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One Sentence Summary: Porous polymers work as promising protamine surrogates to reverse
the anticoagulation of unfractionated and low-molecular weight heparins.

Abstract: Unfractionated heparin (UFH) and low-molecular weight heparins (LMWHs) are
widely used anticoagulants for surgical procedures and extracorporeal therapies. However, all of
them have bleeding risks. Protamine sulfate, the only clinically approved antidote for UFH, not
only has adverse effects, but also only partially neutralizes LMWHs. Here, we report an
inclusion-based strategy for efficient neutralization of both UFH and LMWHs by cationic porous
supramolecular organic frameworks (SOFs) and porous organic polymers (POPs), which are
driven by multivalent electrostatic interactions. Isothermal titration calorimetric and fluorescence
experiments revealed that these porous polymers displayed strong binding affinities for both
UFH and LMWHs, whereas dynamic light scattering and zeta potential tests supported that the
binding took place with the heparins being adsorbed into the interior of the porous hosts.
Activated partial thromboplastin time, anti-FXa and thromboelastography assays showed that
their efficacy of neutralization was higher than or as high as that of protamine for UFH and
generally superior to protamine for LMWHs. Mice tail transection assay and rat in vivo
neutralization efficacy by aPTT and anti-FXa assays further confirmed the superior ability of
SOF1 and POP1 as antidote in the treatment of anticoagulant-caused bleeding than protamine.
Acute toxicity evaluations with mice revealed that the SOF1 had a therapeutic index of 28 and
displayed outstanding biocompatibility and safety profiles. The results support that porous
polymers could supply safe and rapid reversal of UFH and LMWHs and, as protamine
surrogates, provide an improved approach for their neutralization.

INTRODUCTION

Heparin is a linear sulfated polysaccharide that consists of repeating disaccharide subunits of o-
1,4 linked uronic acid and D-glucosamine. As a family of linear biomolecules with the highest
density of negative charges, heparin is widely used as an intravenous anticoagulant which
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accelerates the inhibition of antithrombin for serine proteases within the blood coagulation
cascade (/). Currently, unfractionated heparin (UFH, M,, = ~15 kDa), low-molecular-weight
heparins (LMWHs, M,, = 3.6-6.5 kDa), and the synthetic pentasaccharide fondaparinux (M,, =
1.7 kDa) are routinely used to patients clinically. UFH is delivered during acute thrombotic
events or procedures that requires extracorporeal circulation (i.e., hemodialysis or cardio-
pulmonary bypass) and thus blood fluidity (2, 3), while LMWHSs and fondaparinux are used to
treat and/or prevent deep vein thrombosis and pulmonary embolism (4, 5). Despite its
widespread application in clinics, UFH-based anticoagulant has a major limitation of the side
effect of bleeding, which necessitates an antidote which can neutralize its anticoagulant activity
(6-8). To date, protamine, a small arginine-rich protein (Mw: ~5 kDa), is the only antidote that
is approved to neutralize UFH (9-11). This neutralization is fully realized through multivalent
electrostatic attraction between its positively charged guanidinium groups and the negatively
charged sulfate and carboxylate groups of heparin (/7). However, protamine only partially
neutralizes LMWHs (12, 13), with a maximal efficiency of ca. 60%, in case of accidental
overdose or serious bleeding caused by LMWHs. Although LMWHs have a more predictable
dose response (I, 14, 15), the ineffectiveness of protamine and lack of efficient alternate
antidotes limit their use for the treatment of thrombotic events (/6). Apart from its limited
efficacy towards LMWHs, the therapeutic use of protamine for the reversal of UFH also has
other concerns, which includes toxicities and life-threatening complications (15, 17-20),
unpredictable dose response and narrow therapeutic window (/2, 13, 21), as well as the
reliability of the supply chain as animal-sourced product for regulatory agencies(//). Therefore,
the development of efficient, nontoxic, universal antidotes with excellent reversal activity
towards heparin-based anticoagulants would be of significantly clinical value.

The past decade has witnessed the test of a number of heparin antidotes(/1, 22-24), which
include small molecules (25-29), polymers (30-33) as well as proteins (34, 35). However, all of
these approaches have experienced no clinical success. Given that UFH and LMWHs are all
linear anionic polymer or oligomers, the development of their antidotes has largely focused on
the utilization of multivalent binding between the cationic groups of antidotes and the anionic
groups of the anticoagulants (36-38). We envisaged that three-dimensional (3D) polycationic
polymers with intrinsic, nano-scaled porosity might provide ideal, conformationally adaptable
“pockets” to adsorb and consequently inhibit the anticoagulation of this family of agents. Apart
from the endowment of synergetic electrostatic attraction in a 3D space for the achievement of
high binding stability, porous polymers can also allow for the scattered distribution of their
positive charges and thus avoid their high density on the surface of the structures, which has
been a major biocompatibility concern of the polycationic antagonists (39, 40).

Here we report the development of a new adsorption-sequestration strategy for the design of
universal heparin reversal agents using two families of 3D cationic porous polymers, i.e.,
supramolecular organic frameworks (SOFs) and porous organic polymers (POPs). We show that
both SOFs and POPs were capable of rapidly reversing UFH and three clinically used LMWHs.
The efficacy and safety studies using blood coagulation assays and animal models demonstrated
that, for all the heparin-based anticoagulants, one SOF agent, with excellent biocompatibility,
exhibit higher anticoagulant activity and wider therapeutic window than the clinically used
protamine.

