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n of heparan sulfate by heparin-
binding copolymer as a potential therapeutic target

Bartlomiej Kalaska, a Joanna Miklosz, a Kamil Kamiński,b Bogdan Musielak,b

Shin-Ichi Yusa,c Dariusz Pawlak,a Maria Nowakowska,b Krzysztof Szczubiałka*b

and Andrzej Mogielnicki *a

Besides regulating ligand–receptor and cell–cell interactions, heparan sulfate (HS) may participate in the

development of many diseases, such as cancer, bacterial or viral infections, and their complications, like

bleeding or inflammation. In these cases, the neutralization of HS could be a potential therapeutic target.

The heparin-binding copolymer (HBC, PEG41-PMAPTAC53) was previously reported by us as a fully

synthetic compound for efficient and safe neutralization of heparins and synthetic anticoagulants. In

a search for molecular antagonists of HS, we examined the activity of HBC as an HS inhibitor both in

vitro and in vivo and characterized HBC/HS complexes. Using a colorimetric Azure A method, isothermal

titration calorimetry and dynamic light scattering techniques we found that HBC binds HS by forming

complexes below 200 nm with less than 1 : 1 stoichiometry. We confirmed the HBC inhibitory effect in

rats by measuring activated partial thromboplastin time, prothrombin time, anti-factor Xa activity, anti-

factor IIa activity, and platelet aggregation. HBC reversed the enhancement of all tested parameters

caused by HS demonstrating that cationic synthetic block copolymers may have a therapeutic value in

various disorders involving overproduction of HS.
Introduction

Heparan sulfate (HS)1,2 is a glycosaminoglycan (GAG), a natu-
rally sulfated polysaccharide with a total content of approxi-
mately one sulfate per disaccharide unit. The molecular weight
of HS is quite disperse (14–45 kDa),3 and its structure varies
between tissues.2 It is synthesized in the Golgi compartments of
the cells, covalently attached to the core proteins forming
heparan sulfate proteoglycans (HSPGs). These complexes are
associated with the surface of virtually all cells and with extra-
cellular matrix (ECM) of animal tissues. HSPGs play a vast
number of physiological roles. The activity of HSPGs is based on
the electrostatic interactions of highly charged HS chains with
proteins.4 A degree of selectivity in the binding of HSPGs to
various ligands (e.g., growth factors, cytokines and morpho-
gens) has been observed. HSPGs act as receptors for proteases,
facilitate cell–ECM attachment and cell–cell interactions,
modulate the activity of angiogenic factors,5 and play a prom-
inent role in the immune system by regulating leukocyte
development and migration, immune activation, and inam-
matory processes.6 Last but not least, HS, being structurally very
l University of Bialystok, Mickiewicza 2c,

umb.edu.pl

rsity, Gronostajowa 2, 30-387 Krakow,

te School of Engineering, University of
close to heparin, shows anticoagulative properties, although
weaker than those of the latter.1 Like in the case of heparins, the
degree of sulfation of HS may vary signicantly and both low-7

and highly-sulfated8 forms of HS have been found depending on
the tissue of origin or in some pathologies.9–11

Unfortunately, HS also participates in many pathological
processes. HS may play a crucial role in cancer progression,
angiogenesis, and metastasis12,13 showing both tumor pro-
gressing14 or tumor inhibiting activity.15 HS was present in the
uid of an ascitic form of a chemically-induced pancreatic
ductal adenocarcinoma in the Syrian golden hamster. More-
over, plasma containing the uid showed markedly prolonged
coagulation times, indicating that HS may be largely respon-
sible for the bloody ascites.16 More recently it was found that
high serum HS concentration was responsible for the poor
treatment outcome with epidermal growth factor receptor-
tyrosine kinase inhibitors in patients with non-small cell lung
cancer.17 Since in this study HS concentrations were signi-
cantly higher in patients with progressive cancer than in those
with a non-progressive form of cancer, HS was proposed as
a candidate biomarker for treatment resistance.

