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Synthesis, Biological Evaluation and Reversal of Sulfonated
Di- and Triblock Copolymers as Novel Parenteral
Anticoagulants

Justyna Swieton, Joanna Miklosz, Natalia Bielicka, Aleksandra Frackiewicz,
Karol Depczynski, Marta Stolarek, Piotr Bonarek, Kamil Kaminski, Piotr Rozga,
Shin-Ichi Yusa, Anna Gromotowicz-Poplawska, Krzysztof Szczubialka, Dariusz Pawlak,
Andrzej Mogielnicki, and Bartlomiej Kalaska*

Despite targeting different coagulation cascade sites, all Food and Drug
Administration-approved anticoagulants present an elevated risk of bleeding,
including potentially life-threatening intracranial hemorrhage. Existing studies
have not thoroughly investigated the efficacy and safety of sulfonate polymers
in animal models and fully elucidate the precise mechanisms by which these
polymers act. The activity and safety of sulfonated di- and triblock copolymers
containing poly(sodium styrenesulfonate) (PSSS), poly(sodium
2-acrylamido-2-methylpropanesulfonate) (PAMPS), poly(ethylene glycol)
(PEG), poly(sodium methacrylate) (PMAAS), poly(acrylic acid) (PAA), and
poly(sodium 11-acrylamidoundecanoate) (PAaU) blocks are synthesized and
assessed. PSSS-based copolymers exhibit greater anticoagulant activity than
PAMPS-based ones. Their activity is mainly affected by the total concentration
of sulfonate groups and molecular weight. PEG-containing copolymers
demonstrate a better safety profile than PAA-containing ones. The selected
copolymer PEG47-PSSS32 exhibits potent anticoagulant activity in rodents
after subcutaneous and intravenous administration. Heparin Binding
Copolymer (HBC) completely reverses the anticoagulant activity of polymer in
rat and human plasma. No interaction with platelets is observed. Selected
copolymer targets mainly factor XII and fibrinogen, and to a lesser extent
factors X, IX, VIII, and II, suggesting potential application in blood-contacting
biomaterials for anticoagulation purposes. Further studies are needed to
explore its therapeutic applications fully.

J. Swieton, J. Miklosz, A. Frackiewicz, K. Depczynski, D. Pawlak,
A. Mogielnicki, B. Kalaska
Department of Pharmacodynamics
Medical University of Bialystok
Mickiewicza 2C St., Bialystok 15-089, Poland
E-mail: bartlomiej.kalaska@umb.edu.pl
N. Bielicka, A. Gromotowicz-Poplawska
Department of Biopharmacy and Radiopharmacy
Medical University of Bialystok
Mickiewicza 2C St., Bialystok 15-089, Poland

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.202402191

DOI: 10.1002/adhm.202402191

1. Introduction

Anticoagulants are pivotal in the therapy of
thrombotic diseases, for example, myocar-
dial infarction, ischemic stroke, or venous
thromboembolism, which still present sig-
nificant challenges to global healthcare sys-
tems. Despite the availability of anticoagu-
lants, medical needs associated with throm-
boembolic conditions are still not fully met.
According to recent World Health Orga-
nization reports,[1] ischemic heart disease
and stroke remain the two top causes of
mortality worldwide. Unfractionated hep-
arin (UFH), a rapid-acting anticoagulant ad-
ministered intravenously (i.v.), is primarily
used to prevent coagulation during cardio-
vascular or percutaneous interventions.[2]

Despite its effectiveness, UFH possesses
limitations, such as variable pharmacoki-
netics, high risk of bleeding, and the
necessity for frequent monitoring and
dose adjustments.[3,4] Consequently, low-
molecular-weight heparins (LMWHs) were
introduced to address these shortcomings.
While both UFH and LMWHs contain a
pentasaccharide unit and sulfate groups,
their interactions with antithrombin (AT)
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and coagulation factors differ. UFH binds and accelerates AT’s
inhibition of several coagulation factors, mostly fIIa and fXa. In
contrast, LMWHs, characterized by a shorter chain than UFH,
primarily inhibit fXa activity by binding to AT, with limited abil-
ity to bind fIIa.[5] Clinical data demonstrated comparable efficacy
in treating deep vein thrombosis between home-treated LMWHs
and hospital-administered UFH treatments.[6,7] LMWHs enable
subcutaneous (s.c.) administration and less frequent dosing reg-
imens, offering convenience and improved patient compliance
during chronic therapy. However, due to bleeding complications,
there is a need for effective reversal agents that manage this ad-
verse event and ensure patient safety.

Recent studies have highlighted the anticoagulant potential of
heparin-mimicking polymers, as they possess the ability to inter-
act with key coagulation factors, for example, fIIa and fXa, and an-
ticoagulant proteins, such as AT and heparin cofactor II.[8–11] Self-
anticoagulant sponges have been developed for whole blood auto-
transfusion, providing anticoagulation by irreversibly depleting
fXI and inhibiting fIIa.[8] Similarly, hydrogel microspheres that
bind fVIII, fIX, and fXI prevent clot formation in extracorpo-
real circuits.[9] Universal Heparin Reversal Agent (UHRA) could
be a promising candidate for clinical antithrombotic agents due
to its unique polyP-targeting mechanism and low toxicity, with
the potential to address the limitations of current antithrombotic
therapies.[12] Additionally, polyglycerol sulfate was found to sig-
nificantly prolong clotting time, which indicates its effective an-
ticoagulant properties.[13]

Protamine is currently the only Food and Drug
Administration-approved antidote for UFH, but its effectiveness
against LMWHs is limited. Moreover, protamine’s lack of speci-
ficity can lead to complications, including excessive bleeding
and hypersensitivity reactions, necessitating careful titration
and monitoring.[14–17] Various compounds, such as Platelet
Factor 4, Heparin Binding Copolymer (HBC), and UHRA
are being investigated in preclinical settings to address these
concerns.[12,18–23] Despite promising advancements, challenges
in achieving clinical translation of those antidotes remain. One
promising candidate during clinical trials is andexanet alfa, a
modified recombinant inactive fXa, which has shown efficacy
in reversing the effects of direct oral anticoagulants,[24–26] but
it was less effective than protamine against UFH and LMWHs
reversal.[27]

In recent years, there has also been growing interest in the
potential of synthetic polymers containing sulfate, sulfonate,
and carboxyl groups as anticoagulant agents.[28–33] Their well-
controlled structure could offer customization of anticoagu-
lant activity, precise and predictable pharmacokinetics, and mit-
igation of adverse effects observed with conventional thera-
pies. Here, we have focused on developing novel synthetic
block copolymers with sulfonate groups that mimic the an-
ticoagulant activity of heparins. To obtain polymers with a
well-defined and controllable molecular weight that enables
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high reproducibility, the reversible addition-fragmentation chain
transfer (RAFT) polymerization method was used. We have
also demonstrated that the most promising candidate’s activ-
ity was effectively reversed by a polymer-based cationic anti-
dote – HBC, previously developed by us.[19,20] We have also
elucidated the potential mechanism of action of our selected
anticoagulant.

2. Results

2.1. Characterization of the Studied Copolymers

We have prepared block copolymers via RAFT-controlled
radical polymerization. A triblock copolymer (PEG49-
PAMPS318-PMAAS100) composed of poly(ethylene glycol)
(PEG), poly(sodium 2-acrylamido-2-methylpropane sulfonate)
(PAMPS), and poly(sodium methacrylate) (PMAAS) blocks
was synthesized in accordance with a reference paper.[34] The
subscript numbers express degrees of polymerization estimated
from proton nuclear magnetic resonance (1H NMR) spectra. An
ABA-type block copolymer (PSSS89-PEG229-PSSS89) composed
of poly(sodium styrene sulfonate) (PSSS) and PEG was synthe-
sized using a bifunctional PEG macro chain transfer agent.[35]

A diblock copolymer (PAMPS75-PAaU28) composed of PAMPS
and poly(sodium 11-acrylamidoundecanoate) (PAaU) was syn-
thesized via RAFT.[36] Diblock copolymers (PSSS58-PAAm; m =
33 and 63, and PEG47-PSSSn; n = 32 and 99) composed of PSSS,
poly(acrylic acid) (PAA), and PEG were prepared via RAFT.[37,38]

Figure 1 shows the chemical structures of the block copolymers
used in this study. The number-average molecular weight (Mn),
estimated from 1H NMR, and molecular weight distribution
(Mw/Mn), estimated from gel-permeation chromatography, were
summarized in Table 1. The Mw/Mn values were relatively nar-
row, suggesting that the block copolymers have a well-controlled
structure.