RESULTS
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Design and synthesis

We previously constructed water-soluble, cationic 3D SOFs through hydrophobically driven co-
assembly of tetrahedral molecular blocks and cucurbit[8]uril (CB[8]) (41, 42). Such diamondoid
SOFs have been revealed to efficiently include short DNA for intracellular delivery (43), which
is driven by cooperative ion-pairing electrostatic interaction between the pyridinium cations of
the frameworks and the phosphate anions of DNA. Since UFH and LMWHs are all linear
oligomers that have a density of negative charges (two per monosaccharide unit) two times that
of DNA (one per nucleotide unit), we conjectured that these porous polymers would exhibit high
ability to include UFH and LMWHs and thus reverse their anticoagulation activity. We thus
prepared two SOFs (SOF1 and SOF2) and four POPs (POP1~POP4) to explore this potential

(Fig. 1).
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Fig. 1. Construction of SOF1, SOF2 and POP1~4 and the proposed mechanism for their inclusion and
neutralization of UFH and LMWHs.

The preparation of SOF2, with a 2.2 nm aperture, from the co-assembly of compounds S2 and
CBI8] (1:2) was performed using the reported method (47). For the present study, compound S1
was further prepared to construct SOF1 by binding with CB[8] under the identical conditions
(Fig. 1). The four hydrophilic aminoethyl groups of S1 provided it with increased water-
solubility, >10 mM relative to 2.0 mM of S2. The two tetrahedral monomers possess the same
rigid backbone. Thus, SOF1 was expected to possess a regular framework similar to that of
SOF2. Both 'H NMR and UV-vis titration experiments confirmed the 1:2 binding stoichiometry
of S1 and CB[8] (fig. S1 and S2), while synchrotron small angle X-ray scattering (SAXS) and
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diffraction (XRD) experiments supported its framework regularity in both solution and solid
state. The SAXS profile obtained for the solution- and solid-phase samples both exhibited a peak
centered at 1.61 (fig. S3), which corresponded to the {220} spacing of the modelled diamondoid
framework, while the XRD profile recorded for the solution and solid samples displayed peak at
d = 1.81 and 1.37 nm, respectively, which matched the {211} and {131} facings calculated for
the modelled structure (fig. S4). Dynamic light scattering (DLS) experiments revealed that, at
[S1] or [S2] = 20 uM, the solutions of SOF1 and SOF2 gave rise to a hydrodynamic diameter
(Dy) of 78.8 and 58.5 nm, respectively (fig. S5), which showed the formation of nano-scaled
supramolecular entities in water. At this concentration, the two samples exhibited a zeta potential
of 32.7 and 32.0 mV, respectively (fig. S6a and S6b), which supported that both frameworks
possessed a positively charged surface. Within the concentration range of 10-70 uM studied, the
value was relatively unchanged, which supported that their frameworks at different
concentrations maintained a fixed aperture and thus charge density.

POP1 was prepared from visible light-induced intermolecular [2+2] cycloaddition of the 4-
styrylpyridinium unit of P1 according to the reported method (44). Three new compounds
P2~P4, which are all highly soluble in water (=10 mM), were prepared for investigating the
effect of the introduction of hydrophilic side chains on the neutralization capacity of the resulting
porous polymers POP2~4. Under visible light irradiation, all the three compounds underwent
intermolecular [2+2] cycloaddition for the ethene units of the appended aromatic segments. The
reactions were tracked using UV-vis spectroscopy, which showed the continual weakening of the
diagnostic absorption, which centered at 362 nm, of the 4-styrylpyridinium unit and the
appearing of the featured absorption of the resulting cyclobutene derivatives centered at 307 nm
(fig. S7). After about seven hours, quantitative conversion could be realized to afford the
corresponding soluble porous polymers POP2~4. DLS experiments showed that, at [tetrahedral
monomers] = 20 uM, the solution of POP1~4 gave rise to a Dy value of 37.8, 37.8, 32.7, and
37.8 nm (fig. S8). In contrast, the monomers of the identical concentration afforded a Dy of 4.19-
5.61 nm, which may be caused by their aggregation driven possibly by hydrophobicity. Within
the concentration of 10 uM to 1.0 mM, the Dy of POP1~4 did not change considerably,
reflecting their good stability (fig. S8). The zeta potential of POP1~4 at the concentration of 20
uM of the monomer were determined to be 28.3, 26.5, 23.2, and 26.0 mV, respectively (fig. S6,
c-f). Reducing the concentration to 10 uM or increasing it to 50 uM did not cause important
change of the values, which again supported that all the polymers were stable and possessed
close charge density on their surfaces. Molecular modelling showed that, when the polymers
formed an ideal diamondoid-styled framework, they afforded an aperture of 3.1 nm (fig. S9).

Binding affinity of porous polymers with heparin

Isothermal titration calorimetric (ITC) experiments were first carried out to study the binding
affinity of the above porous polymers for UFH and LMWHs, including dalteparin sodium
(Dalte), enoxaparin sodium (Enoxa), and nadroparin calcium (Nadro)) in saline or phosphate
buffered solution (PBS buffer, pH = 7.4). As a simplified treatment of the complicated binding
event, the ITC results were used to derive the apparent binding constants K, between the
tetrahedral building blocks of the polymers and disaccharide repeat units of the heparins by
assuming a 1:1 stoichiometry (Table 1, Fig. 2, A-C and fig. S10-S17), as reported for the binding
between SOFs and short DNA (43). The apparent binding constants were generally high, with
the lowest value being 4.99 X 10° M for the binding between SOF1 and Dalte. The results also
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showed that, for all the cases studied, the binding was driven both enthalpically and entropically.
The enthalpy contribution should come from the multivalent intermolecular ion-pair interactions,
while the entropy contribution may be rationalized by considering that the binding led to the
inclusion of the linear heparins to the interior of the porous polymers to cover the hydrophobic
surfaces of their frameworks, which would cause the release of the high-energy water molecules
of low freedom from the hydrophobic surfaces (43, 45).