Pathologically increased plasma levels of endogenous HS
may also be responsible for serious bleeding. Palmer and co-
authors have identied HS in the blood of a patient with
multiple myeloma who had lethal bleeding.18 The authors
concluded that recognition of the existence of endogenous
anticoagulant inhibitors in bleeding patients could be crucial
This journal is © The Royal Society of Chemistry 2019
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because of the potential for treatment with proper antidotes.
Recently, it has been shown that patients with untreated
mucopolysaccharidosis (MPS) had higher levels of HS in blood
in comparison to age-matched controls.19 Tolar et al. found that
increased levels of GAGs including HS were responsible for the
increased risk of life-threatening pulmonary bleeding.20

HSPGs have been found to be the components of the
attachment receptors of many viruses.21 It has been shown that
the interaction of dengue virus (DV) with human cells is
mediated by HSPGs,22 and a highly sulfated type of HS is
a cellular receptor utilized by DV envelope protein to bind to
target cells.23 Other ligands of this receptor such as heparin or
the polysulfonated pharmaceutical suramin prevented DV
infection, indicating that the interaction with HS is a critical
determinant of infectivity. Furthermore, acute HS levels were
signicantly higher in dengue patients and decreased at
convalescence.24 The authors concluded that developing phar-
maceuticals that inhibit target cell binding may be an effective
strategy for treating avivirus infections.23 HS-containing
receptors are also involved in the entry of many other viruses
causing both severe diseases (human immunodeciency virus
(HIV),25 hepatitis C virus (HCV),26 herpes simplex virus (HSV),27

Japanese encephalitis virus),28 mild pathologies (Sindbis virus29

foot-and-mouth disease virus,30 coxsackievirus A),31 and non-
pathogenic ones (human foamy virus).32 Recently, it was also
shown that blocking the interaction of HS with Ebola virus leads
to signicant inhibition of basolateral infection of epithelial
cells.33

Myocardial dysfunction in sepsis has been linked to
inammation caused by pathogen-associated and host danger-
associated molecular patterns, which include soluble HS.34

Indeed, the administration of endotoxin from a Gram-negative
bacterium (Escherichia coli) to pigs resulted in increased serum
levels of HS, signalizing a shedding of the glycocalyx.35 The
experiments in HL-1 cardiomyocytes showed that compounds
antagonizing HS might have the potential for further develop-
ment as broad-spectrum anti-inammatory agents in sepsis-
induced myocardial inammation and dysfunction.34

All of these ndings indicate that HS could be a novel ther-
apeutic target in the treatment of cancer, viral infections,
bleeding, inammatory processes, MPS and possibly other
diseases. Therefore, both low-molecular-weight and macromo-
lecular compounds have been developed as the inhibitors of
various activities of HS or its biosynthesis. For example, surfen,
a small molecule capable of binding to HS, was found to inhibit
HS-dependent binding, and signaling by broblast growth
factor 2 (FGF2), infection by HSV-1, cell attachment, and
endothelial sprouting stimulated by vascular endothelial
growth factor and FGF2.36 Its interaction with HS also resulted
in strong and general inhibition of differentiation and promo-
tion of pluripotency in mouse embryonic stem cells.37 In a very
recent study surfen and its derivative, oxalyl surfen, showed
potential in the inhibition of tau hyperphosphorylation, which
was found to strongly correlate with the progression and
memory loss in Alzheimer's disease.38 It was suggested that
preventing tau hyperphosphorylation was due to surfen-
induced alterations in HS synthesis, metabolism, structure,
This journal is © The Royal Society of Chemistry 2019
and stability. Moreover, compounds that inhibit HS–protein
interactions have considerable potential as anti-inammatory
therapeutics.39 Also, glucosamine analogs which inhibit HS
biosynthesis have been proposed as possible drugs in the
treatment of amyloid diseases.40 However, inhibiting HS
synthesis may result in unpredictable adverse effects taking into
account the multiple physiological roles of HS.