2.2. in vitro Anticoagulant Activity Measured by Activated Partial
Thromboplastin Time (aPTT) Assay

The in vitro anticoagulant activity of the block copolymers or
UFH was tested by measuring their influence on the aPTT pro-
longation in rat plasma (Figure 2a). The aPTT test measures the
time required for blood to clot, evaluating the activity of the intrin-
sic coagulation pathway. All studied copolymers prolonged aPTT
indicating anticoagulant properties. The most potent copolymers
were PEG47-PSSS99 and PSSS89-PEG229-PSSS89, which maxi-
mally prolonged aPTT at 50 μg mL−1, similar to UFH.[39] The
influence of the overall chain charge on aPTT prolongation
was confirmed as PSSS58-PAA63 demonstrated greater activity
than PSSS58-PAA33 and PEG47-PSSS99 showed greater activity
than PEG47-PSSS32. PSSS89-PEG229-PSSS89 exhibited greater po-
tency compared to PEG47-PSSS32. Because of PEG49-PAMPS318-
PMAAS100 weak anticoagulant activity, we discontinued studying
this copolymer in further tests.

2.3. Viability of H9c2(2-1) Cells After Exposure to Copolymers

The in vitro cytotoxicity of the block copolymers was evaluated
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

Adv. Healthcare Mater. 2024, 2402191 © 2024 Wiley-VCH GmbH2402191 (2 of 16)

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202402191 by PC
P/M

edical A
cad of B

ialystok, W
iley O

nline L
ibrary on [10/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

Figure 1. Chemical structures of the block copolymers used in this study.

bromide (MTT) assay in rat heart/myocardium cells. PAMPS75-
PAaU28 reduced the viability of the cells in the whole range of
tested concentrations, with half maximal inhibitory concentra-
tion of ≈250 μg mL−1 (Figure 2b). We observed similar toxicity of
the polymer in the presence of fetal bovine serum (Figure S1). Al-
though this polymer was nontoxic for Vero cells at concentrations
up to 1000 μg mL−1,[40] we discontinued studying this copolymer
in further tests due to these safety concerns. An increase in cell vi-
ability above 100% after incubation with PSSS89-PEG229-PSSS89,
PSSS58-PAA63, PEG47-PSSS32, and PEG47-PSSS99 may be related
to mild stimulation of cell proliferation, as documented in the
literature for sulfated and sulfonated polymers, both natural and
synthetic ones.[41,42]

2.4. Blood Cell Count

Copolymers PSSS89-PEG229-PSSS89 and PEG47-PSSS99 slightly,
but statistically significantly, reduced platelet count at the con-
centration of 100 μg mL−1 (Figure 2c), whereas PSSS89-PEG229-
PSSS89 and PSSS58-PAA33 also slightly, but statistically signifi-
cantly, increased white blood cell count in rat blood at the con-
centration of 100 μg mL−1 (Figure 2d). There was no influence

Table 1. Characteristics of the studied polymers.

Polymers Mn [NMR] [g/mol] Mw/Mn

PEG49-PAMPS318-PMAAS100 85900 1.23

PSSS89-PEG229-PSSS89 47300 2.00

PAMPS75-PAaU28 29600 1.33

PSSS58-PAA33 14300 1.18

PSSS58-PAA63 16500 1.17

PEG47-PSSS32 8670 1.13

PEG47-PSSS99 22500 1.20

on red blood cell count or the rest of the blood count parameters
within all three copolymer concentrations (Table S1).

2.5. Hemocompatibility

At the concentration of 1,000 μg mL−1, copolymers PSSS58-PAA33
and PSSS58-PAA63 induced hemolysis (Figure 2e). Interestingly,
when the content of the PAA block decreased, the hemolysis
rate increased. This indicated that the PAA block reduced the
hemolytic effect of the PSSS block but was not as effective as the
PEGylation.

2.6. Cardiorespiratory Safety in Rats

We investigated the influence of copolymers on various car-
diorespiratory parameters, including mean blood pressure, heart
rate, blood perfusion of paw vessels, peak CO2, respiratory rate,
and blood oxygen saturation 30 min post-administration at the
dose of 10 mg kg−1. After the i.v. administration of all copoly-
mers, an immediate increase in blood pressure was visible, fol-
lowed by subsequent pressure drop (Figure 3a). This effect was
noticeable but less pronounced after the administration of PEG47-
PSSS32. Moreover, PEG47-PSSS32 influenced other respiratory pa-
rameters (Figure S2) and blood count (Table S2) to a lesser extent
than other copolymers. In our previous study,[19] we observed that
administration of UFH at the dose of 9 mg kg−1 also led to dis-
turbances in blood pressure and heart rate in rats. Therefore, we
have chosen PEG47-PSSS32 as our leading copolymer, having the
most promising efficacy-to-safety profile, for further in vivo in-
vestigation.

2.7. Ex Vivo Total Thrombus Formation (T-TAS System)

The T-TAS System was used to evaluate thrombus formation
using AR and PL chips, which simulate semi-physiological
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Figure 2. a) Effect of the copolymers and unfractionated heparin (UFH) on activated partial thromboplastin time (aPTT) in rat plasma. Results are
presented as the percentage of the vehicle (0.9% NaCl) activity. 1006% of vehicle activity was ascribed as a maximum value. ***p< 0.001 versus vehicle,
Student t-test. Results are shown as mean ± SD, n = 6. b) Effect of copolymers on the viability of rat embryonic myoblasts H9C2(2-1) (ATCC® CRL-
1446™) cells. Results are shown as mean ± SD. c) Platelet (PLT) count and d) white blood cell (WBC) count after incubation of rat blood with the
copolymers or UFH solutions at the final concentration of 100 μg mL−1. *p < 0.05, **p < 0.01 versus vehicle, Student t-test. Results are shown as mean
± SD, n = 3–5. e) Effect of copolymers on the mean percentage of total hemolysis in rat blood in comparison to negative control (vehicle, 0.9% NaCl) and
positive control (pure H2O), and the photo of the hemolytic effect induced by copolymers at the concentration of 1,000 μg mL−1. ***p < 0.001 versus
vehicle, Student t-test. Results are shown as mean ± SD, n = 3.

conditions. The AR chip is coated with type I collagen com-
bined with tissue thromboplastin, which serves the dual pur-
pose of activating both platelets and the coagulation system.
The PL chip is coated solely with type I collagen, focus-
ing on platelet adhesion and aggregation without the coagu-
lation cascade activation.[43,44] In the AR and PL chip tests,
PEG47-PSSS32 demonstrated high activity at the concentration
of 50 μg mL−1 (Figure 4a,b). We observed a right shift of the
waveform in the AR chip test (Figure 4c), indicating delayed
occlusion. PEG47-PSSS32 at the highest concentration strongly
and similarly to UFH inhibited AR chip occlusion. These re-
sults indicate high anticoagulant activity ex vivo of PEG47-
PSSS32. The right shift of the waveform in the PL chip test
(Figure 4d) indicated delayed occlusion at 25 μg mL−1 as a
result of alternation in the thrombus formation process and
a complete inhibition of occlusion at 50 μg mL−1. In con-

trast to the AR chip, UFH showed no activity in the PL chip
test.

2.8. Targeting Coagulation Cascade Pathways: Prothrombin Time
(PT), Thrombin Time (TT), and Fibrinogen Concentration Assays
in vitro

To elucidate the mechanism of action of copolymer PEG47-
PSSS32, we examined its impact on both intrinsic (aPTT test,
Figure 2a), extrinsic (PT test, Figure 5a), and common (TT test,
Figure 5b) clotting pathways, as well as its influence on fib-
rinogen concentration (Figure 5c). Except for prolonging aPTT,
PEG47-PSSS32 has also prolonged PT and TT, indicating interfer-
ence with all coagulation cascade pathways, and decreased in the
concentration of fibrinogen in rat plasma.
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Figure 3. Effect of vehicle or copolymers (10 mg kg−1) on a) delta mean blood pressure, and b) delta heart rate. The course of tested parameters was
registered for 30 min after intravenous injection of vehicle or copolymers. Results are shown as median (line), with min-max values, n = 3–4. Millimeter
of mercury (mmHg), beats per minute (bpm).
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Figure 4. Effect of PEG47-PSSS32 or unfractionated heparin (UFH) on total thrombus formation measured in a) AR chip and b) PL chip, and correspond-
ing pressure-time curves of c) AR chip and d) PL chip using rat blood. *p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle, Student t-test. Results of
occlusion time (OT), occlusion start time (OST), and area under the curve (AUC) are presented as mean ± SD, n = 3.