The fluorescence titration experiments in saline were further carried out for SOF1 and POP1
with all the four heparins. For SOF1, its fluorescence was quenched continuously with the
addition of the solution of the heparins and the quenching displayed an inflection at a ratio of 1.8
to 2.2 between the total anionic concentration of the heparins and the total cation concentration
of the framework (Fig. 2, D-F and fig. S18). For POP1, the fluorescence was strengthened with
the addition of the heparins and this strengthening also reached maximum which occurred at a
ratio of 1.8 to 2.0 between the total anionic concentration of the heparins and the total cation
concentration of the polymer (fig. S19). Given the low concentrations of both samples, these
results supported strong binding between them.

Table 1. Thermodynamic parameters for the binding between porous polymers with UFH and LMWHs at 25 °C

measured by ITC.
) ) K.P NG AH" TAS"
Antidote  Heparin N* M) (keal/mol) (kcal/mol)  (kcal/mol)

UFH 18620002 1192022 x10° 82920058  -3.96%0.058 32

SOFL Dalte 15140016 4.99 (+0.60) x 10° 54840039 -3.20%0.039 229
Enoxa 16240011 391 (£088)x10°  -9.00£0006  -447 %0.006 453

Nadro 19040034 655 (+ 1.69) x 10° 79340100 -4.03 %0.100 3.90

UFH 073£0009  322(208)x10°  -889£0062  -320%0062 5.69

Sora- Dalte 077+0009 503 137)x10°  -913£0066  -3.68 +0.066 -5.45
Enoxa 073+0004  311(*115x107  -874£0052  -3.11£0.052 -5.63

Nadro 10940190 544 (£0.11)x 10° 78240150  -6.01+0.150 -1.81

UFH 12020019 181 (2032)x10° 85320120  -53120.120 32

PoPL Dalte 11520007 261 (2026)x10° 87620052 57220052 304
Enoxa 12250011 1802021 x10° 85320086  -6.04 0086 159

Nadro 17520019 111 (20.15)x10° 82420075 54220075 282

UFH 08120004 2112024 x10° 86020037 4560037 404

POPY Dalte 11420003 640027 x10° 79550015 -453+0015 339
Enoxa 09420005 619 (£048)x 10° 67420044 5712004 218

Nadro 10820004 3852019 x10° 71620025 -5.01%0.025 260

UFH 07020004 434 (2000)x 10°  -10232£0042  -337 £0.042 567

POP3 Dalte 069+0.004  332(£051)x10°  -979£0037  -3.65+0.037 523
Enoxa 074+0006  308(£058)x10°  -9.07+0054  -43340054 451

Nadro 099+0011  1.68(£039)x10°  -899+0067  -4.05+0.067 443

UFH 03620003 226032 x10° 87820060  -442%0.060 4

POPA- Dalte 09320005  194(2022)x10° 86320036  -450 0036 407
Enoxa 09320007 8.15*087) x I0° 73420055 52720053 278

Nadro 11720014 110(2027)x10° 83320076 44520076 377

“ N is the number of the ligand-binding sites per macromolecule. ? K, is the binding constant for the interaction

between antidote and heparin. ‘AG, AH and -TAS were calculated per mole of the tetrahedral units of the polymers
for one disaccharide unit of the heparins. ¢ Heparins were titrated into antidotes at 25 °C in saline. ¢ Heparins were
titrated into the antidotes at 25 °C in water.
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Fig. 2. Isothermal titration thermograms recorded by adding the solution of (A) UFH, (B) Dalte and (C) Enoxa
([disaccharide unit] = 0.4 mM) into the solution of SOF1 ([S1] = 50 uM) at 25°C in saline. The solid lines represent
the best non-linear fit of the data to a 1:1 binding model. Fluorescence spectra of the solution of SOF1 ([S1] =5
uM) in saline with the addition of (D) UFH, (E) Dalte and (F) Enoxa in saline ([disaccharide unit] = 0-25 uM). The
excitation and emission wavelength were 340 nm and 457 nm, respectively. Inset: plot of [heparin]/[S1] versus
changes of normalized intensity.

Binding mechanism of porous polymers with heparin
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To get insight into the mechanism of binding between the porous polymers and heparins, DLS
experiments were further conducted for the solutions of the polymers with the addition of the
heparins. At the concentration of 60 uM disaccharide unit, all the four heparins gave a very small
Dy of < 3 nm (fig. S20a), which showed that these highly soluble polysaccharides did not
aggregate in water. When the heparins of the same concentration were added to the solution of
SOF1 ([S1] = 20 uM), the DLS profile of the resulting mixture solutions did not display this
small peak of the heparins. In contrast, the mixture still gave the peak of the polymers with the
Dy value being determined to be 78.8, 85.2, 82.3, and 70.6 nm, respectively, for UFH, which
matched that (78.8 nm) of the solution of SOF1 of the same concentration, well supporting that
the heparins were included into the interior of the framework. The increase, with Dalte and
Enoxa, or decrease, with Nadro, of the value might reflect the expanding or shrinking of the
polymer frameworks after including the heparins. Similar results were also observed for the
mixtures of SOF2 and POP1~4 and the four heparins (fig. S20).

