubing Han,a Ming Liu,*a,b
Robert J. Linhardt c,d and Guangli Yu*a,b
The glycosaminoglycans (GAGs) on cell surfaces play signiﬁcant roles during cancer development, and
the heparanase activity is strongly implicated in the structural remodeling of the extracellular GAG matrix,
potentially leading to tumour cell invasion. Polymer–protein/peptide conjugates are one of the most
promising approaches for anticancer therapy due to their controllability, biocompatibility, and targeting
properties. In this study, distinct and well-deﬁned glycopolymer–peptide conjugates, mimicking the
multivalent architecture found in GAGs, were synthesised for targeting and killing tumour cells. Regioselectively sulphated galactosamine derivatives were chemically synthesised, and six GAGs-mimetic glycopolymers were generated by post-modiﬁcation based on the ring-opening metathesis polymerization
(ROMP). The glycopolymers with diverse galactosamine sulphation patterns showed signiﬁcant inhibitory
eﬀects on heparanase. Glycopolymers decorated with 3,4,6-O-sulphated GalNAc exhibited the highest
activities, inhibiting heparanase as well as tumour cell proliferation. We demonstrated that a novel glyco-
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peptide mimetic, derived from end-functionalised conjugation of the iRGD peptide on the glycopolymer,
could eﬀectively enter HeLa cells and inhibit signalling pathways involved in tumour cell proliferation.

DOI: 10.1039/d0py00384k

These ﬁndings should promote the development of novel glycomimetics for speciﬁc tumour-targeted
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therapies.

Introduction
Glycosaminoglycans (GAGs) are a class of linear polysaccharides composed of variably sulphated, disaccharide repeating
motifs, including amino and acidic saccharides.1 GAGs participate in diverse biological processes, such as cell–cell interactions, signal transduction, cancer metastasis, angiogenesis,
and central nervous system (CNS) development.2 Many studies
suggest that the structural diversity of GAGs, including chain
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length, stereochemistry, disaccharide composition, and sulphation patterns, are the basis for the interaction between
GAGs and multiple protein ligands.3
Cancer is a major threat to human health according to
worldwide cancer statistics4 and there is an urgent need for
new anti-tumour drugs. Previous studies have shown that the
sulphation pattern of GAGs on the surface of cancer cells are
dramatically diﬀerent from those of healthy cells and that
there is a clear correlation between the expression of heterogeneous GAGs and cancer progression.5 A higher expression of
the GAG, chondroitin sulphate E, has been observed on the
surface of ovarian and pancreatic cancer cells, which influences the metastatic potential of neoplastic cells.6 These GAGs
interact with various protein factors, including basic fibroblast
growth factor (BFGF), vascular endothelial growth factor
(VEGF), heparin-binding epidermal growth factor-like growth
factor (HB-EGF), and the receptor for advanced glycation endproducts (RAGE), participating in tumour growth and metastasis.7 Sulphated GAGs, isolated from marine sources, have
anticancer activity against HeLa cells resulting in 18.65%–
66.13% inhibition at 50–250 μg mL−1.8 Moreover, the Borsig
group found that fucosylated chondroitin sulphate (FucCS) iso-
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lated from sea cucumber inhibits lung colonization by adenocarcinoma MC-38 cells in an experimental metastasis model in
mice.9 Multiple studies have demonstrated the antitumour