In this study, we have focused on the possibility of inhibition
of the anticoagulant activity of HS, particularly because there
are no reports on the reversal of HS-induced bleeding. This
action of HS was previously neutralized by protamine.41

However, the inhibition was weaker than that of unfractionated
heparin (UFH), especially when measured by anti-factor Xa
(anti-fXa) activity. Moreover, taking into account the safety
issues related to protamine use, it is not a good therapeutic
candidate.42 We have recently developed a heparin-binding
copolymer (HBC, PEG41-PMAPTAC53) well-tolerated by rats
and mice, which may constitute an alternative to protamine in
the efficient neutralization of UFH. Importantly, we found that
HBC also reverses anticoagulation caused by low-molecular-
weight heparins (LMWHs),43 fondaparinux,43 and sulfonated
synthetic polymers.44 Here, our aim was to check whether HBC
may bind and neutralize HS in the living organism. We used the
sample of HS as a model to show potential of HBC as a new
therapeutic for various disorders involving increased concen-
tration of HS.
Materials and methods
Materials

HS (95.95%) from 6C USA Inc was used as received. 4-Cyano-4-
(phenylcarbonothioylthio)pentanoic acid was synthesized
according to the method reported by Mitsukami et al.45

Poly(ethylene glycol)methyl ether (average molecular weight �
2000 Da) from Aldrich was used as received without further
purication. Poly(ethylene glycol)4-cyano-4-
(phenylcarbonothioylthio)pentanoate (PEG41-CTA) was
synthesized according to the literature with slight modica-
tion.46 3-(Methacryloylamino)propyl trimethylammonium
chloride (MAPTAC, 50 wt% in water) from Aldrich was passed
through an inhibitor removal column. 4,40-Azobis(4-
cyanopentanoic acid; V-501, 98%) from Wako Pure Chemical
was used as received without further purication. Azure A
chloride (Fluka standard) was purchased from Fluka (Swit-
zerland). Water was puried with a Millipore Milli-Q system.
Other reagents were used as received.
HBC preparation and characterization

The preparation, recovery, and characterization of HBC have
been described previously.43 Briey, MAPTAC (5.53 g, 25.0
mmol), V-501 (69.2 mg, 0.247 mmol), and PEG41-CTA (1.13 g,
0.501 mmol) were dissolved in water (41.0 mL). The mixture was
degassed by purging with Ar gas for 30 min. Reversible
Addition-Fragmentation chain Transfer (RAFT) polymerization
was carried out at 70 �C for 5 h. The polymerization mixture was
RSC Adv., 2019, 9, 3020–3029 | 3021
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dialyzed against pure water for two days. HBC was recovered
using a freeze-drying technique (5.58 g, 83.8%).

In vitro anticoagulant properties of HS

The anticoagulant properties of HS were analyzed by measuring
activated partial thromboplastin time (aPTT), prothrombin
time (PT), and anti-fXa and anti-factor IIa (anti-fIIa) activity. In
brief, 200 mL of pooled rat plasma were mixed with 20 mL of HS
(0.005, 0.01, 0.05, 0.1 mgmL�1 of pooled plasma). Aer 5 min of
incubation (37 �C), coagulation parameters were measured
according to the manufacturer instructions. aPTT and PT were
analyzed with an optical method (Coag Chrom 4000, Bio-Ksel)
and routine laboratory reagents (Bio-Ksel). Anti-fXa and anti-
fIIa activities were determined by chromogenic assays (Dynex
Tech.) and the manufacturer instructions (Sekisui Diagnostics).

In vitro binding of HS by HBC

The ability of HBC to bind HS was assessed with a colorimetric
method using Azure A, as described previously.43,44,47 Briey, HS
forms a complex with Azure A. Dimers of Azure A absorb at
513 nm while the monomeric forms of Azure A absorb at
630 nm. The addition of HS results in the disruption of Azure A
dimers and consequently increases 630 nm and decreases
513 nm absorption. The initial concentration of HS in the
mixture was 0.2 g L�1 whereas the concentration of the poly-
cation added was 1.6 g L�1. The volumes were mixed in such
a way that phosphate buffer solution (PBS) and a polycation
solution was added to 0.5 mL of HS so that the total volume of
the sample was 1 mL.

In vitro neutralization of HS by HBC

The ability of HBC to neutralize HS was assessed by measuring
aPTT, PT, and anti-fXa and anti-fIIa activity, as described
previously.43,44,47 Briey, 10 mL of HS (0.05 mg mL�1 of plasma)
was mixed with 200 mL of pooled plasma. Aer 2 min and 30 s of
incubation, 10 mL of a solution containing increasing concen-
trations of HBC (0.0125, 0.025, 0.0375, 0.05 mg mL�1 of pooled
plasma; mass ratios 0.25 : 1, 0.5 : 1, 0.75 : 1, 1 : 1) was added.
Aer 2 min and 30 s of incubation, the aPTT, PT, and anti-fXa
and anti-fIIa activity were automatically determined according
to the methods described above.