At the concentration of 20 uM, the aqueous solution of UFH, Dalte, Enoxa, and Nadro gave
rise to a negative zeta potential of -22.0, -27.9, -30.0 and -19.5 mV, respectively (fig. S6).
Adding the aqueous solution of the six polymers to the solution of the heparins caused the zeta
potential to increase continuously. At the concentration of 15 uM for SOF1, 30 uM for SOF2
and 20 uM for the four POPs, the zeta potential reached that of the solution of the respective
polymer, and kept unchanged with further increase of the concentration. This result provided
solid evidence to support that the linear heparins were completely included into the interior of
the polymers, rather than adhered to their surfaces, at a high enough concentration. Moreover,
after including the heparins, the surfaces of the polymers were unchanged and thus maintained
their charge density as that of the polymers themselves.
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Fig. 3. APTT assays in human plasma for the neutralization of (A and B) UFH (2.48 IU/mL), (C and D) Dalte (2.52
IU/mL), (E and F) Enoxa (2.56 IU/mL), and (G and H) Nadro (1.76 IU/mL) by SOFs and POPs. The aPTT values
were measured by full-automatic blood coagulation analyzer. The heparin neutralization efficacy was calculated
from the standard curves which were plotted with the aPTT value obtained from a series of heparinized-PPP that
prepared by incubating different concentration of heparins into PPP (1/99, v/v), resulting the final concentration of
heparinized-PPP to be in the range of 0.078-4.0 IU/mL.

In vitro efficacy assessments by activated partial thromboplastin time assay

The above ITC, fluorescence and DLS experiments confirmed the high binding affinity of the
SOFs and POPs towards both UFH and LMWHs. We thus systematically assessed the in vitro
ability of these porous polymers to neutralize the four heparins by testing the activated partial
thromboplastin time (aPTT) in both human and bovine plasma. High doses of UFH (2.48
IU/mL), Dalte (2.52 IU/mL), Enoxa (2.56 IU/mL) and Nadro (1.76 IU/mL) were used to mimic
the anticoagulant overdose situation (30). Heparinized human plasmas were treated with
increasing doses of the SOFs and POPs to evaluate their neutralization activity (Fig. 3, and table
S1). For comparison, the activity of protamine was also determined for all the four heparins
under the identical experimental conditions. The aPTT assays in human platelet poor plasma
(PPP) showed that all the six porous polymers could efficiently neutralize UFH in a dose-
dependent manner (Fig. 3). SOF1 and SOF2 reached the top activity at the concentration of 17
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and 60 ug/mL, respectively, and could retain over 90% neutralization activity from 17 to 85 ug/
mL and from 42 to 94 ug/mL, respectively (Fig. 3A). Within the dose range of 20 to 70 ug/mL,
POP1~4 also displayed over 90% neutralization activity (Fig. 3B). Although the neutralization
slightly lowered after reaching the top activity, the therapeutic concentration window of all the
six agents was quite broad. In contrast, whereas protamine fully neutralized UFH at the dose of
18 ug/mL, the neutralization activity rapidly decreased at concentrations greater than it (Fig.
3A), which was consistent with the fact that protamine has the drawback of narrow therapeutic
window (9-11). The top neutralization activity of protamine for Dalte, Enoxa and Nadro, the
three most widely used LMWHs in the clinic, was determined to be 78%, 57% and 69%,
respectively (Fig. 3, B-D), well reflecting the fact that protamine only partially reverse the effect
of LMWHs (7). As expected, greater concentrations of protamine continuously caused quick
decrease of its neutralization activity (Fig. 3, B-D), which is again consistent with its
unpredictable dose response and narrow therapeutic window. However, all the six porous
antidotes could realize a top neutralization activity of 84%-99% (table S1), which was
considerably higher than that of protamine related to the respective heparin. Moreover, all the
agents retained the high neutralization activity within a relatively wide concentration window.
Compared with SOF2, for all the four heparins, SOF1 exhibited a superior or comparable
neutralization activity even at a substantially lowered dose (Fig. 3, A, C, E and G). This
difference might be rationalized by considering that the appended amino group of S1 formed
additional hydrogen bonding with the anion or hydroxyl groups of the heparins and thus
increased the binding affinity of SOF1 toward heparins through enhanced multivalent inclusion.

The neutralization activity of the porous antidotes for both UFH and LMWHs was also
assessed in bovine PPP using aPTT assays (fig. S21 and table S2). The results showed that, for
both UFH and LMWHs, the top neutralization activity of the porous antidotes was also generally
superior over that of protamine. Moreover, in all the cases studied, the two kinds of antidotes all
displayed a wider concentration window while reaching a neutralization activity higher than that
of protamine.