activity of natural GAGs, but their structure–activity relationship is still unclear due to the challenges in structurally characterizing GAG polysaccharides. Thus, mechanistic studies on
their antitumour activities remain quite limited.
Heparanase, an endo-β-D-glucuronidase,10 is expressed at
high levels in various human tumour cells and specific tissues,
such as mammalian placenta. This expression is related to the
activation of multiple growth factors, which play an important
role in leading tissue repair, cell adhesion, growth, proliferation and diﬀerentiation, cancer, angiogenesis, neurite outgrowth, and inflammatory-related diseases.11 Studies clearly
demonstrate that heparanase can induce the release of
heparan sulphate (HS)-bound growth factors bFGF and VEGF,
thereby promoting the formation of a HS-FGF-FGFR complex,
which then activates FGF receptor dimerization and related
signalling pathways leading to uncontrolled proliferation and
dissemination of tumour cells.12 Thus, targeting heparanase
interactions with potent antagonists, such as GAG (especially
HS) mimics, can inhibit growth/dissemination of cancer cells
by reducing heparanase-related signalling pathways.13
Multivalent mutual recognition of saccharides in biological
targets can modulate multiple important cell functions.14
Therefore, GAG-mimicking glycopolymers show great promise
as heparanase antagonists. Recently, glycopolymers based on
natural GAG structures have demonstrated the critical biological activities of GAGs. Chaikof developed a cyanoxyl-mediated
free-radical polymerization for the assembly of glycopolymers
with fully sulphated GlcNAc/lactose (Lac), and this sulphated
Lac-polymer eﬀectively promoted the combined activities of
FGF-1 and FGF-2.15 Moreover, well-defined pendant saccharides provide an excellent strategy for exploring the relationship
between sulphation patterns and the diverse biological activities of GAGs. The Miura group reported that the 3,4,6-O-sulphation pattern of GlcNAc-glycopolymer was significant to
BACE-1 inhibition and VEGF binding aﬃnity.16 Our group
recently also found that HS glycopolymers, with overall
O-sulphated trisaccharide motifs, showed a potent aﬃnity to
RAGE.17 Meanwhile, a range of glycopolymer inhibitors of
heparanase with diﬀerent pendant HS disaccharides have
been well assembled by Nguyen.18 In addition, protein/
peptide–polymer conjugates19 have been extensively developed
for the desired applications in reducing immunogenicity, and
improving bioactivity as well as targeting specific sites, etc.
This inspired us to design and synthesise novel and specific
glycopeptide conjugate for inhibiting heparanase and tumour
cell proliferation.
Here, we report a systematic study on the inhibition of
tumour cells by glycopolymers with galactosamine derivatives
having specific sulphation patterns. Six novel glycopolymers
were synthesised and evaluated for their inhibitory eﬀects
against tumour cells in vitro. Our results showed that the glycopolymer with 3,4,6-O-sulphated groups showed the highest
inhibitory activity against heparanase and tumour prolifer-
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ation. In addition, a functionalised terminating agent was
designed to provide a concise approach to obtain end-functionalised glycopeptide mimetics with the iRGD peptide. Endfunctionalised glycopeptide mimetics could eﬃciently enter
HeLa cells in a time-dependent manner, inhibiting the proliferation of HeLa cells through blocking the heparanaserelated signalling pathways. The results show that the endfunctionalised glycopeptide mimetics are potent modulators
of tumour cells by inhibiting heparanase activity.