Dynamic light scattering (DLS) and zeta potential
measurements

The size of complexes formed by HBC and HS was studied with
the DLS technique in serum and PBS. HS was dissolved in PBS
or bovine serum (0.4 mg mL�1). To that mixture, the HBC
solutions in PBS buffer were added (12 mg mL�1), and the
formation of complexes was monitored by DLS and zeta
potential using a Zetasizer Nano-ZS (Malvern Instruments, UK).

Isothermal titration calorimetry (ITC) measurements

ITC measurements were made using Malvern MICROCAL
PEAQ-ITC. HBC was dissolved in PBS; its concentration was 8 g
L�1 (0.001078 mol L�1). HS was also dissolved in PBS in the
3022 | RSC Adv., 2019, 9, 3020–3029
concentration of 0.5 g L�1. The measurement temperature was
25 �C and the mixing speed of 750 rpm. The measuring
chamber contained 270 mL of HS solution to which 19 portions
of HBS solution, each 2 mL, were added.

Animals

Male Wistar rats obtained from the Centre of Experimental
Medicine in the Medical University of Bialystok were bred in
a 12 h light/dark cycle in a humidity- and temperature-
controlled room in specic pathogen-free conditions. They
allowed having ad libitum access to standard chow and steril-
ized tap water. All the procedures involving animals were
approved by Local Ethical Committee on Animal Testing
(Permit Number 60/2018) and conducted according to Directive
2010/63/EU of the European Parliament and the Council on the
protection of animals, ARRIVE guidelines, and the national
laws.

In vivo neutralization of HS by HBC

Thirty-three male Wistar rats weighing 182–212 g were
randomly assigned to 3 groups, anesthetized by an intraperi-
toneal injection of pentobarbital (45 mg kg�1), and placed in
a supine position on a heated operating table. Rats were intra-
venously injected into the right femoral vein with HBC (4.5 mg
kg�1) 5 min aer injection with HS (6 mg kg�1). Twenty minutes
aer HS administration, the blood samples were collected from
the heart and drawn into 3.13% trisodium citrate. Neutraliza-
tion of HS by HBC was monitored by measuring aPTT, PT, anti-
fXa and anti-fIIa activity, and platelet aggregation. Coagulation
parameters were determined as described above whereas
platelet aggregation was measured aer incubation of sodium
citrate-anticoagulated blood with 0.9% NaCl solution (volume
ratio 1 : 1) for 20 min at 25 �C and then for 15 min at 37 �C. The
changes in impedance registered as aggregation curve were
recorded for 6 min aer collagen addition (7.5 mg mL�1) using
a Chrono-log aggregometer (Chrono-log Corp.). Four parame-
ters were automatically calculated: maximal extension (MaxA),
lag phase (Lag), the slope of platelet aggregation (Slp), and area
under the curve (AUC). The white blood cell count (WBC) was
automatically performed using an animal blood counter (scil
Vet abc Plus, Horiba, France).

Statistical analysis

The data is shown as median with lower and upper limits or
mean � SD and analyzed using the Mann–Whitney test or
unpaired Student's t-test, depending on the normal distribution
results. Results were analyzed and graphically presented using
GraphPad Prism 6 soware (USA). P values less than 0.05 were
considered signicant.

Results
The anticoagulant properties of HS in rat plasma

HS concentration-dependently and maximally increased aPTT
and showed both anti-fXa and anti-fIIa activities. Themaximum
anticoagulant effect occurred at 0.05 mg mL�1 as measured by
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Anticoagulant properties of heparan sulfate (HS) in rat plasma. Effects of HS were monitored by measuring activated partial thrombo-
plastin time (aPTT, A), prothrombin time (PT, B), anti-factor Xa (anti-fXa, C) and anti-factor IIa (anti-fIIa) activity (D). Results are shown as median
values with lower and upper limits.
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aPTT, anti-fXa and anti-fIIa activity tests, while PT was pro-
longed two-fold for HS at 0.1 mg mL�1 (Fig. 1). We chose
0.05 mg mL�1 concentration of HS for further in vitro studies.
The binding and the neutralization of HS by HBC in
phosphate-buffered saline and rat plasma

From among a large panel of polymers we have previously
studied as the inhibitors of UFH43,47–51 and synthetic polymeric
Fig. 2 The chemical structure of heparin-binding copolymer (HBC).