In vitro efficacy assessments by chromogenic anti-FXa assays

The potentiation of thrombin inhibition (anti-Ila activity, also prolongation of activated partial
thromboplastin time) requires at least 18 saccharide units in the chain (MW: ca. 5400 Da),
whereas the acceleration of the inhibition of factor Xa (anti-FXa activity) requires only a
pentasaccharide sequence (MW: ca. 1700 Da). Accordingly, LMWHs preferentially inhibit
factor Xa and only to a low extent thrombin and aPTT (46, 47). We thus further conducted the
chromogenic anti-FXa assay to investigate the neutralization activity of the new porous
antidotes. As the above aPTT experiments revealed that the neutralization activity of SOF1 was
generally higher than SOF2, and four POPs were very comparable, we therefore chose SOF1
and POP1 to conduct the chromogenic anti-FXa assay. Firstly, blood compatibility of antidotes
was tested by anti-FXa assay in human PPP, which showed that SOF1 and POP1 did not cause
any observable effect on the anti-FXa activity (fig. S22). The ability of the two antidotes, as well
as protamine, for the neutralization of UFH and Dalte was then measured and the results are
summarized in Fig. 4A and 4B. Under the identical experimental conditions, protamine showed
the top anti-FXa activity of 92% toward UFH and 60% toward Dalte, at the dose of 21 or 60 ug/
mL, respectively. Both SOF1 and POP1 surpassed protamine within a large concentration
window. For UFH (Fig. 4A), at concentrations from 16 ug/mL to 160 ug/mL or from 21 ug/mL
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to 70 ug/mL, SOF1 and POP1 could achieve >96% and >95% of neutralization, respectively.
For Dalte (Fig. 4B), at concentrations from 94 ug/mL to 170 ug/mL or from 35 ug/mL to 70 ug/
mL, both agents could achieve >80% of neutralization and the top neutralization of 91% or 94%
at the large dose of 150 ug/mL or 70 ug/mL.
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Fig. 4. Neutralization of (A) UFH (2.48 IU/ml), and (B) Dalte (2.52 IU/ml) in saline by anti-FXa assay in human
plasma, with the gradually adding of SOF1, POP1 and protamine, respectively; data are presented as means + SD.
Neutralization of (C) UFH (2.48 IU/mL), (D) Dalte (2.52 IU/mL), (E) Enoxa (2.56 IU/mL), and (F) Nadro (1.76 TU/
mL) by SOF1 in human whole blood measured by TEG assays.

In vitro efficacy assessments thromboelastographic assays

The validation of SOF1 and POP1 for the neutralization of UFH and LMWHs under an
approximately physiological condition was also investigated using thromboelastographic (TEG)
assays in human whole blood (HWB) (48). The clot characteristics of the heparinized HWBs
were assessed with the addition of the porous antidotes of varying concentrations. Guided by the
top neutralization dose in aPTT assays, the concentration of the antidotes used for these TEG
assays were set as 25 and 50 ug/mL for SOF1, 13 and 26 ug/mL for POP1, and 13 ug/mL for
protamine. Salinized HWB from five donors was used as the normal control (Fig. 4, C-F, fig.
S23, and table S3). The addition of the heparin all significantly changed the clotting
characteristics of the blood samples. Coagulating time was as long as more than 118 min,
whereas clotting strength (maximum amplitude) lowered to 0 mm, with Nadro as exception
which was not able to fully anticoagulate the blood (Fig. 4F). The TEG assays showed that, at
the dose of 25 or 50 ug/mL, SOF1 could completely reverse the anticoagulant effect of both
UFH and all three LMWHs and restore blood clot properties to normal (Fig. 4, C-F and table
S4). At the dose of 13 ug/mL which achieved the top neutralization activity for the heparins as
revealed by the above aPTT assay, protamine could also fully reverse the anticoagulant effect of
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UFH (Fig. 4C and table S5). However, for the anticoagulation activity of the three LMWHs, only
partial reversal was observed (Fig. 4, D-F and table S5). These observations were consistent with
the above results obtained with the aPTT and chromogenic anti-FXa studies. At the dose 26 ug/
mL, POP1 could also completely reverse UFH, but for LMWHs, it did not (fig. S24 and table
S6).

In vivo efficacy assessments by tail transection assay in mice

The in vitro activities established by the above aPTT, anti-FXa and TEG assays revealed that
SOF1 and POP1 were efficient antidotes for both UFH and LMWHs. Their efficacy was further
assessed using mouse tail transection assay (bleeding model). In the tail transections assay, ICR
mice were used to study the heparin neutralization activity and possible bleeding side effect (Fig.
5a). ICR mice were randomly distributed to nine groups (n = 10 per group, five male and five
female): 1) saline alone (normal group); ii) heparin (UFH (248 1U/kg) or Dalte (252 IU/kg)) +
saline; iii) heparin (UFH (248 1U/kg) or Dalte (252 IU/kg)) + SOF1 (3.34 mg/kg) or POP1 (2.60
mg/kg); iv) heparin (UFH (248 IU/kg) or Dalte (252 IU/kg)) + protamine (2.60 mg/kg). The
normal group was given two intravenous injections of saline, whereas other groups were given
an injection of heparin followed by an injection of saline or one of the two antidotes in five
minutes. The bleeding behavior versus time was measured according to previously reported
method with modifications (49). The bleeding time was recorded until there was no blood spot
on the filter paper visible to naked eyes and the blood loss was measured by the absorbance (405
nm) of the blood cell lysis in 10 wt% NaOH solution, and calculated by fitting to the standard
curve (fig. S25).