Results and discussion
Synthesis of diverse glycopolymers with specific sulphation
patterns
A fully protected aminogalactose 7, prepared from
D-galactosamine hydrochloride as a starting material, was used
to synthesise six N-acetyl and N-sulpho-galactosamine derivatives by protecting group manipulation and regioselective sulphation (Scheme 1). The ester-protecting groups on monosaccharide 7 were removed with sodium hydroxide in 1,4-dioxane
to obtain unprotected galactosamine 19 (Scheme S1, ESI†).
Taking advantage of the diﬀerent reactivity between amino
and hydroxyl groups, regioselective acetylation and sulphation
were employed to provide the non-sulphated 20, O-sulphated
21, N-sulphated 22, and persulphated 23 (Scheme S1, ESI†),
respectively, which was also confirmed by NMR spectra. Four
monosaccharide substrates with specific sulphation patterns

Scheme 1 Synthesis of diverse substrates with speciﬁc sulphation patterns (A) and polymer backbone (B). Reagents and conditions: (a) 0.6 M
NaOH in water/1,4-dioxane (1 : 1), 80 °C, 1 h. (b) Et3N, Ac2O, CH3OH, rt,
1 h. (c) SO3·Et3N, DMF, 50 °C, 10 h. (d) Pd(OH)2/C, H2, CH3OH/H2O (1 : 1),
rt, 2 h. (e) CH3ONa, CH3OH, rt, 1 h. (f ) α,α-Dimethoxytoluene, CSA,
CH3CN, rt, 3 h. (g) SO3·Et3N, Et3N, Py, rt, 6 h. (h) Ac2O, Py, rt, 12 h. (i)
70% CH3COOH in H2O, 60 °C, 2 h. ( j) CH3ONa, CH3OH, −5 °C, 6 h. (k)
Et3N, toluene, 120 °C, 5 h. (l) EDC, N-hydroxysuccinimide, DCM, rt, 5 h.
(m) Grubbs 3rd, DCM, −78 °C–rt, 1 h.
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were obtained as 1, 3, 5, and 6 (Scheme 1 and S1, ESI†) after
the reduction of azido to amine group.
For the preparation of 3-O-sulphated 2 and 4,6-O-sulphated
4, intermediate 8 (Scheme S1, ESI†) was obtained by following
the removal of esters, benzylidene protection on aminogalactose 7. The troc group on intermediate 8 was removed and
regioselective acetylation to provide 24 and 26. After removal
of benzylidene on 24 using 70% CH3COOH, 4,6-O-sulphation
was later achieved with SO3·Et3N in DMF, but we also found
that the presence of sulphate groups made it diﬃcult to fully
cleave 3-O-acetyl groups. Unfortunately, increasing amounts of
the sodium methoxide led to the removal of sulphate groups.
We then used a low-temperature reaction apparatus, and 3-Oacetyl groups group is smoothly removed without any unexpected cleavage at −5 °C (Scheme S1, ESI†). Meanwhile, the
selective sulphation at C3 position on 26 was acquired by the
same approach as above-mentioned. Global hydrogenation was
subsequently performed to aﬀord the key building blocks 3-Osulphated 2 and 4,6-O-sulphated 4.
Glycopolymers have been developed as potential high
potency inhibitors of glycosidases and their side-chain moieties play important roles in their activities. NHS ester-substituted polymers were generated by ROMP and glycopolymers
were synthesised through a post-polymerization strategy to
achieve concise assembly of glycopolymer in situ.20
Norbornene anhydride 9 was coupled with 6-aminocaproic
acid to give 11 in a 95% yield and the NHS ester 12 was generated by EDC and N-hydroxysuccinimide. The polymer backbone 13 was assembled by the NHS ester 12, using ruthenium
initiator (Grubbs 3rd) in dichloromethane (Scheme 1B). The
successful synthesis of 13 was then determined by 1H NMR
with alkene signals shifting from 6.44 ppm to 5.57–5.94 ppm
(Fig. 2). The degree of polymerization was well controlled by
the ratio between the monomer and catalyst, exactly determined by NMR analysis to be 50 DP (Tables 1 and S23, and
Fig. S31, ESI†). The molecular weight of the polymer was also
confirmed by NMR spectra.

Fig. 2 1H NMR spectra comparison of the NHS ester (12), polymer
backbone (13) in CDCl3, 3,4,6-O-sulphated monosaccharide (5), and the
relative glycopolymer (GP5) in D2O.
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Table 1

Properties of the synthesised glycopolymers

No.

Sugar
type

Mn
(NMR)a

Rhb
(nm)

Zeta-potentialb
(mV)

Yieldc

GP1
GP2
GP3
GP4
GP5
GP6

1
2
3
4
5
6

38 kDa
36.7 kDa
28.7 kDa
32 kDa
32 kDa
32 kDa

323
363
531
285
266
182.5

−9.21
−13.5
−5.82
−26.6
−19.8
−23.5

92%
88%
76%
80%
90%
87%

Molecular weight (Mn) were determined by 1H NMR integration. b Rh
and zeta potential were measured with a Zetasizer Nano ZS90 instrument. c Yield% = [(actual weight of glycopolymer)/(weight of fully substituted glycopolymer)] × 100%.
a