This journal is © The Royal Society of Chemistry 2019
anticoagulants44 we have selected HBC as a potential HS
inhibitor (Fig. 2).

HBC is a block copolymer composed of a cationic block of
poly(3-(methacryloylamino)propyl trimethylammonium chlo-
ride) (PMAPTAC) and a neutral block of poly(ethylene glycol)
(PEG). HBC was synthesized using RAFT allowing for the prep-
aration of the block polymers with very low molecular weight
dispersity. Themolecular weight of HBC and its dispersity index
RSC Adv., 2019, 9, 3020–3029 | 3023
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Fig. 3 The binding of heparan sulfate (HS) by heparin-binding
copolymer (HBC) in phosphate buffer solution (PBS).
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were found to be 14 kDa (nuclear magnetic resonance, NMR)
and 1.02 (gel permeation chromatography, GPC), respectively.
The molecular weight of HBC was calculated based on the
integral intensity ratios of signals of the methylene protons in
Fig. 4 Neutralization of heparan sulfate (HS) by heparin-binding copo
measuring activated partial thromboplastin time (aPTT, A), prothrombin ti
fXa) activity (D). Results are shown as median values with lower and uppe
of rat plasma.

3024 | RSC Adv., 2019, 9, 3020–3029
the PEG block and the pendant methylene protons in the
PMAPTAC block and assuming the molecular weight of the PEG
block of 2000 Da provided by the manufacturer. HBC showed
superior in vitro and in vivo properties as a UFH inhibitor
compared to other studied polymers and protamine.43,47–51 To
nd out if HS is negatively charged enough to form a complex
with cationic HBC, we used a colorimetric method using Azure
A, a cationic dye. The experiment revealed that HBC completely
bound HS in PBS with an optimal ratio of 0.9 mg of the copol-
ymer for 1 mg of HS (Fig. 3).

For further analysis of the effectiveness of HBC, we studied
the in vitro neutralization of HS measured as aPTT, PT, anti-fXa
activity, and anti-fIIa activity in rat plasma. The results of the
coagulation tests indicated that the full neutralization of HS
required an HBC to HS ratio of about 0.75 : 1. Anti-fIIa activity
in the presence of HS was decreased by HBC even below the
desired normal value (Fig. 4). We chose 0.75 : 1 (HBC : HS) mass
ratio for further in vivo studies.
The neutralization of HS by HBC in rats

We used the same coagulation parameters to determine the in
vivo inhibitory potency of HBC on HS in Wistar rats as in the in
vitro studies. HBC completely neutralized HS as assessed by
aPTT, PT, and anti-IIa assays (Fig. 5). Anti-fXa assay showed
lymer (HBC) in rat plasma. Neutralization was monitored in vitro by
me (PT, B), anti-factor Xa (anti-fXa) activity (C), and anti-factor IIa (anti-
r limits. Dotted lines indicate normal values for coagulation parameters

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Neutralization of heparan sulfate (HS) (6 mg kg�1, 1 mL kg�1) by
heparin-binding copolymer (HBC) (4.5 mg kg�1, 1 mL kg�1 by weight)
in Wistar rats. Neutralization was assessed by measuring activated
partial thromboplastin time (aPTT, A), prothrombin time (PT, B), anti-
factor Xa activity (anti-fXa, C), and anti-factor IIa activity (anti-fXa, D).
***p < 0.001, unpaired Student's t-test. Results are shown as mean �
SD.

Fig. 6 Neutralization of heparan sulfate (HS) (6 mg kg�1, 1 mL kg�1) by
heparin-binding copolymer (HBC) (4.5 mg kg�1, 1 mL kg�1) in Wistar
rats. Neutralization was assessed by measuring platelet aggregation
expressed as the maximal extension (MaxA, A), the slope of platelet
aggregation (Slp, B), lag time (Lag, C), and area under the curve (AUC,
D) in rats. *p < 0.05, unpaired Student's t-test. Results are shown as
mean � SD.
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more than 90% neutralization of HS activity by HBC. HBC had
no procoagulant properties as observed in the in vitro anti-IIa
assay.