2.9. Isothermal Titration Calorimetry (ITC) Measurements

We have examined the thermodynamic aspects of interactions be-
tween copolymer PEG47-PSSS32 and human AT, to compare its
binding affinity to that of UFH. We have also investigated PEG47-
PSSS32 interaction with human fII. Although these interactions
were moderately weak, ranging between 10–100 μm, they were
observable with both proteins (Figure 5d, Table 2). Both interac-
tions could be successfully analyzed according to the model of
one class of binding sites. Because the calorimetric data analysis
was performed assuming that the ligand is a protein, the appar-
ent stoichiometry suggests binding of 1 to 3 protein molecules
per copolymer molecule. The reaction was driven by a favorable
enthalpy change compensated largely by an unfavorable entropy
change for both systems studied.

2.10. The Influence on Coagulation Factors

To investigate which clotting factor is affected by PEG47-PSSS32,
we measured the prolongation of clotting time (aPTT or PT) by
PEG47-PSSS32 in plasma with relevant deficient factor versus by
vehicle in plasma with relevant deficient factor.[45] If the clotting
times were prolonged equally, the coagulation factor of interest
was not influenced by PEG47-PSSS32. If the clotting time after
incubation with PEG47-PSSS32 was prolonged compared to the

vehicle group, the coagulation factor of interest was inhibited by
PEG47-PSSS32.

PEG47-PSSS32 inhibited mainly fXII, and to a lesser extent fX,
fIX, fVIII, and fII (Figure 5e).

2.11. in vitro Neutralization of the Lead Copolymer by HBC

To evaluate the neutralization of the lead copolymer, we incu-
bated PEG47-PSSS32 with rat or human plasma to prolong aPTT,
and then HBC was added. Effective neutralization resulted in a
reduction in aPTT prolongation. The prolongation of aPTT after
incubation with PEG47-PSSS32 was more pronounced in human
plasma(286 s ± 30) than in rat plasma (223 s ± 62) at the same
concentration (100 μg mL−1) (Figure 5f,g). We have found that
HBC completely neutralized PEG47-PSSS32 activity at the mass
ratio of 1:1 in the aPTT assay, both in the rat (Figure 5f) and hu-
man plasma (Figure 5g).

2.12. Arterial Thrombosis Induced by Electrical Stimulation in
Rats

To confirm whether PEG47-PSSS32 possesses in vivo antithrom-
botic activity, we investigated its effect in the arterial thrombosis
rat model. This model simulates thrombus formation under con-
trolled conditions after significant common carotid artery injury
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Figure 5. Effect of PEG47-PSSS32 on a) prothrombin time (PT), b) thrombin time (TT), and c) fibrinogen concentration (Clauss) in vitro in rat plasma.
Results are presented as the percentage of the vehicle activity. ***p < 0.001 versus vehicle, Student t-test. Results are shown as mean ± SD, n = 5. d)
Representative calorimetric isotherms of the binding of PEG47-PSSS32 copolymer to human antithrombin and prothrombin. The lines represent the best
fit of the one class of binding sites model to the experimental data. e) Effect of PEG47-PSSS32 at the concentration of 50 μg mL−1 on the aPTT (for fII, fV,
fVIII, fIX, fX, fXI, fXII) or PT (for fVII) prolongation in factor deficient human plasmas. Results are presented as the percentage of the vehicle activity. *p
< 0.05, **p < 0.01, ***p < 0.001 versus vehicle activity (100%), Student t-test. Results are shown as mean ± SD, n = 5. f) Reversal activity of Heparin
Binding Copolymer (HBC) on PEG47-PSSS32 at the mass ratio of 1:1 in vitro in rat and g) human plasma, shown as the prolongation of aPTT. ***p <

0.001 versus vehicle, Student t-test. Results are shown as mean ± SD, n = 5.
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Table 2. Thermodynamic parameters of the interactions between PEG47-PSSS32 copolymer and human antithrombin (AT) and prothrombin (fII).

Stoichiometry Ka [× 103 M−1] ΔHa [kJ/mol] ΔSa [J/mol/K] ΔGa [kJ/mol] Kd [μM]

PEG47-PSSS32/AT 3.3 ± 1.4 5.3 ± 2.7 −163 ± 23 −476 ± 78 −21.3 ± 1.3 190 ± 96

PEG47-PSSS32/fII 1.5 ± 0.1 366 ± 59 −50 ± 3 −62 ± 9 −31.8 ± 0.4 2.7 ± 0.5

by electrical stimulation. Measuring thrombus weight, bleeding
time, and coagulation and platelet activity parameters allows for
assessing the effectiveness of tested compounds such as PEG47-
PSSS32 on thrombosis. Administration of PEG47-PSSS32 at the
dose of 10 mg kg−1 resulted in a significant decrease in the weight
of arterial thrombus (Figure 6a) and in significant prolongation
of the tail bleeding time (Figure 6b). Rats treated i.v. with PEG47-
PSSS32 at the doses of 1, 3, and 10 mg kg−1 exhibited signifi-

cant anticoagulant activity, measured as the prolongation of ac-
tivated clotting time (ACT) (Figure 6c), aPTT (Figure 6d), and
PT (Figure 6e) when compared to the vehicle groups. No signifi-
cant differences in the activity against fIIa and fXa were observed
in the rats treated with PEG47-PSSS32 compared to the vehicle
groups (Figure 6f,g), contrary to rats treated with UFH. In rats
treated with the copolymer, a dose-dependent elevation in total fII
and fIIa concentration was observed, whereas no such increase

Figure 6. Anticoagulant (a–h) and antiplatelet (i–l) activity in rats treated intravenously with PEG47-PSSS32, unfractionated heparin (UFH), or vehicle
after arterial thrombosis induced by electrical stimulation. Bleeding time (BT), activated clotting time (ACT), activated partial thromboplastin time
(aPTT), prothrombin time (PT), prothrombin (fII), and thrombin (fIIa). Platelet aggregation after collagen addition was assessed in whole blood by
measuring maximal extension (MaxA), the slope of platelet aggregation (Slp), lag phase (Lag), and area under the curve (AUC). *p < 0.05, **p < 0.01,
***p < 0.001 versus vehicle, Student t-test. Results are shown as mean ± SD, n = 9–10.
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Figure 7. a) Thrombus area and b) aPTT prolongation in mice treated intravenously with PEG47-PSSS32 (3 mg kg−1), UFH (3 mg kg−1), or vehicle after
laser-induced thrombosis in mice mesenteric vein. c) Representative thrombi obtained in the presence of PEG47-PSSS32, unfractionated heparin (UFH),
or vehicle. ***p < 0.001 versus vehicle, Student t-test. Results are shown as mean ± SD, n = 13–16 (thrombus area), or n = 6 (aPTT).

was observed in the UFH group (Figure 6h). This increase may
be due to fIIa reduced ability to bind fibrinogen, leading to the
accumulation of total fII and fIIa concentration in the blood of
rats. This hypothesis was supported by subsequent in vitro ex-
periments, which demonstrated a decrease in fibrinogen levels
after incubation with PEG47-PSSS32. Rats treated i.v. with PEG47-
PSSS32 and UFH represented no increase at the maximal exten-
sion, the slope of platelet aggregation, lag phase, and area under
the curve (Figure 6i-l). Both PEG47-PSSS32 at 1, 3, and 10 mg kg−1,
and UFH at 3 mg kg−1 increased white blood cell count, but no
other blood count parameter was affected (Table S3).

2.13. Laser-Induced Thrombosis in Mice Mesenteric Vein

A laser-induced thrombosis model was developed to measure
the early phase of platelet activation, focusing on a small area
of endothelial damage and using fluorescent labeling of glyco-
protein GP1B𝛽 as a platelet activation marker. This methodol-
ogy enables the evaluation of antiplatelet rather than anticoagu-
lant activity. In this experiment, neither UFH nor PEG47-PSSS32
inhibited platelet accumulation in the area of laser-injured en-
dothelium of the mesenteric vein, determined by using antibod-
ies against platelet glycoprotein GP1B𝛽 labeled with DyLight649
(Figure 7a,c). At the same time, UFH and PEG47-PSSS32 pro-
longed aPTT in blood samples taken from mice at the end of this
experiment (Figure 7b).

2.14. Anticoagulant Activity after s.c. Administration of
PEG47-PSSS32 in Mice

To investigate whether PEG47-PSSS32 exhibits anticoagulant ac-
tivity after s.c. administration, it was administered in such a man-
ner to mice at the dose of 25 mg kg−1. Blood samples were col-
lected at set time points, and aPTT was measured to evaluate the
anticoagulant activity. The result showed prolongation of aPTT 1
and 4 h after the administration of PEG47-PSSS32, indicating its
anticoagulant activity (Figure 8).