Diverse glycopolymers were prepared by post-modification
of the polymer backbone with amidation on diﬀerent galactosamine building blocks. Prior reports had suggested amidation could be handled in a PBS buﬀer/DMF solvent, but we
found that the hydrophobic polymer backbone and hydrophilic galactosamine derivatives could not dissolve simultaneously. Therefore, we developed a DMF/H2O (7 : 1) cosolvent mixture for the coupling reaction. All of the components were fully dissolved in this homogeneous system, and
the reaction was successfully promoted by triethylamine (Et3N)
as a proton scavenger. Accordingly, the 1H NMR spectra indicated successful construction of glycopolymers after the coupling and purification steps. The mole fraction of sulphated
monosaccharide was determined through the comparison of
the protons at the anomeric position and the alkene groups
(Fig. 2 and S27–S32, ESI†). With the six sulphated galactosamine building blocks (1–6) in hand, we next designed and synthesised the glycopolymers (GP1–GP6) with distinct sulphation
patterns (Table 1). The molecular weights were determined by
the integration analysis of 1H NMR spectra for all glycopolymers (Table 1 and Fig. S25–S30, ESI†). All of the glycopolymers
were found to be self-assembled into nanoparticles that could
be potentially attributed to the diblock amphiphilic copolymers composed of the hydrophobic backbone and hydrophilic
sugar moieties. The size and morphology of the resulting glycopolymers were characterised by dynamic light scattering
(DLS) and transmission electron microscopy (TEM). As shown
in Fig. 1 and Table 1, glycopolymers evolved to form spherical
nanomicelles with diameters of 182.5–531 nm at pH 7.2. In
addition, the stability of nanomicelles was evaluated by zeta
potential at pH 7.2, and their values were measured to be
−5.82 to −26.6 mV (Table 1), guaranteeing the stability of the
nanomicelles. Interestingly, GP5 with moderate zeta potential
value showed the highest bioactivity, which is consistent with
the reference results16a possibly due to the charge repulsion at
higher sulphate content.
Screening for heparanase inhibitory activity and cytotoxic
activity in vitro
Heparanase, through the cleavage of heparan sulphate proteoglycans (HSPGs) releases HS, which plays an important role in
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Schematic illustration of the preparation of various glycopolymers by “post-modiﬁcation” strategy. a DSS = degree of sugar substitution.

Table 2 Inhibition of heparanase by sulphated glycopolymers using a
TR-FRET Assay

Entry

Compounds

IC50 a

1
2
3
4
5
6
7
8
9

GP-1
GP-2
GP-3
GP-4
GP-5
GP-6
DS
LMWHb
Heparin

2.13 μM
456 nM
289 nM
387 nM
5.39 nM
263 nM
1.15 μM
18.1 nM
3.74 nM

a
Inhibition of heparanase was assessed by in vitro TR-FRET assay
against fluorescently-tagged HS. b LMWH = low molecular weight
heparin.

tumour growth and metastasis. We focused on the inhibition
of heparanase activity by glycopolymers with diﬀerent sulphation patterns,8–10 which could be highly correlated to the
tumour inhibitory activity. The inhibitory eﬀect was assessed
using a Time-Resolved Fluorescence Resonance Energy
Transfer (TR-FRET) assay. The results showed that heparanase
inhibitory activity is closely related to the pattern and degree
of sulphation (Table 2 and Fig. 3A). Non-sulphated glycopolymer GP1 were devoid of any significant heparanase inhibitory
capacity (IC50 = 2.13 μM for GP1, Table 1, entry 1 and Fig. 3A),
while the sulphated glycopolymers exhibited higher aﬃnity
with heparanase. Notably, glycopolymer GP5 with 3,4,6-O-sulphation had the highest heparanase inhibitory eﬀect with IC50
value at 5.39 nM (Table 2, entry 5), which is comparable to

This journal is © The Royal Society of Chemistry 2020

Fig. 3 (A) Inhibition of heparanase by diverse sulphated glycopolymers
using a TR-FRET assay (n = 3). (B) Screening for cytotoxic activity of
HeLa and K562 cells with GP1–GP6, DS, and HP (n = 3).

heparin at 3.74 nM (Table 2, entry 9). The glycopolymer with
N-sulphation showed relatively lower heparanase inhibition
than N-acetylated glycopolymer, but it also showed higher
inhibitory eﬀect than other glycopolymers. The results
obtained in this study is comparable with the report from
Miura’s group16c as well. 3,4,6-O-Sulfated and N-acetylated glycopolymers possess the highest inhibitory eﬀects.
We screened glycopolymers by measuring their proliferation inhibitory activities against HeLa cell and K562 cell to
demonstrate the potential antitumour activity of glycopolymers. The influence of the sulphation mode on the cytotoxic
activity was evaluated along with synthetic glycopolymers,
natural dermatan sulphate (DS), and heparin. GP2 and GP3
with monosulphated groups only showed moderate inhibition
similar to non-sulphated glycopolymer GP1. In contrast, GP5
with 3,4,6-O-sulphated groups showed significant cytotoxicity
compared to other glycopolymers (Fig. 3B), which is consistent
with the results of heparanase inhibitory activities suggesting
that the inhibition of HeLa and K562 cell proliferation could
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be potentially induced by heparanase suppression.
Interestingly, DS and heparin showed little cytotoxicity towards
proliferating tumour cells, possibly due to their dose/concentration dependent eﬀect on cell proliferation vs. inhibition.
The 3,4,6-O-sulphated glycopolymer (GP5) exhibits superior
ability to kill cancer cells and inhibit heparanase activity.
Therefore, the end-functionalised glycopeptide mimetic, 3,4,6O-sulphated GalNAc glycopolymer (GP5) was synthesised for
subsequent studies.