In the same animal model, we investigated the effect of HS
alone and followed by HBC on platelet aggregation. HS induced
statistically signicant activation of collagen-induced platelet
aggregation expressed as MaxA and AUC. HBC administered aer
HS did not affect the platelet aggregation compared to PBS-
injected rats, but signicantly reduced the slope of platelet
aggregation curve compared to HS-injected rats (Fig. 6). HBC did
not potentiate the increase ofWBC induced byHS (2.6� 0.7� 103/
mm�3, 3.7 � 0.7 � 103/mm�3, and 4.1 � 0.7 � 103/mm�3 in the
vehicle, HS, and HS + HBC, respectively; p < 0.05 vehicle vs. HS).
The size of HS–HBC complexes and heat of HS binding by
HBC

Using DLS technique, we found that the diameter of the objects
formed in the PBS solution of HS and in the mixtures of PBS
This journal is © The Royal Society of Chemistry 2019
solutions of HS and HBC at HBC/HS mass ratios from 0.3 to 1.5
was below 500 nm (Fig. 7, Table 1).

Both HS and HBC are strong polyelectrolytes therefore one
may expect that they form complexes with various proteins
present in serum.52 Indeed, we observed that HBC formed
complexes of very different sizes with serum proteins as indi-
cated by the three maxima present in the DLS spectrum of HBC
in serum (Fig. 7, green line). Because of the multitude of serum
proteins, it was not possible to ascribe the maxima to the
particular HBC-protein complexes. Moreover, the polycations
and polyanions also form complexes called polyion complexes
(PICs). In our case the respective polycation and polyanion are
HBC and HS, which in PBS (i.e. in the absence of proteins)
formed complexes smaller than 200 nm (Fig. 7, black line). The
PICs may also interact with proteins to form even larger
complexes.53 This might explain why the size of PICs in serum
was more disperse and extended to greater sizes than PICs in
PBS (Fig. 7, black line vs. green line) and why the PICs formed by
RSC Adv., 2019, 9, 3020–3029 | 3025
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Fig. 7 The size distribution of heparin-binding copolymer-heparan
sulfate (HBC–HS) complexes measured by dynamic light scattering
(DLS) analysis. The concentrations of HS and HBC were 0.4 mg mL�1

and 12 mg mL�1, respectively.

Fig. 8 The estimated heat of binding for the titration of heparan
sulfate (HS) with heparin-binding copolymer (HBC) measured by
isothermal titration calorimetry (ITC) method.
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HS and HBC in serum were greater than those in PBS (Fig. 7, red
line vs. green line).

The measurements of the zeta potential of HS in the systems
with increasing concentrations of HBC (Table 1) indicated that
the surface charge of the HS–HBC complexes became more and
more positive with increasing concentration of HBC. The zeta
potential increased monotonically from�8.6 mV to +2.3 mV for
HBC/HSmass ratio in the range of 0.3 to 1.5. These experiments
allowed also to nd out that the zeta potential of the complexes
at the HBC/HS mass ratio corresponding to complete neutrali-
zation of anticoagulant activity of HS (about 0.6) was equal to
�6.5 mV, while their size was about 170 nm. The negative zeta
potential of the HS–HBC complexes at this particular mass ratio
indicates that these complexes interact mostly with cationic
serum proteins.

Most importantly, the measurement of the size of HBC–HS
complexes indicated that the diameter of the complexes formed
in the blood vessels would not exceed 300 nm (Fig. 7). This is
a safe size concerning in vivo use and will not cause congestion
in blood vessels.