Figure 8. The prolongation of aPTT after subcutaneous administration of
PEG47-PSSS32 at the dose of 25 mg kg−1 in mice. ***p < 0.001 versus
aPTT time at starting point (0), Student t-test. Results are shown as mean
± SD, n = 3 for each time point.

3. Discussion

The primary objective of this study was to evaluate the anticoag-
ulant activity of sulfonate-based copolymers in vitro and in vivo,
with particular emphasis on their safety profile, including the
possibility of being neutralized. Considering the challenges as-
sociated with UFH,[46–48] we synthesized sulfonate-based copoly-
mers using RAFT to achieve precise control over their composi-
tion, molecular weight, and sulfonic group content. We excluded
compounds with questionable safety profiles, and we focused on
the copolymer PEG47-PSSS32, which exhibited the most favorable
activity-to-safety ratio. Its anticoagulant activity was completely
reversed with a cationic block copolymer, HBC. In the final step,
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we investigated the anticoagulant and antiplatelet activity of the
lead copolymer in animal models and explored potential targets
of action.

The selected polymers were representatives of different
block copolymer classes: a di- and triblock hydrophilic neutral-
strong polyelectrolyte (PEG-PSSS and PSSS-PEG-PSSS), a tri-
block hydrophilic neutral-strong polyelectrolyte-weak polyelec-
trolyte (PEG-PAMPS-PMAAS), a diblock hydrophilic strong
polyelectrolyte-weak polyelectrolyte (PSSS-PAA), and a di-
block strong polyelectrolyte-weak polyelectrolyte, which becomes
amphiphilic at pH<8 and consequently self-organizes into
nanometer-sized objects.[40] In all these polymers the blocks re-
sponsible for anticoagulant activity were sulfonated blocks (PSSS
and PAMPS) and to a lesser extent blocks containing carboxylic
groups (PAA, PMAAS, and PAaU). The neutral PEG block was
used to decrease the polymer toxicity.

The anticoagulant activities of the copolymers were evalu-
ated at concentrations of 10, 50, and 100 μg mL−1 in pooled
rat plasma by measuring the prolongation of aPTT, commonly
used for monitoring UFH therapy.[49] UFH comprises repeat-
ing units of uronic acid and D-glucosamine and is character-
ized by a heterogeneous degree of sulfation pattern among its
chains.[46] The high-affinity pentasaccharide sequence with a spe-
cific 3-O-sulfated glucosamine residue binds AT, the major reg-
ulator of blood clotting.[50,51] PSSS-based copolymers demon-
strated greater activity compared to those based on PAMPS, and
the differences between copolymers and UFH in the prolonga-
tion of a PTT could stem from their structural differences.

While anionic polymers are generally considered to be bio-
compatible in vitro,[52–54] certain studies conducted on animals
suggest their potential toxicity.[39,55] The results of the hemoly-
sis study indicated that PSSS-PAA copolymers induced hemol-
ysis while substituting PAA with PEG effectively eliminated
this adverse effect. Furthermore, non-PEGylated PAMPS-PAaU
copolymer reduced the cell viability of cardiomyocytes. The sig-
nificant benefit of PEGylation was previously demonstrated in
the rat safety study, with a direct comparison between the non-
PEGylated and PEGylated polymers.[39] Regarding alternations
in blood count, copolymers containing PAA blocks affected red
blood cells in the in vitro hemolysis test only at a very high con-
centration of 1,000 μg mL−1, which is unlikely to be achieved with
the doses administered in our in vivo studies in rats, including
the highest dose of 10 mg kg−1. Therefore, despite the observed
hemolysis, we did not exclude these polymers at this stage. No
alternation in red blood cell count was observed in the in vivo
experiment. The decrease in platelet count was observed in vitro
only at the highest concentration of copolymers PSSS89-PEG229-
PSSS89 and PEG47-PSSS99. Some studies have shown the poten-
tial of charged compounds to activate platelet aggregation,[45,56–60]

but, on the other hand, the antiplatelet activity of sulfonated
compounds was also described.[61,62] PEG47-PSSS32 was the only
copolymer that did not decrease platelet count both under in vitro
and in vivo conditions, which suggests that the overall charge
could play a crucial role not only in the inhibition of the coagula-
tion cascade but also in the activation of platelets. The potential
interaction of PEG47-PSSS32 with fibrinogen, which is involved
in the aggregation of platelets,[63,64] could also serve as an expla-
nation. We have observed a slight increase in white blood cell
count in vitro in rat blood after incubation with PSSS89-PEG229-

PSSS89 and PSSS58-PAA33 at the highest polymer concentrations.
This finding aligns with previous reports, in which anionic poly-
mers elevated white blood cell count, with the effect depending
on the molecular weight and charge of the polymers.[65,66] Simi-
larly, UFH induced an increase in white blood cell count, where
sulfation, particularly 6-O-sulfation, played a crucial role.[67] The
mechanism may involve the blockage of lymphocyte homing, the
release of thymocytes and neutrophils from bone marrow, and
the inhibition of L-selectin-, P-selectin-, and chemokine CXCL12-
mediated leukocyte trafficking.[68]

Given the absence of animal safety data on these copolymers,
we evaluated cardiorespiratory parameters in rats. Disturbances
were observed following the administration of all copolymers at
the concentration of 10 mg kg−1, with the least deviations from
vehicle noted after the administration of PEG47-PSSS32, thus we
selected it as our lead copolymer. Disturbances in blood pres-
sure and heart rate were also seen after UFH administration in
rats.[19] In the T-TAS system, the PL chip mimics the initial steps
of hemostasis, where platelets adhere to exposed collagen at the
site of vascular injury and form aggregates to initiate clot for-
mation. The similar results obtained between the polymer and
UFH in the AR chip but different in the PL chip are probably
related to the differences in their mechanisms of action. Results
comparable to those of UFH in AR and PL chips were previously
observed in dogs after the treatment with dalteparin.[69] The dif-
ferent outcomes between the PL chip and the collagen-induced
platelet aggregation in the rat model could stem from the con-
ditions under which these assays are conducted. The latter mea-
sures platelet aggregation in response to collagen in a stirred en-
vironment. It might not capture the same platelet behavior un-
der flow conditions as the PL chip, which measures explicitly
platelet activity without generating fIIa. Additionally, fibrinogen
levels were shown to impact the PL measurements.[70] The re-
sults of both tests were shown to be rarely correlated with each
other.[70] To investigate the specific targets of the lead copolymer,
we measured the prolongation of clotting times in human plas-
mas with deficient factors of interest. PEG47-PSSS32 decreased
mainly the activity of fXII, and to a lesser extent of fX, fVIII, and
fII. Selectively inhibiting fXII in human plasma holds consid-
erable potential for improving the safety profile of anticoagula-
tion. There is an ongoing interest in developing inhibitors of fXII
or fXI,[71–75] as they provide control over thrombosis while spar-
ing hemostasis,[76–79] thus mitigating bleeding risks. Despite fXII
central function in thrombosis, its deletion in mice and rats did
not disrupt hemostasis in vivo.[80] These observations are con-
sistent with clinical findings of individuals with fXII deficiency
maintaining normal hemostatic function without spontaneous
bleeding, despite prolonged aPTT.[81–83] Also, in murine models
fXIIa inhibition was found to reduce abdominal aortic aneurysm
and atherosclerosis and to stabilize atherosclerotic plaques.[84]

Moreover, fXII inhibitors could mitigate complications related
to blood exposure to artificial biomaterials,[85–87] as seen in pa-
tients undergoing procedures such as cardiopulmonary bypass
surgery,[88] or hemodialysis.[89] On the other hand, fXII deficiency
does not provide significant protection against stroke, venous
thromboembolism, myocardial infarction or deep vein thrombo-
sis in humans.[90–93] Hence, the action of PEG47-PSSS32 which
includes residual inhibition of fX, fVIII, and fII may be bene-
ficial and helpful in overcoming this limitation. Also, targeting
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fibrinogen is another approach that allows for normal fIIa gener-
ation and preservation of hemostasis in high-risk settings, such
as in patients with recurrent venous thromboembolism, or with
constitutively elevated fibrinogen or hyperfibrinogenemia.[94]

The relationship between fibrinogen and anionic compounds
was also explored before. For instance, sulfonated polyisoprenes
demonstrated the ability to impede the in vitro conversion of fib-
rinogen to fibrin monomer, inhibiting the polymerization of the
fibrin monomer, and presenting potent anticoagulant action of
these compounds.[45] The adsorption of fibrinogen to sulfonate
surfaces was also observed,[95–97] and induced hypofibrinogene-
mia in mice was protective against venous thrombosis while pre-
serving hemostasis.[98]