Published on 29 June 2020. Downloaded on 8/4/2020 4:07:11 PM.

End-functionalisation of glycopolymer with iRGD peptide
Previous studies indicate that functionalised capping agents
containing a symmetric cis-olefin could be used for rapid and
eﬃcient end-capping of ROMP.21 This provides an approach
for the concise establishment of glycopeptide mimetics with
specific properties. Here, we report a terminating agent 16
developed for the capping of a ROMP-derived polymer with
maleimide, providing an active site for the coupling with other
biological molecules. As depicted in Scheme 2, copper-catalyzed azide–alkyne cycloaddition (CuAAC) of cis-butenedioicbis(6-azidohexyl) ester 15 with 6-(N-maleimido)-N-(2-propynyl)
hexanamide 14 smoothly generated the terminating agent 16,
which was then determined by 1H NMR with the shift from the
alkyne signal at 2.22 ppm to the triazoles signals at 7.56 ppm
(Fig. S20–S22 and S33, ESI†). Next, the end-functional polymer
backbone (50 DP) was formed via 16 as a capping agent
instead of vinyl ether for terminating the ROMP reaction, and
the end-functionalised 3,4,6-O-sulphated glycopolymer GP5-TA
was then synthesised by the abovementioned postpolymerization.
iRGD, a tumour-homing peptide, is mainly composed of
arginine, glycine, and aspartic acid that can specifically bind
to integrin avβ3 on the tumour endothelium to achieve specific
adhesion to tumours. Numerous studies have reported that
compounds coupled with iRGD can spread into the tumour
parenchyma, thereby increasing its antitumour activity.22
Therefore, the iRGD peptide was attached to the glycopolymer
GP5-TA to improve the tumour targeting of the glycopolymers
in this study. Finally, the thiol group on the iRGD peptide can

Scheme 2

eﬀectively react with maleimide to obtain the end-functionalised glycopeptide mimetic GP5-iRGD for further evaluation of
its antitumour mechanism (Scheme 2).
Anti-tumour mechanism of end-functionalised glycopeptide
mimetic
The fluorescent group Cy3 was subsequently introduced into
the glycopolymer, and the intracellular fluorescence intensity
of GP5-iRGD in HeLa cells was detected by flow cytometry to
determine whether end-functionalised glycopeptide mimetic
GP5-iRGD could eﬀectively bind to the tumour cells. Fig. 4A
shows that HeLa cells were incubated with GP5 and GP5-iRGD
for 4 h, and the significantly stronger fluorescence intensity
was detected after incubation with GP5-iRGD compared with
only GP5, suggesting that GP5-iRGD have higher cellular
uptake eﬃciency for possessing anti-tumour activity (Fig. 4A).
We examined the fluorescence localization of GP5-iRGD in
cells by confocal microscopy to further determine the cellular
distribution of glycopeptide mimetic GP5-iRGD in HeLa cells.
The results showed that after incubation with GP5-iRGD for
4 h, the fluorescence of GP5-iRGD clearly appeared in the cytoplasm of HeLa cells; much more fluorescence appeared in the
cytoplasm after incubation for 12 h. These results indicated
that GP5-iRGD was localised to the cytoplasm of HeLa cells
with a time-dependent distribution (Fig. 4B and S32, ESI†).
Heparanase can also activate several signalling pathways,
including ERK and FGF-FGFR.23 We evaluated several key signalling molecules by western blot analysis to determine
whether GP5-iRGD inhibition on heparanase induced the inhibition of its related signalling pathways. Compared with the
control group, the phosphorylation levels of ERK were inhibited, suggesting that GP5-iRGD-induced heparanase inhibition
also inactivated the downstream signalling pathways, while
their protein levels were not aﬀected (Fig. 4C and D). We also
detected the PI3K/AKT/mTOR signalling pathway, which is an
important growth signalling pathway for tumour cells. The
activation of AKT, PI3K, and mTOR all decreased after GP5iRGD treatment, while their total protein levels remained the
same as before (Fig. 4C and D), suggesting that GP5-iRGD also