In the next step, we applied ITC technique to measure the
heat of the interaction between HS and HBC. We tried to
determine binding affinity, stoichiometry, and enthalpy of in
PBS solution and elucidate the mechanisms underlying
molecular interactions. The obtained data show that the
enthalpy DH (kcal g�1) of interaction was (9.8 � 0.2) � 10�2

(Fig. 8) conrming the formation of the complex. The ITC
measurement indicated that the process of HS complexation by
HBC continued until the HBC/HS mass ratio reached about 1,
what is indicated by the sudden drop of the evolved heat
occurring at this ratio down to values close to zero. Since the
measurement gave the net thermal effect of the interaction of
Table 1 The zeta potential and the average size of complexes formed a
ratios found from dynamic light scattering (DLS) measurements

HBC/HS mass ratio 0 (pure HS) 0.3 0.6

Zeta potential [mV] �10.3 � 0.7 �8.6 � 1.4 �6.5 �
Z-average size [nm] <10.0 89.0 169.7

3026 | RSC Adv., 2019, 9, 3020–3029
HS with HBC (the solvent was the same for both polymers so the
heat of mixing of both solutions was zero) it could be concluded
that further addition of HBC did not result in the formation of
complexes. Comparison of these results with those obtained
from the measurement of the zeta potential indicated also that
at HBC/HS mass ratio of 1 the zeta potential of the complexes
reached zero. Thus, the positive net zeta potential of aggregates
observed at HBC/HSmass ratio above 1 resulted from the excess
of positively charged unbound HBC macromolecules present in
the solution together with the HS–HBC complexes whose zeta
potential was close to zero.
Discussion

In the present study, we aimed to check if HBC can bind and
neutralize HS. We showed that HBC binds and forms complexes
with HS, and as a result, it reverses all the tested parameters
changed by HS. Importantly, the reversal of the anticoagulant
activity of HS by HBC was also observed in the living organism.

The binding of HS and HBC was characterized by a colori-
metric Azure A method, ITC and DLS techniques in the saline or
serum. We found that HBC binds this HS by forming complexes
below 200 nm with less than 1 : 1 stoichiometry. The size of
complexes is important for the safety issues: particles higher
than 1000 nm may block the smallest human pulmonary arte-
rioles. The neutralization was conrmed in vitro, and then in
vivo by measuring aPTT, PT, anti-fXa activity, anti-fIIa activity,
and platelet aggregation. HBC reversed the enhancement of all
tested parameters caused by HS.

We used HS with N-acetylglucosamine (ANac) content of 25%
(which was almost twice higher than that of heparin), as found
t different heparin-binding copolymer/heparan sulfate (HBC/HS) mass

0.75 0.9 1.2 1.5

0.1 �4.7 � 0.6 �2.7 � 0.8 0.9 � 0.1 2.3 � 0.2
154.0 143.8 371.3 500.7

This journal is © The Royal Society of Chemistry 2019
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from HS-QC NMR spectra (data not shown) while the content of
iduronic acid 2-O-sulphate groups was 45% which can be
compared with 74% for heparin and 21% for HS reported by
Guerrini54 suggesting that the HS we have studied was quite
a highly sulfated variant of this GAG.

We chose these coagulation parameters because it is well-
documented that they provide useful information related to
HS and HS-mimetic monitoring.1,55,56 The anticoagulant activity
of HS, although different to UFH, is also mediated via its ability
to activate the inhibition of factor Xa and factor IIa by anti-
thrombin (AT).1,55 Others showed that the signicant prolon-
gation of aPTT by HS was achieved at concentrations or doses
much higher than those of UFH. Similar effects, in favor of UFH,
were obtained on the inactivation of factor IIa and factor Xa by
AT.55,57 On the other hand, a better safety index was observed for
HS compared to UFH.58,59 Similarly to others,1,55,59 we found the
maximum anticoagulant effect of HS in plasma at 0.05 mgmL�1

as measured by aPTT, anti-fXa, and anti-fIIa activity tests. The
slight differences in the anticoagulant response to HS between
our ndings and other studies may result from non-identical
procedures and structural heterogeneity of HS obtained from
various sources and species.

The binding and the inhibition of HS by protamine was
previously demonstrated,41 but HS was inactive in the Xa assay,
unless AT was exogenously added. The neutralization was even
weaker in the experimental conditions more closely resembling
real blood circulation (in the presence of bovine albumin), and
no experiments with protamine were performed in vivo. In the
beginning, we checked the binding of HS by HBC in a colori-
metric method using Azure A, a cationic dye. The experiment
revealed that HBC completely bound HS with an optimal ratio
of 0.9 : 1. Next, we used well-documented coagulation parame-
ters (aPTT, PT, anti-factor IIa activity, and anti-factor Xa activity)
for HS monitoring. The in vitro results of the coagulation tests
indicated that the full neutralization of HS required an HBC to
HS ratio of about 0.75 : 1. In our recently published studies,43,44