In the arterial thrombosis rat model, we have observed sig-
nificant anticoagulant activity of the copolymer at the dose of
3 mg kg−1 (shown as a prolongation of aPTT and ACT) without
concurrent excessive bleeding (no differences in bleeding time
compared to the vehicle). Bleeding complications stand out as
the primary drawback of anticoagulants,[99] emphasizing the sig-
nificance of our copolymer’s potential in mitigating such risks.
The sulfonate groups imparted anticoagulant activity to the lead
polymer by partially mimicking the structure of UFH. However,
they did not appear to be as potent as the combination of the
presence of functional groups and complex structures found in
UFH. However, while UFH more effectively prolonged aPTT and
ACT and decreased thrombus weight, it also induced more se-
vere bleeding in rats. The differences between UFH and lead
polymer in the results of PT, and factors IIa and Xa activities
in this model indicated distinct mechanisms involved in the in-
hibition of coagulation by sulfated polysaccharides and PSSS-
based copolymers. What is more, this study revealed an unex-
pected mild increase in the total fII and fIIa concentration in
the PEG47-PSSS32 group. Such an increase would suggest a pro-
thrombotic tendency, but prominent anticoagulant activity con-
tradicts this association. It could be attributed to fIIa inability to
effectively bind fibrinogen, leading to the accumulation of total
fII and fIIa concentration in the blood of rats. Subsequent in vitro
results supported our hypothesis, revealing reduced fibrinogen
concentration after incubation with PEG47-PSSS32. This interfer-
ence with fibrinogen might lead to fIIa accumulation. Strong in-
teractions with fibrinogen have been previously observed with
sulfonated compounds.[45] In contrast to the experiment in the PL
chip in T-TAS, we did not observe platelet activation in rats devel-
oping arterial thrombosis 1 h after i.v. administration of PEG47-
PSSS32. The lack of antiplatelet activity in the arterial thrombo-
sis model might have been influenced by the duration of the ex-
periment and sample collection (≈65 min). We considered the
possibility that PEG47-PSSS32 could exhibit rapid but short-in-
duration antiplatelet activity. Thus, we conducted laser-induced
thrombosis in mice to measure platelet activation right after ad-
ministration of the copolymer. It is important to note that the
efficacy of anticoagulants can vary across different laser-induced
injury models. These models exhibit differences in the mecha-
nism, extent, and timing of injury, which result in varying bio-
logical effects.[100] Our model was particularly designed to mea-
sure the early phase of platelet activation, focusing on a small
area of endothelial damage and employing fluorescent labeling
of glycoprotein GP1B𝛽 as a platelet activation marker. Due to
the small area of exposed subendothelial matrix in our model,

the extent of irreversible platelet activation was minimal. Con-
sequently, the thrombus primarily comprised platelets lacking
phosphatidylserine, which had not undergone irreversible activa-
tion, unlike phosphatidylserine-positive platelets, which are irre-
versibly activated and contribute to fibrin formation and the me-
chanical stability of the thrombus core.[101] The results indicated
that PEG47-PSSS32, similar to UFH, did not influence the initial
platelet response to the endothelial damage. However, they exhib-
ited an anticoagulant effect, as evidenced by the prolongation of
the aPTT in blood samples collected from mice at the end of the
experiment. Despite sharing this feature, our experimental find-
ings indicate that these anticoagulants primarily demonstrate dif-
ferences in their anticoagulant mechanism of action. While both
compounds interacted with AT, the significance of this interac-
tion differs. For UFH, binding to AT is essential, as it forms a
complex with AT and amplifies its ability to inhibit fIIa and fXa.
Copolymer PEG47-PSSS32 interacted with AT with lower affinity
than with fII, which exhibited relatively high affinity, dissocia-
tion constant of ≈3 μm, and similar enthalpy and entropy con-
tributions. The affinity between UFH and AT varies with exper-
imental conditions and the specific assay used but typically falls
within the nanomolar range.[46,102] For our polymer, both inter-
actions were weak and probably involved a non-specific binding.
The low affinity for AT may be attributed to the lack of specific
3-O-sulfated glucosamine residues, which have been shown to
enhance the binding ability of UFH to AT.[50,51] What is more,
UFH is known to prolong TT significantly. Our polymer did not
prolong TT up to 50 μg mL−1, possibly due to a lack of carboxyl
groups, which have been previously shown to play a crucial role
in TT prolongation.[52]

Our study showed that the mechanism of anticoagulant activ-
ity of PSSS-based copolymers differs from that of UFH, possibly
due to structural differences (the absence of polysaccharide se-
quences in PSSS essential for AT binding).[103] Heparin mimet-
ics, such as dermatan sulfate or fucoidan, which have structural
similarities to UFH, inhibit fIIa through AT and heparin cofactor
II.[104,105] Some sulfated glycopolymers can inhibit fIIa via both
AT-dependent and AT-independent mechanisms,[106,107] while
others inhibit fIIa through heparin cofactor II, but not AT. Addi-
tionally, they inhibit fIXa and fVIIIa and bind fibrinogen.[108] Sul-
fated cellulose derivatives displayed anticoagulant properties that
depend on the sulfate content at the C2-position, which mimics
the interaction between UFH and AT. Sulfate groups provided the
most significant anticoagulant activity among other substituents,
such as phosphates or quaternary ammonium. Sulfated cellu-
lose derivatives inhibited fIIa rather than fXa, suggesting a mech-
anism similar to UFH.[109–111] Low molecular weight sulfated
chitosan derivatives demonstrated anticoagulant activity via in-
creased anti-Xa activity, similar to LMWHs. The activity was me-
diated through heparin cofactor II.[112,113] In contrast, an HMP-
modified sponge inhibited coagulation by inhibiting fXI and
fIIa, unlike UFH.[8] Microspheres composed of acrylic acid and
PAMPS effectively bound fVIII, fIX, and fXI, preventing clotting
in both the tubing and hemodialyser.[9] Anticoagulant activity of
PAMPS-based polymers involved interaction with AT, fIIa, and
prostacyclin-mediated inhibition of platelets.[29,39,114,115] In con-
trast, potassium-3-sulfopropyl acrylate-based polymers showed
anticoagulant activity by prolonging aPTT and TT but were less
effective than heparins and did not inhibit fIIa and fXa.[29,114]
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Also, polyglycerol sulfates significantly prolonged aPTT and TT,
though their effectiveness was not clearly dependent on the
molecular weight. Potassium-3-sulphopropyl methacrylate-based
copolymers, despite containing SO3

− groups, exhibited minimal
anticoagulant activity.[29,114] The mechanisms of action for other
heparin mimetics are not yet fully understood, even though stud-
ies suggest they differ from those of UFH.[116–119] The prolon-
gation of aPTT by PSSS-based polymers involves intrinsic and
common coagulation pathways, potentially through electrostatic
interactions.[29,114] Also, a mild fXII binding was observed.[120]

When merged with PAA, bearing carboxyl groups, aPTT and TT
were prolonged significantly, which resembled the behavior of
UFH, likely due to the presence of both SO3

− and carboxyl groups
in the copolymer.[52] Although PSSS has demonstrated the ability
to mimic UFH in various contexts – such as exhibiting antiprolif-
erative activity,[121] stabilizing basic fibroblast growth factor FGF-
2,[122] promoting myotube formation,[123] and enhancing fibrob-
last proliferation[124] – our PSSS-based copolymer showed a low
affinity for AT. This could be attributed to the absence of the glu-
cosamine moiety with 3-O-sulfation, which increases the affinity
for AT.[125]

Based on the recent discoveries in the field of anticoagulant
neutralization, having access to reverse the effects of novel anti-
coagulants should be a necessity, not just an option. To evaluate
the ability to control hemorrhages, we proposed to reverse the ac-
tivity of PEG47-PSSS32 by HBC, a cationic antidote for heparins
developed by our team.[19,20] Due to a more complementary struc-
ture of both block copolymers, we demonstrated a complete neu-
tralization in a mass ratio of 1:1, which was twice more effective
than the neutralization of UFH and LMWHs by HBC.[13,14] Com-
plete neutralization of PEG47-PSSS32 anticoagulant activity in hu-
man plasma highlights its potential as a safe therapeutic option
for managing bleeding complications associated with anticoagu-
lant therapy in patients. Furthermore, the possibility to adminis-
ter PEG47-PSSS32 via both i.v. and s.c. routes offer an advantage
over the conventional approach, which typically involves the use
of separate anticoagulant agents, such as UFH or LMWHs. This
approach not only simplifies treatment regimens but also offers
potential benefits such as improved patient compliance, reduced
healthcare burden, and potential cost savings.