Synthesis of the terminating agent 16 (A) and end-functionalised glycopeptide mimetic GP5-iRGD (B).
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Fig. 4 (A) Flow cytometric analysis of ﬂuorescence intensity in HeLa cells incubated with GP5 and GP5-iRGD (20 μg mL−1) for 4 h. (B) Confocal
images of HeLa cells incubated with GP5-iRGD (20 μg mL−1) for 4 h and 12 h. (C) GP5-iRGD inhibits the activation of HPA downstream and proliferation-related signalling molecules. HeLa cells were treated with diﬀerent concentrations of GP5-iRGD, and western blot was used to detect the signalling molecules. (D) Bar graph shows the decrease in phosphorylation levels of ERK, AKT, PI3K, and mTOR. The values represent the means ± SD.
*P < 0.05, **P < 0.01 versus the DMSO vehicle control group. All of the experiments were performed in three replicates (n = 3).

inhibited the proliferation and related signalling pathways in
HeLa cells.

cell proliferation. We hypothesised that the glycopeptide
mimetic could be potentially developed as a novel tumour suppressor through the inhibition of heparanase and related signalling pathways in the future.

Conclusion
In this study, we established a rational and concise approach
for the development of potential tumour suppressors based on
the structure of GAGs. Six glycopolymers decorated with distinct sulphation patterns on galactosamine derivatives were
fabricated by post-polymerization strategy. Heparanase and
tumour inhibitory activities are closely related to the sulphation patterns and degrees, and the glycopolymer containing
3,4,6-O-sulphated GalNAc motifs showed the strongest inhibitory activity on both heparanase and tumour inhibition. We
also designed a functionalised terminating agent to obtain the
end-functionalised glycopeptide mimetic containing 3,4,6-Osulphated GalNAc, and iRGD as a tumour-targeting peptide.
We also demonstrated that the end-functionalised glycopeptide mimetic could successfully enter HeLa cells in a timedependent manner. The study of the related signalling pathways, including ERK, AKT, PI3K, and mTOR, confirmed the
downregulation of their phosphorylation levels during HeLa