As shown in Fig. 5B-5E, and table S7, the average bleeding time and blood loss volume of the
control groups treated with UFH or Dalte vigorously increased, with the values to be 60.80 =+
9.56 min and 243.21 + 58.77 uL for UFH, 64.20 = 9.46 min and 206.27 + 48.95 uL for Dalte,
respectively, which were much higher than the normal control (21.40 = 3.02 min and 24.22 +
7.45 uL, respectively). Moreover, a significant individual difference was observed in both UFH
and Dalte groups, which was consistent with the less predictable dose response of heparins in
clinic. In UFH neutralization, the mice injected with protamine did not show any significant
difference in bleeding time and blood loss compared to those in the normal group and a major
individual deviation was also observed (Fig. 5, B and C, and table S8). In comparison, treating
the mice with SOF1 or POP1 significantly reduced the bleeding time and blood loss to the
normal level, with no significant difference vs. the normal group (P = 0.2919 and 0.8066,
respectively). Similar results were obtained for Dalte reversal (Fig. 5, D and E, and table S9), the
bleeding time and blood loss of SOF1 and POPI1-treated groups showed a very significant
difference with Dalte control group (P = 0.0017 and 0.0035), with the average bleeding time and
blood loss to be 21.30 £+ 2.92 min and 18.93 + 6.75 uL for SOF1, and 18.20 = 2.46 min and
21.07 = 8.27 uL for POP1, respectively. In contrast, protamine could only partially neutralize
Dalte in vivo, with the bleeding time of protamine-treated group exhibited weak “no significant
difference” with the negative control group (P = 0.2540) and very significant difference with the
normal saline group (P = 0.0035). The blood loss also exhibited both very weak “no significant
difference” with the Dalte control group (P = 0.1052) and with the normal saline group (P =
0.0850), indicating relatively moderate neutralizing activity of protamine in vivo toward Dalte.
More importantly, SOF1 and POP1-treated groups had fewer individual deviations when
compared with those treated with protamine. These results obtained with mice tail transection
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assay strongly supported that both SOF1 and POP1 could effectively reverse UFH and Dalte in
vivo, with more predictable dose responses than protamine.
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Fig. 5. In vivo heparin neutralization via tail bleeding model in ICR mice. (A) A schematic illustration of the
mice tail transection model. (B and D) Total time of bleeding and (C and E) blood loss volume. All of those models
were two-time intravenous (i.v.) administration successively via tail intravenous vein, with the first injection of
saline (normal control), or UFH (248 IU/kg) or Dalte (254 IU/kg) at t = 0 min, and followed by saline, or SOF1
(3.34 mg/kg) or POP1 (2.6 mg/kg), or protamine (PTM, 2.6 mg/kg) at t = 5 min. The distal 2.5 mm of the mouse
tail was transected at t = 10 min, blood bleeding time and blood loss were then recorded. Data presented are the
means = S.EM. (n = 10). *p < 0.05, ***p < 0.01 ****p < 0.005, and ns represents “no significant difference”
between the experimental group and the control group. S.E.M.: standard error of mean.

In vivo efficacy assessments by aPTT and anti-FXa assay in Sprague-Dawley rats
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Further in vivo neutralization efficacy was conducted by aPTT assay and anti-FXa assay in
Sprague-Dawley rats by drawing blood from the jugular intravenous vein (Fig. 6A). For this
experiment, rats were randomly distributed to five groups for in vivo aPTT assay (n = 6 per
group, half male and female): i) saline alone (normal group), ii) UFH (248 TU/kg) + saline, iii-v)
UFH + SOF1 (3.34 mg/kg), POP1 (2.60 mg/kg), or protamine (2.6 mg/kg). For in vivo anti-FXa
assay (n = 4, half male and female), randomly distributed four groups included: i) Enoxa (256
IU/kg) + saline, ii-iv) Enoxa + SOF1 (3.34 mg/kg), POP1 (2.60 mg/kg), or protamine (2.6
mg/kg).

Blood samples of 0 minute were drawn from the jugular vein prior to the first injection from

the tail vein, and the second injection was injected five minutes after the first injection. The
internal coagulation process was monitored via blood drawing at various time points from the
jugular vein.
All blood samples were anticoagulated using 3.8 wt% sodium citrate and were immediately
centrifuged to avoid hemolysis. Fresh plasma for each time point was isolated for aPTT and anti-
FXa assays. As shown in Fig. 6B and table S10, UFH showed an immediate response with the
aPTT exceeding the maximum detection limit (180 s) of the coagulation analyzer, followed by a
slow physiological metabolism in vivo. It can be seen that the injection of SOF1, POP1 or
protamine could all rapidly and completely neutralize UFH within 5.0 min. However, for Enoxa
neutralization, SOF1 showed an activity generally superior over that of POP1 or protamine.
Notably, SOF1 could reverse over 85% anti-FXa activity of Enoxa, while POP1 and protamine
reversed about 60% (Fig. 6C, table S11). This in vivo neutralization results showed that the
superior heparin reversal activity of SOF1 observed in vitro could be effectively translated in
vivo.
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Fig. 6. In vivo neutralization toward UFH and Enoxa in Sprague-Dawley rats. (A) A schematic description of
the rat model for i.v. administration and jugular vein blood drawing. (B) Neutralization of UFH by SOF1, POP1 or
protamine measured with aPTT assay. Rats (n = 6 per group) were i.v. administrated successively with the first
injection of saline, or UFH (248 1U/kg) at t = 0 min (1* i.v.), and followed by saline, SOF1 (3.34 mg/kg), POP1 (2.6
mg/kg), or protamine (2.6 mg/kg) at t = 5 min (2™ i.v.). The blood was drawn at t = 0, 5, 10, 20, 35, and 60 min. The
neutralization efficacy was monitored by aPTT. (C) Neutralization of enoxaparin by SOF1, POP1 or protamine in
rats measured with the anti-FXa assay. Rats (n = 4 per group) were i.v. administration successively with Enoxa (252
[U/kg) followed by saline at t = 0 min (1* i.v.), SOF1 (3.34 mg/kg), POP1 (2.6 mg/kg), or protamine (2.6 mg/kg) at
t = 5 min (2" i.v.). The blood was drawn at t = 0, 2.5, 7.5, 10, 20, and 35 min. Then the factor Xa levels were
monitored by BIOPHEN two stage anti-FXa kits. All data are presented as the means =+ SD. SD: standard
derivation.
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Biocompatibility and in vivo safety evaluation