The anticoagulant activity and the safety profile of sulfonate-
based copolymers with precise composition and molecular prop-
erties were evaluated. PEG47-PSSS32 emerged as a lead polymer,
demonstrating significant and predictable anticoagulant effects
in vitro and in vivo, after both i.v. and s.c. administration. It does
not act through AT binding but instead inhibits factors within
the coagulation cascade, particularly fXII, fX, fVIII, fII, and fib-
rinogen. Additionally, its anticoagulant activity can be fully re-
versed using the cationic block copolymer, HBC. In conclusion,
this study demonstrates that PEG47-PSSS32 is a promising alter-
native to traditional anticoagulants.

4. Experimental Section
Characterization of the Studied Copolymers: Poly(ethylene glycol)49-

block-poly(sodium 2-acrylamido-2-methylpropane sulfonate)318-block-
poly(sodium methyl methacrylate)100 (PEG49-PAMPS318-PMAAS100),[34]

poly(sodium styrenesulfonate)89-block-poly(ethylene glycol)229-
block-poly(sodium styrenesulfonate)89 (PSSS89-PEG229-PSSS89),[35]

poly(sodium 2-acrylamido-2-methylpropane sulfonate)75-block-

poly(sodium 11-acrylamidoundecanoate)28 (PAMPS75-PAaU28),[36]

poly(sodium styrenesulfonate)58-block-poly(acrylic acid)m (PSSS58-PAAm,
m = 33 and 63),[37] and poly(ethylene glycol)49-block-poly(sodium
styrenesulfonate)n (PEG47-PSSSn, n = 32 and 99)[38] were prepared via
RAFT polymerization. The degree of polymerization and number-average
molecular weight (Mn) values of each block copolymer were estimated
from 1H NMR spectroscopy using the integral intensity ratio of the
signals. The 1H NMR spectra were recorded using a JEOL (Tokyo, Japan)
ECZ400 spectrometer. Molecular weight distribution (Mw/Mn) values
were determined using gel-permeation chromatography measurements
performed using a Shodex GF-7 M HQ column (Tokyo, Japan, exclusion
limit, ≈107) and Tosoh RI-8020 refractive index detector (Tokyo, Japan) us-
ing a phosphate buffer (pH 8.0, 50 mM) containing 9.0 vol% acetonitrile
as an eluent.

Animals and Human Plasma: Male Wistar rats and male BALB/c mice
were obtained from the Centre of Experimental Medicine in the Medical
University of Bialystok. Animals were housed with a 12 h light/dark cycle
in temperature (22 ± 2 °C) and humidity (55 ± 10%) controlled room,
grouped into cages as appropriate, and allowed to have ad libitum access
to sterilized tap water and standard chow. All the procedures involving an-
imals were approved by the Local Ethical Committee on Animal Testing in
Olsztyn, Poland (Permit Numbers: 6/2021 and 04/2024) and conducted
in accordance with the Directive 2010/63/EU of the European Parliament
and of the Council on the protection of animals, Animal Research: Report-
ing of In Vivo Experiments guidelines, and national laws. All animals were
euthanized by exsanguination at the end of the experiments.

Human plasma samples were obtained from 8 healthy adult volunteers
(Bioethics Committee of the Medical University of Bialystok, Poland, Per-
mit Number APK.002.530.2023) into trisodium citrate (9:1 v/v) vacuettes
(Vacuette, Greiner Bio-One GmbH, Austria). The group consisted of four
women and four men who hadn’t been taking any medications at the time
of sample collection.

In Vitro Anticoagulant Activity Measured by Activated Partial Thrombo-
plastin Time (aPTT) Assay: Blood samples from healthy rats were col-
lected from the heart and drawn into 3.13% trisodium citrate (Sigma-
Aldrich, Germany) in a volume ratio of 9:1. Plasma was obtained by cen-
trifugation of whole blood at 3500 × g for 20 min at 4 °C. Pooled plasma
(200 μL) was incubated with copolymers solutions (20 μL) at the final
concentrations of 10, 50, and 100 μg mL−1. The control samples were
incubated with the 0.9% NaCl solution (saline, vehicle) (Fresenius Kabi,
Spain). The anticoagulant activity of all solutions was analyzed by measur-
ing aPTT in Coag Chrom 4000 (Bio-Ksel, Poland) according to the manu-
facturer instruction (Bio-Ksel, Poland). The maximal values were denoted
as 300 s, which was the maximal range of the apparatus. The results were
expressed as a percentage of the control samples.

Viability of H9c2(2-1) Cells After Exposure to Copolymers: Viability stud-
ies of the copolymers were performed on H9c2(2-1) (ATCC® CRL-1446™)
Rattus norvegicus, rat, heart/myocardium cells. Cells were cultured on
Petri dishes in a culture medium (Dulbecco′s Modified Eagle′s Medium
– high glucose) supplemented with 10% v/v fetal bovine serum (FBS), at
37 °C in a humidified atmosphere containing 5% v/v CO2. The cells were
then seeded in 96-well plates in 100 μL culture medium supplemented with
10% fetal bovine serum and cultured for 24 h. After this time, for experi-
ments without fetal bovine serum, the medium was changed. Later cells
were treated with a solution of copolymers in PBS at different concentra-
tions and incubated for 24 h. For FBS conditions only the second step was
performed. Next, 10 μl of solution of MTT in PBS was added to each well
and kept in the dark for 4 h at 37○ C. Then, the MTT solution was gen-
tly aspirated and 100 μL of DMSO/methanol 1:1 v/v was added to each
well. After dissolving the crystals of purple formazan, the absorbance at
570 nm was measured using a plate reader. Measurements were made in
triplicate.

Blood Cell Count: Rat blood samples were taken from the heart into
test tubes containing 3.13% sodium citrate. Citrate-anticoagulated blood
(900 μL) was added to saline (100 μL) containing different concentrations
of copolymers (10, 50, and 100 μg mL−1) or UFH (Heparinum WZF 5000
IU mL−1, Polfa Warszawa, Poland) (10, 50, and 100 μg mL−1, an equiva-
lent to 1, 5, and 10 IU mL−1, respectively), and mixed manually. The control
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samples were incubated with the saline (vehicle). After 10 min of incuba-
tion at room temperature, the blood cell count was measured using the
Animal Blood Counter (ABC Vet, Horiba, Germany).

Hemocompatibility: The hemolysis assay was evaluated to assess the
hemocompatibility of copolymers solutions. Rat blood samples were taken
from the heart into test tubes containing 3.13% sodium citrate. Further
sample preparation and hemolytic assay were performed as described
previously.[126]

Cardiorespiratory Safety in Rats: Nineteen male Wistar rats weighting
220.0 ± 18.3 g were divided into six groups (n = 4 for PEG47-PSSS99),
anesthetized by an intraperitoneal injection of pentobarbital (45 mg kg−1),
and placed in a supine position on a heated operation table. Copolymers
(10 mg kg−1, 1 mL kg−1) or vehicle (saline, 1 mL kg−1) were administered
into the right femoral vein. Mean blood pressure, heart rate, blood perfu-
sion of paw vessels, peak CO2, respiratory rate, and blood oxygen satura-
tion were measured using the PhysioSuite Physiological Monitoring Mod-
ular System (Kent Scientific Corporation) for 30 min after copolymers or
vehicle administration as described previously.[127] Blood samples were
taken from the heart at the end of the experiment for measurement of
blood cell count.

Ex Vivo Total Thrombus Formation (T-TAS System): T-TAS01 In-
strument (Zacros, Tokyo, and Japan) is an automated microchip-
based flow chamber system designed to analyze thrombus formation
in semi-physiological conditions, using microchips as artificial blood
vessels.[128,129] The AR chip is coated with both type I collagen and tissue
thromboplastin, simultaneously triggering platelets activation and the co-
agulation system. The PL chip measures platelets thrombus formation un-
der physiological conditions on a collagen-coated surface. This coating in-
duces platelets attachment to collagen, and platelets thrombus formation.
The PL assay measures overall primary hemostatic function, which repre-
sents the totality of platelet activation pathways stimulated under arterial
shear conditions across a collagen-coated surface.[129,130] The assessment
of thrombus formation in both chips can be made using the following vari-
ables: occlusion start time, occlusion time, and area under the curve.[131]

In the experiment with AR chip, rat blood samples were taken from the
heart into test tubes containing 3.13% sodium citrate. Citrated rat blood
(750 μL) was mixed with saline (750 μL) containing PEG47-PSSS32 (at the
final concentration of 5, 25, and 50 μg mL−1) or UFH (at the final concen-
tration of 10 μg mL−1, an equivalent to 1 IU mL−1), and mixed manually.
The control samples were incubated with the saline (vehicle). After 1 h of
incubation at room temperature, thrombus formation was evaluated as
described previously.