This journal is © The Royal Society of Chemistry 2020

Experimental section
General procedure for the preparation of polymer containing
NHS ester
A solution of NHS ester 12 in CH2Cl2 was stirred at −78 °C for
30 min with argon protection. A stock solution of the Grubbs
third catalyst was freshly prepared at 14.2 mg mL−1 in dichloromethane. Following the addition of desirable amounts
of the catalyst solution, the mixture was stirred vigorously at
−78 °C for 20 min, and then stirred at room temperature protected from light. The reaction time for the complete consumption of the monomer was monitored by thin layer chromatography (TLC). At the end of the reaction, excess ethyl vinyl
ether was added to quench the reaction, and the mixture was
then stirred for 30 min. Following stirring, the excess Et2O (×5
volume) was added, and a light brown precipitate was formed.
The suspension was centrifuged and the ether was then dec-
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anted. Repeat the process of centrifuging and decanting to
aﬀord the final polynorbornyl NHS ester as a grey solid. The
polymer was stored at −20 °C and characterised by 1H-NMR.
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General procedure for post-modification of NHS-containing
polymer with sugar units
Before the condensation of NHS-containing polymer with
sugar units, an NHS-containing polymer (1 eq., based on
monomer) was dissolved in 1.4 mL DMF to prepare solution A,
and terminal amine functionalised galactosamine (1.2 eq.) was
dissolved in 200 μL deionised water to prepare solution
B. Afterward, solution A and Et3N (5 eq.) were added to solution B quickly. The mixture was stirred vigorously under room
temperature for 5 h after which TLC indicated full conversion.
The mixture was dialyzed against deionised water for 3 days
using cellulose membranes with a molecular weight cut-oﬀ of
3.5 kDa and lyophilised to obtain the purified glycopolymer as
a white powder. The glycopolymers were stored at −20 °C and
characterised by 1H-NMR.
TR-FRET heparanase inhibition assay
Heparanase inhibition assays were performed using the heparanase assay toolbox with (human recombinant heparanase
7570-GH). A total of 42 μL of inhibitor solution in Milli-Q
water or just Milli-Q water (as a control) and 42 μL of heparanase (5.3 nM, R&D Systems) solution in pH 7.5 tris buﬀer (consisting of 20 mM Tris-HCl, 0.15 M NaCl, and 0.1% CHAPS) or
a buﬀer blank were added into microtubes and preincubated
at 37 °C for 10 min. Next, 84 μL of biotin-heparan sulphate-Eu
cryptate (Cisbio, Cat # 61BHSKAA; 0.7 μg mL−1 in pH 5.5 0.2 M
NaCH3CO2 buﬀer) was added to the microtubes, and the
resulting mixture was incubated for 60 min at 37 °C. The reaction mixture was stopped by adding 168 μL of StreptavidinXLent (Cisbio, Cat # 611SAXLA; 1.0 μg mL−1) solution in pH
7.5 dilution buﬀer made of 0.1 M NaPO4, 0.8 M KF, 1 μg mL−1
heparin, and 0.1% BSA. After the mixture was incubated at
room temperature for 15 min, 100 μL ( per well) of the reaction
mixture was transferred to a 384-well microplate
(Greiner#781080 384-well) in triplicates and HTRF emissions
at 620 nm and 665 nm were measured with 320 nm using
Spark 10 M Microplate Reader (Tecan).
Cell viability assay
Human chronic myelogenous leukemia cell line K562 and
human cervical cancer cell line HeLa used in our experiments
were purchased from Shanghai Cell Bank (Chinese Academy of
Science, China). K562 cells were cultured in Iscove’s Modified
Dulbecco’s Medium (IMDM) containing 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37 °C in a
humidified incubator containing 5% CO2. HeLa cells were
maintained in modified Eagle’s medium (MEM) with 10% FBS
and 1% penicillin/streptomycin.
The MTT assay was used in the cell viability. HeLa cells and
K562 cells were seeded in 96-well plates at a density of 4000
cells per well, and the cells were incubated with polymer
vehicle solution (GP1–6) for 72 h at final concentrations of
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160 μg mL−1. Then 20 μL of MTT solution (5.0 mg mL−1) was
added to the wells and incubated for 4 h at 37 °C. The solution
was then discarded, and 150 μL of DMSO were added into the
microplate to dissolve the MTT-formazan. The absorbance at
570 nm was measured using a microplate reader (BioTek,
Winooski, VT, USA):
Cell viability ð%Þ ¼ ðOD570 test=OD570 controlÞ $ 100%:
Confocal microscopy for the localization of GP5-iRGD
HeLa cells were seeded in 24-well plates and treated with 20 μg
mL−1 of GP5-iRGD for 2 h, 4 h, and 12 h, respectively. The
cells were then washed twice with PBS and fixed with 4% paraformaldehyde for 1 h. After washing away paraformaldehyde,
the cells were stained with 200 μL of DAPI for 10 min. Finally,
the DAPI was removed, and the localization of GP5-iRGD in
the cells was imaged with a confocal microscope.
Fluorescence intensity detection
HeLa cells were incubated with 20 μg mL−1 GP5 and GP5-iRGD
for diﬀerent time. The cells were then collected and washed
twice with PBS. Fluorescence intensity was detected by flow
cytometry (Beckman Coulter, CA, USA).
Western blot analysis
After GP5-iRGD treatment, HeLa cells were collected and lysed
with loading buﬀer for 45 min at 4 °C. The lysate was boiled
for 15 min and stored at −20 °C. The protein samples were
separated by 8% sodium dodecyl sulphate polyacrylamide gels
and transferred onto a nitrocellulose filter membrane. The
membranes were then incubated with 5% skimmed milk for
blocking nonspecific antigenic sites. Afterwards, the membranes were incubated with the corresponding primary antibodies and HRP-conjugated secondary antibodies. Blots were
detected using enhanced chemiluminescence solution.
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