we observed that the degree of inhibition of anticoagulant by
antidote in the in vitro studies correlated positively with this
degree in the in vivo studies. Therefore, we used the same ratio
(0.75 : 1) in an animal model. Rats were intravenously injected
with HBC (4.5 mg kg�1) aer injection with HS (6 mg kg�1)
(ratio 0.75 : 1). We showed that HBC completely neutralized
prolonged aPTT and PT, and increased activity of anti-fXa and
anti-fIIa in the living organism. Our results demonstrate that
HBC could bind and inhibit HS in humans with higher efficacy
than protamine, which ensures that it could be a good drug
candidate. Small molecules antagonizing efficiently heparins,
such as surfen or ciraparantag, could also neutralize HS, but no
such experiments were performed. HBC could have a thera-
peutic value in bleeding related to HS, which accompany
various disorders such as cancer or MPS. Probably, other
functions of HS could also be blocked by HBC, as we showed in
the platelet aggregation assay. The literature data describing the
effect of HS on the platelet aggregation is not evident. GAGs
isolated from the bovine aorta (containing only 1.7% of HS) and
HS alone inhibited thrombin-induced platelet aggregation,60,61

but collagen-induced platelet aggregation was not affected.
This journal is © The Royal Society of Chemistry 2019
Danaparoid, a mixture of sulphated glycosaminoglycorunans
derived from hog intestinal mucosa, also did not inhibit the
release of serotonin from collagen-activated rabbit platelets.62

In our study, HS slightly potentiated collagen-induced platelet
aggregation. We conducted an experiment in rats treated with
HS, not in the exogenous mixture of platelets and HS. There is
also evidence showing that heparin may increase collagen-
induced platelet aggregation.63,64 In our experiment, HBC
reversed the platelet activating effect of HS. Inhibition of HS
activity by HBC is probably a result of binding and formation of
inactive HBC–HS complexes as we showed in the colorimetric
method with Azure A and ITC technique. We may expect that
the virus infection through complexed HS could be interrupted.

We are aware that, besides efficacy, the new drug candidate
should possess a benecial safety prole, ensuring its success-
ful entry into initial clinical phases of development. The
example of protamine shows clearly that cationic macromole-
cules show cytotoxicity, which limits their usefulness as human
medicines.42 However, HBC was designed to be better tolerated
than protamine. HBC, consisting of nonionic PEG block and
cationic block PMAPTAC assembles with anionic HS forming
PICs when mixed in aqueous solution. PICs are composed of
a PEG shell and segregated cation–anion PIC core.46 The char-
acteristics of HBC, the neutralization of UFH, enoxaparin and
fondaparinux, and the toxicity data were described by us
previously.43 We showed that HBC, when infused into rats in the
therapeutic doses, did not change: blood pressure, heart rate,
tissue perfusion of rat's paw, blood oxygen saturation, respira-
tory rate, peak exhaled CO2, the serum concentration of aspar-
tate aminotransferase, alanine transaminase, alkaline
phosphatase, creatine phosphokinase, creatinine and the
number of white blood cells, red blood cells, hemoglobin,
hematocrit, mean corpuscular volume, mean corpuscular
hemoglobin, mean corpuscular hemoglobin concentration or
blood platelets. Similarly, in the present manuscript, adminis-
tration of HBC did not potentiate, but rather inhibited WBC
increase induced by HS. Nevertheless, we are still evaluating the
nonclinical safety of HBC, and future experiments in the small
and large animal models of specic diseases are needed before
entering clinical tests.

Conclusions

In the current study, we presented a new pharmacological tool
with a clear target of action (the neutralization of HS). The
principle of HS neutralization indicates promising therapeutic
potential of HBC in various diseases involving overproduction
of HS.
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M. S. G. Pavão and M. P. Stelling, BioMed Res. Int., 2015,
2015, 253801.

13 E. H. Knelson, J. C. Nee and G. C. Blobe, Trends Biochem. Sci.,
2014, 39, 277–288.

14 F. Cecchi, D. Pajalunga, C. A. Fowler, A. Üren, D. Rabe,
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