In the experiment with the PL chip, rat blood samples were taken
from the heart into test tubes containing BAPA (Fujimori Kogyo Co., Ltd,
Tokyo, Japan). Anticoagulated rat blood (750 μL) was mixed with saline
(750 μL) containing PEG47-PSSS32 (at the final concentration of 5, 25, and
50 μg mL−1) or UFH (at the final concentration of 10 μg mL−1, an equiv-
alent to 1 IU mL−1), and mixed manually. The control samples were incu-
bated with the saline (vehicle). After 1 h of incubation in room tempera-
ture, thrombus formation was evaluated as described previously.

Targeting Coagulation Cascade Pathways: In Vitro Prothrombin Time (PT),
Thrombin Time (TT), and Fibrinogen Concentration Assays: In the experi-
ment, blood samples from healthy rats were collected from the heart and
drawn into 3.13% trisodium citrate in a volume ratio of 9:1. Plasma was
obtained by centrifugation of whole blood at 3500 × g for 20 min at 4 °C.
The anticoagulant activity of PEG47-PSSS32 was analyzed by measuring the
prolongation of PT and TT, and the fibrinogen activity (Clauss method) ac-
cording to the manufacturer instruction. PT, TT, and fibrinogen measure-
ments were made using Bio-Ksel reagents in Coag Chrom 4000 (Bio-Ksel,
Poland). Pooled plasma (200 μL) was incubated with PEG47-PSSS32 solu-
tions (20 μL) at the final concentrations of 10, 50, and 100 μg mL−1 for PT
and TT, and 100 μg mL−1 for fibrinogen assay. The control samples were
incubated with the saline solution (vehicle). The results were expressed as
a percentage of the vehicle.

Isothermal Titration Calorimetry Measurements: ITC was used for the
assessment of thermodynamic parameters of the interactions of PEG47-
PSSS32 with human AT and fII. ITC measurements were performed using
a VP-ITC instrument (MicroCal, USA). All experiments were conducted in

duplicate in phosphate-buffered saline (PBS) at 25 °C. The protein solu-
tions were dialyzed in PBS, and PEG47-PSSS32 was dissolved in a dialy-
sis buffer. All solutions were degassed for 5 min under vacuum before
the experiments. Typically, 10 μL aliquots of PEG47-PSSS32 (200 μm) were
added as 25–30 injections into a calorimeter cell of 1435.5 μL volume filled
with protein solution (10 or 20 μm). The injection rate was 0.5 μL s−1, and
the interval between injections was 4 min. To ensure proper mixing af-
ter each injection, a constant stirring speed of 300 rpm was maintained
throughout the experiment. Data analysis was performed globally for du-
plicates with shared stoichiometry, enthalpy, and binding constant val-
ues according to one class of binding site model using MicroCal Origin
software.

Coagulation Factors Activity: To determine the influence of PEG47-
PSSS32 on other coagulation factors, a modified method presented by Y.
Tamada et al. was used.[45] Coagulation factor deficient plasmas were pur-
chased from Protylix (USA).

The amount of normal plasma was first determined that must be added
to 20 μL of PEG47-PSSS32 plasma in order to achieve the same clot-
ting time as 20 μL of normal plasma alone. It is determined that adding
190 μL of normal human plasma to 20 μL of PEG47-PSSS32 plasma (for
aPTT) and adding 100 μL of normal human plasma to 50 μL of PEG47-
PSSS32 plasma (for PT) cancels the influence of PEG47-PSSS32 on clot-
ting factors. By diluting the plasma, conditions were created where the
only source of the relevant clotting factor was the initial PEG47-PSSS32
plasma. Next, normal human plasma (20 μl) containing PEG47-PSSS32
(50 μg mL−1) or vehicle and coagulation factor deficient human plasma
(190 μl) were mixed and incubated at 37 °C for 3 min. Under these con-
ditions, the only source of the relevant clotting factor was from the ini-
tial 20 μL of PEG47-PSSS32 plasma, but all other clotting factors were
present in abundance. aPTT was measured for fII, fV, fVIII, fIX, fX, fXI,
and fXII according to the manufacturer instructions. Human plasma (100
μl) containing PEG47-PSSS32 (50 μg mL−1) or vehicle and coagulation fac-
tor deficient human plasma (50 μl) were mixed and incubated at 37 °C
for 3 min, and PT was measured for fVII according to the manufacturer
instruction.

In Vitro Neutralization of the Lead Copolymer by HBC: The neutral-
ization of PEG47-PSSS32 was analyzed by measuring the prolongation of
aPTT in citrated rat and human plasma as described previously.[39] Pooled
rat or human plasma (200 μL) was mixed with PEG47-PSSS32 (10 μL,
100 μg mL−1). After 150 s of incubation, HBC (10 μl, 100 μg mL−1) was
added. After another 150 s of incubation, the prolongation of aPTT was
measured.

Arterial Thrombosis Induced by Electrical Stimulation in Rats: Forty-nine
male Wistar rats weighing 191.0 ± 24.0 g were divided into five groups,
anesthetized by an intraperitoneal injection of pentobarbital (45 mg kg−1),
and placed in a supine position on a heated operation table. PEG47-PSSS32
(1, 3, 10 mg kg−1, 1 mL kg−1) or UFH (3 mg kg−1, an equivalent to
300 IU kg−1, 1 mL kg−1) were administered into the right femoral vein.
Vehicle (saline, 1 mL kg−1) treated animals served as a control group.
Arterial thrombosis was induced by electrical stimulation (1 mA) of the
common carotid artery according to the method described previously.[132]

60 min after stimulation the segment of the common carotid artery with
the formed thrombus was clipped at both sides, dissected, opened length-
wise, and the thrombus was completely removed, air-dried at 37 °C, and
weighted after 24 h. Immediately bleeding time was measured from the
moment the tail was surgically cut until the bleeding stopped completely
(no rebleeding within 30 s). If bleeding was still present at the end of the
300 s observation period, a value of 300 s was ascribed for the sake of
statistical analysis. Bleeding time was expressed in seconds. Next, blood
samples were taken from the heart and immediately ACT was measured by
Hemochron Junior Signature device (ITC Corporation, USA) in collected
blood samples. To obtain sera, blood samples were put into tubes without
anticoagulants and allowed to coagulate, then centrifuged at 10 000 × g
at 20 °C for 5 min. The sera were collected and deep-frozen (−70 °C) un-
til further assays could be performed. The remaining blood samples were
drawn into 3.13% trisodium citrate in a volume ratio of 9:1, and blood cell
count was assessed with an Animal Blood Counter (ABC Vet, Horiba, Ger-
many). Then, platelet aggregation after collagen addition was assessed in
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whole blood by measuring electrical impedance with Chrono-log aggre-
gometer (Chrono-log Corporation, USA) as described previously.[39] The
results were described using the maximal extension, slope of platelet ag-
gregation, lag phase, and area under the curve. The rest of the citrated
blood samples were centrifuged at 3500 × g at 4 °C for 20 min and
1 mL aliquots of plasma were deep-frozen (−70 °C) until further assays
could be performed. aPTT, PT, anti-fXa, and anti-fIIa activities were mea-
sured as described previously.[39] Total fII and fIIa concentration was an-
alyzed with an enzyme-linked immunosorbent assay (ELISA) in a 96-well
plate using a microplate reader (Dynex Technologies, USA) at 450 nm ac-
cording to the instructions of the kit’s manufacturer (Novus Biologicals,
USA).

Laser-Induced Thrombosis in Mice Mesenteric Vein: In the experiments
involving laser-induced thrombosis a fixed-stage microscope was used,
the Zeiss Axio Examiner Z1 (Carl Zeiss Microscopy GmbH, Germany),
a confocal scanner unit (CSU-X1, Yokogawa Electric Corporation, Japan),
and water immersion objective W Plan-Apochromat 20 × /1.0 (Carl Zeiss
Microscopy GmbH, Oberkochen, Germany). Twenty-four male BALB/c
mice weighting 25.7 ± 2.9 g were anesthetized with ketamine and xy-
lazine (120 mg kg−1, intraperitoneally, Ketamina 10%, Biowet, Poland;
12.5 mg kg−1, intraperitoneally, Xylapan, Biowet, Poland). PEG47-PSSS32
(3 mg kg−1, 4 mL kg−1) or UFH (3 mg kg−1, an equivalent to 300 IU kg−1,
4 mL kg−1) were administered into the left femoral vein 5 min before
the endothelial injury. Vehicle (saline, 4 mL kg−1) treated animals served
as a control group. Antibody DyLight649 (0.1 μg g−1, 100 μL g−1) (Em-
fret Analytics, Germany, ref: X-649) was injected into the right femoral
vein of mice 5 min before the endothelial injury, to visualize a platelets
marker, GPIb𝛽, of the murine platelet/megakaryocyte-specific GPIb-V-IX
complex.[133] Then a midline laparotomy incision was made, and the
mesentery of the ileum was pulled out of the abdomen and placed around
a plastic mound. The mesentery vein was identified and examined micro-
scopically. The mesentery was continuously perfused with prewarmed (37
°C) PBS to prevent the drying up of the vessels. The mesentery vein wall
was injured using a 532-nm argon ion ablation laser (Ablate, Intelligent
Imaging Innovations, Inc., USA). The induction and progression of throm-
bosis were recorded for 3 min. One record was automatically divided into
700 time points. At each time point, the area of the thrombus was calcu-
lated by SlideBook 6.0 (Intelligent Imaging Innovations, Inc., USA). In this
study, the sum of the values of the thrombus area from each time point
was referred to as the thrombus area.