As in vivo studies supported that SOF1 and POP1 could neutralize heparins effectively, we then
conducted the dose tolerance studies to assess their toxicity. ICR mice were administered
intravenously through the tail vein with a single-bolus of an escalating dose of SOF1 or POP1
saline solution. The mice were observed over seven days for any toxic symptoms, and the
lethality was recorded (tables S12 and S13). The maximum tolerated dose (MTD) of SOF1 and
POP1 was 71.2 and 15.6 mg/kg, respectively. SPSS probit model was then used to calculate the
probability of dose-dependent toxicity, and the LDs, of SOF1 and POP1 was estimated to be
92.5 and 20.3 mg/kg, respectively. LDs, and corresponding therapeutic dose (3.3 mg/kg for
SOF1, 2.6 mg/kg for POP1) were used to calculate their therapeutic index (TI), giving the value
of 28 and 7.9, respectively. Acute toxicity assays were further performed with seventy ICR mice.
Single-injection was administrated through the intravenous tail vein with saline or the escalating
dose of antidotes (SOF1 (3.3, 15.7, 31.3, and 62.6 mg/kg) or POP1 (2.6 and 5.2 mg/kg)). The
mice were fed and monitored over 15 days for their body weight changes, mortality, or any signs
of acute toxicity. The mice administrated with a varied dose of SOF1 or POP1 were less active
in the first two days with the weight slightly descended, but grew normally in the following days
and even caught up with the normal saline control group (Fig. 7, A and D, tables S14 and S15).
Fifteen days after the administration, the mice were euthanized for blood collecting and
representative organs (heart, liver, spleen, lungs, kidneys and thymus) harvesting. The organ
indexes for SOF1 and POP1-treated mice were comparable to those of the mice treated with
saline (Fig. 7, B and E, tables S16 and S17), except for the slight significant difference of liver
indexes (Fig 7E) of the mice treated with POP1 at the dose of 5.2 mg/kg. In addition, the liver
and kidney damage indices, including blood urea nitrogen (BUN) and alanine aminotransferase
(ALT) levels in serum, also exhibited no significance difference with the saline control (Fig. 7, C
and F, tables S18 and S19). Further histopathological analysis of tissue sections from the above
treated mice were also conducted to supplement the acute toxicity data. H&E results also
indicated no apparent difference between the tissues treated with saline control and SOF1 or
POP1, and no sign of tissue abnormality was detected (Fig. 7G and fig. S27 and S27). The above
results all suggested that both SOF1 and POP1 were safe under therapeutic doses for heparin
neutralization, while SOF1 exhibited an even higher mice tolerance dose and therapeutic index
than POP1.

Additional biocompatibility studies, including TEG, hemolysis assays as well as cell viability,
were then further conducted. TEG was considered more suitable for the biocompatibility test
than other in vitro coagulation tests as the whole blood containing all the blood components was
close to in vivo conditions. The TEG traces for SOF1 were almost identical with that of the
healthy donors and the saline control. Furthermore, coagulation parameters such as clotting time
and clot strength did not show important change when incubated with SOF1 at different
concentrations (Fig. 7H). The hemolytic effect of SOF1 was assessed in human and rat red blood
cells (RBC), showing that SOF1 did not exhibit important hemolytic activity (< 3% lysis) within
the concentration range of 0-757.6 ug/mL (Fig. 7I), which was much higher than the therapeutic
dose range (16.7-33.4 ug/mL) as indicated by the aPTT assays. In contrast, protamine causes
very significant erythrocyte hemolysis, as reported in the literature (30). The safety of SOF1 was
also verified by cell cytotoxicity through normal cardiac myoblast of rat heart cells and human
breast cancer cells (MCF-7) (fig. S28). SOF1 showed very low cytotoxicity to H9C2 and MCF-7
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cells, and the half-maximal inhibitory concentration (ICsy) was estimated to be 386.8 ug/mL by
H9C2 and 262.4 ug/mL by MCF-7. These values were also much higher than the therapeutic
dose of SOF1 for neutralizing the heparins.
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435  Fig. 7. Preliminary in vivo safety and biocompatibility evaluation. (A-G) acute toxicity evaluations on different dose
of SOF1 and POP1. (A and D) Weight changes of mice after i.v. administration with a single dose of SOF1 (A) and
POP1 (D). (B and E) Major organ indexes of the mice on day 15 post-administration with SOF1 (B) and POP1 (E).
(C and F) Renal and hepatic functional biomarkers in the blood samples collected from the mice on day 15 after i.v.
administration of SOF1 (C) and POP1 (F). Data are presented as mean; S.E.M.; n = 5 for each female or male mice

440  group. (G) Representative pathological morphology of main organ after 15 days post administration of saline, SOF1
(3.3 mg/kg) and POP1 (2.6 mg/kg). Tissues were stained with hematoxylin and eosin and observed under light
microscope (magnification, x200). (H) TEG traces of SOF1 (25 and 50 ug/mL) in human whole blood. (I)
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Hemolysis results of SOF1 was conducted on 5% human and rat red blood cells. (J) Cell viability assays of HOC2
cells and MCF-7 cells versus the incubation concentration of SOF1. The cells (~1 X 10* per well) were incubated
with the frameworks at 37 °C for 24 h. The viability was evaluated by CCK-8 proliferation tests. Error bars represent
the standard deviation for each point.