Blood samples were taken from the heart at the end of the experiment
for aPTT measurement. The citrated blood samples were centrifuged at
3500 × g at 4 °C for 20 min and 1 mL aliquots of plasma were deep-frozen
(−70 °C).

Anticoagulant Activity after s.c. Administration of PEG47-PSSS32 in Mice:
Fifteen male BALB/c mice weighting 23.3 ± 1.4 g were divided into
5 groups, and PEG47-PSSS32 (25 mg kg−1, 0.4 mL kg−1) or vehicle
(0.4 mL kg−1) were administered s.c. over the right flank of mice. After 1, 4,
8, or 12 h, mice were anesthetized with a mixture of isoflurane and oxygen
(3% v/v), and placed in the anesthetic induction chamber, equipped with
an individual mask providing a mixture of isoflurane and oxygen (1.5–2%
v/v). The blood from the heart was collected in tubes containing trisodium
citrate in a volume ratio of 9:1, centrifuged at 3500 × g at 4 °C for 20 min,
and plasma was deep-frozen (−80 °C) until further assays could be per-
formed. The activity of PEG47-PSSS32 was assessed by measuring the pro-
longation of aPTT.

Statistical Analysis: For each test, the experimental unit was an individ-
ual animal. The Shapiro–Wilk test was used for data distribution analysis.
The Gaussian data were presented as mean with SD using the paramet-
ric Student t-test. The data was analyzed and graphically presented with
GraphPad Prism 9 (GraphPad Software, USA). P-values less than 0.05 were
considered significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This research was funded by the Medical University of Bialystok, grant
number B.SUB.24.331.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
anionic block copolymers, heparin mimetics, novel anticoagulants, sul-
fonate groups, thrombosis

Received: June 14, 2024
Revised: September 20, 2024

Published online:

[1] World health statistics 2023: monitoring health for the SDGs,
sustainable development goals, https://www.who.int/publications-
detail-redirect/9789240074323 (accessed: May 2023).

[2] P. Ludman, U. Zeymer, N. Danchin, P. Kala, C. Laroche, M. Sadeghi,
R. Caporale, S. M. Shaheen, J. Legutko, Z. Iakobishvili, K. F. Alhabib,
Z. Motovska, M. Studencan, J. Mimoso, D. Becker, D. Alexopoulos,
Z. Kereseselidze, S. Stojkovic, P. Zelveian, A. Goda, E. Mirrakhimov,
G. Bajraktari, H. A. Farhan, P. Šerpytis, B. Raungaard, T. Marandi, A.
M. Moore, M. Quinn, P. P. Karjalainen, G. Tatu-Chitoiu, et al., Eur.
Heart J. Acute Cardiovasc Care 2023, 12, 22.

[3] J. I. Shen, W. C. Winkelmayer, Am. J. Kidney Dis. 2012, 60, 473.
[4] P. Bianchini, L. Liverani, F. Spelta, G. Mascellani, B. Parma, Semin.

Thromb. Hemost. 2007, 33, 496.
[5] D. S. Weitz, J. I. Weitz, J. Thromb. Thrombolysis 2010, 29, 199.
[6] R. Othieno, E. Okpo, R. Forster, Cochrane Database Syst. Rev. 2018,

1, CD003076.
[7] R. Khatib, K. Nitti, M. McDowell, R. Szymialis, C. Blair, N. Glowacki,

W. Rhoades, J. Thromb. Thrombolysis 2021, 52, 179.
[8] T. Xu, H. Ji, L. Xu, S. Cheng, X. Liu, Y. Li, R. Zhong, W. Zhao, J. N.

Kizhakkedathu, C. Zhao, Nat. Commun. 2023, 14, 4875.
[9] X. Song, H. Ji, Y. Li, Y. Xiong, L. Qiu, R. Zhong, M. Tian, J. N.

Kizhakkedathu, B. Su, Q. Wei, W. Zhao, C. Zhao, Nat. Biomed. Eng.
2021, 5, 1143.

[10] P. A. J. Mourier, O. Y. Guichard, F. Herman, C. Viskov, Anal. Biochem.
2014, 453, 7.

[11] M. Petitou, J. P. Hérault, A. Bernat, P. A. Driguez, P. Duchaussoy, J.
C. Lormeau, J. M. Herbert, Nature 1999, 398, 417.

[12] R. J. Travers, R. A. Shenoi, M. T. Kalathottukaren, J. N.
Kizhakkedathu, J. H. Morrissey, Blood 2014, 124, 3183.

[13] H. Türk, R. Haag, S. Alban, Bioconjugate Chem. 2004, 15, 162.
[14] J. A. Frontera, J. J. Lewin, A. A. Rabinstein, I. P. Aisiku, A. W.

Alexandrov, A. M. Cook, G. J. del Zoppo, M. A. Kumar, E. I. B.
Peerschke, M. F. Stiefel, J. S. Teitelbaum, K. E. Wartenberg, C. L.
Zerfoss, Neurocrit Care 2016, 24, 6.

[15] J. H. Levy, K. Ghadimi, J. N. Kizhakkedathu, T. Iba, J. Thromb.
Haemostasis 2023, 21, 1714.

[16] C. Boer, M. I. Meesters, D. Veerhoek, A. B. A. Vonk, Br. J. Anaesth.
2018, 120, 914.

Adv. Healthcare Mater. 2024, 2402191 © 2024 Wiley-VCH GmbH2402191 (14 of 16)

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202402191 by PC
P/M

edical A
cad of B

ialystok, W
iley O

nline L
ibrary on [10/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advhealthmat.de
https://www.who.int/publications-detail-redirect/9789240074323
https://www.who.int/publications-detail-redirect/9789240074323


www.advancedsciencenews.com www.advhealthmat.de

[17] P. Hecht, M. Besser, F. Falter, J. Extra Corpor Technol. 2020, 52, 63.
[18] L. Demma, J. H. Levy, Anesth. Analg. 2012, 115, 1273.
[19] B. Kalaska, K. Kaminski, J. Miklosz, S. Yusa, E. Sokolowska, A.

Blazejczyk, J. Wietrzyk, I. Kasacka, K. Szczubialka, D. Pawlak, M.
Nowakowska, A. Mogielnicki, Transl. Res. 2016, 177, 98.

[20] B. Kalaska, J. Miklosz, K. Kamiński, J. Swieton, A. Jakimczuk, S.-I.
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Kamiński, Microbiol. Spectr. 2023, 11, e00844.

[127] J. Miklosz, B. Kalaska, S. Zajaczkowski, D. Pawlak, A. Mogielnicki,
Pharmaceuticals 2021, 14, 1223.

[128] K. Hosokawa, T. Ohnishi, T. Kondo, M. Fukasawa, T. Koide, I.
Maruyama, K. A. Tanaka, J. Thromb. Haemost. 2011, 9, 2029.

[129] K. Hosokawa, T. Ohnishi, M. Fukasawa, T. Kondo, H. Sameshima,
T. Koide, K. A. Tanaka, I. Maruyama, Microvasc. Res. 2012, 83, 154.

[130] K. Hosokawa, T. Ohnishi, H. Sameshima, N. Miura, T. Ito, T. Koide,
I. Maruyama, Thromb. Haemost. 2013, 109, 102.

[131] V. Daidone, G. Barbon, M. G. Cattini, E. Pontara, C. Romualdi, I. Di
Pasquale, K. Hosokawa, A. Casonato, Haemophilia 2016, 22, 949.

[132] B. Kalaska, J. Miklosz, J. Swieton, A. Jakimczuk, D. Pawlak, A.
Mogielnicki, Vaccine 2022, 40, 1996.
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