DISCUSSIONS

We have presented the potential of two kinds of cationic porous organic polymers as new
effective antidotes for reversing the anticoagulation of both UFH and three LMWHs. SOF1
worked as effectively as protamine sulfate in neutralizing UFH and more efficacious towards
LMWHs than protamine. For all the four heparins, SOF1 exhibited an obviously wider
concentration window than protamine. Protamine has a very narrow therapeutic window, which
makes it less predictable and frequently causes bleeding due to overdose. One important
advantage of the new porous antidotes is that their therapeutic windows are generally
considerably wider, which should help to reach a high predictability for practical use. SOF1 has
a relatively high TI of 28 and MTD of 71.2 mg/kg. It does not show hemolysis at a dose much
higher than that of efficient neutralization of the heparins. These observations indicate that this
homogeneous polymer has a good biocompatibility and thus the potential for further evaluation
of preclinical studies. Previous study supports that SOFs include DNA through multivalent
electrostatic attractions. Since heparins possess an even higher negative charge density, we
propose that SOFs and POPs neutralize heparins through including the heparins into the interior
of their pores which is also driven by the electrostatic attraction between the positive charges of
the porous antidotes and the anionic charges of the heparins. The intrinsic nano-scaled porosity
of the antidotes should facilitate this interaction because the inclusion does not require the
deformation or transformational change of the polymer backbones. The porosity of the polymeric
antidotes also features relatively uniform distribution of their positive charges, which may be an
important factor that leads to their relatively low toxicity. As synthetic agents, the porous
antidotes are also very stable in water, can be stored at room temperature for months. They can
also avoid the potential limitation of livestock, source dependent biological contamination, and
probably immunogenic problem. Generally, we provide in vitro and in vivo evidences to
demonstrate that SOF1 is a very promising candidate as protamine surrogate.

SOFs are self-assembled through the encapsulation of CB[8] for the intermolecular dimers
formed by the appended aromatic arms of the tetrahedral building blocks. CB[8] has been
evaluated to be of low toxicity (50) and its pharmacokinetics with oral administration has been
conducted (57), which reveals its absorption from gastrointestinal tract into the blood stream is
very low. However, the pharmacokinetics with i.v. administration is not available, and the
complexation between the tetrahedral component and CB[8] may also complicate the study for
the supramolecular antidote. SOFs have a hydrodynamic diameter which depends on the
concentration of the monomers. The size of the supramolecular polymer may impose an
important influence on its efficacy as well as its toxicity. Before clinical translation, several
structure-related complications and limitations have to be addressed.

MATERIALS AND METHODS
Study design
The aim of this study was to discover and develop high water-soluble porous organic polymers

as the universal anticoagulant antidotes for both UFH and LMWHs. The potential of two kinds
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of polycationic porous organic polymers, including SOFs and POPs, as protamine surrogates
were systematically assessed. The binding affinities of SOFs and POPs with heparin were
investigated with ITC and fluorescence titration experiments. The binding mechanism between
the porous polymers and heparins was studied by DLS experiments. In vitro heparin
neutralization activities were conducted in human blood samples (platelet poor plasma and whole
blood) that provided by Shanghai Blood Center, using an approved protocol by Shanghai
Municipal Commission of Health and Family Planning and commercial bovine platelet poor
plasma. In vivo efficacy was studied in ICR mice or SD rats that purchased from Laboratory
Animal Center of the Shanghai Institute of Planned Parenthood Research, with protocols
approved by the respective Institutional Animal Care Committees of Shanghai. Six to ten
animals per group with half female and male were selected to perform statistical analysis. The
animals were randomized to the control and experimental groups on the basis of their body
weight, but the investigator was not blind to the groups. The animals were bred in a 12 h
light/dark cycle in a room with temperature and humidity controlled, grouped cages as
appropriate, and allowed to have ad libitum access to sterilized tap water and standard chow.
Dose tolerance and acute toxicity studies were assessed via i.v. administration of escalating
doses of SOF1 and POP1 in ICR mice. Additional safety evaluation experiments for SOF1,
including TEG (conducted in HWB), hemolysis assays (assessed in human and rat RBCs) and
cell cytotoxicity (studied with MTT assay using the normal cardiac myoblast of rat heart cells
and human breast cancer cells), were also tested. Detailed synthetic procedures and experimental
protocols were included in the Supplementary Materials and Methods.

Statistical analysis

Statistical analysis of the data was carried out by one-way ANOVA test, and results are
presented as either means + SD or means £ SEM. P values of < 0.05 were considered
significant. The statistical test and P values are included in the figures and tables.

SUPPLEMENTARY MATERIALS

Materials and methods

Fig. S1. NMR titration spectra of S1 with increasing amounts of CB[8].

Fig. S2. UV-Vis titration of S1 with the addition of CB[8].

Fig. S3. Synchrotron small-angle X-ray-scattering profile of SOF1.

Fig. S4. Solid and solution phase X-ray-diffraction profile of SOF1.

Fig. S5. DLS size profile of SOF1, SOF2 and POP1~4 in saline.

Fig. S6. Zeta potential titration of heparins and SOFs or POPs in water at 25°C, pH = 7.0.

Fig. S7. UV—vis absorption spectra of the photodimerization process in water.

Fig. S8. DLS size profile of POP1~S5 of different concentration in water.

Fig. S9. Molecular modelling of POP1

Fig. S10. Isothermal titration thermograms of Nadro titrated into SOF1 in saline at 25°C.

Fig. S11. Isothermal titration thermograms of heparins titrated into POP1 in saline at 25°C.

Fig. S12. Isothermal titration thermograms of heparins titrated into POP2 in saline at 25°C.

Fig. S13. Isothermal titration thermograms of heparins titrated into POP3 in saline at 25°C.
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