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Balancing and neutralizing heparin dosing after surgeries and hemo-
dialysis treatment is of great importance in medical and clinical
fields. In this study, a series of new amphiphilic multi-charged
cyclodextrins (AMCD)s as anti-heparin coagulants were designed
and synthesized. The AMCD assembly was capable of selective
heparin binding through multivalent bonding and showed a better
neutralizing effect towards both unfractionated heparin and low
molecular weight heparin than protamine in plasma. Meanwhile, an
AMCD and vitamin K (VK) co-assembly was prepared to realize
heparin-responsive VK release and provide a novel VK deficiency
treatment for hemodialysis patients. This AMCD-VK co-assembly
for heparin neutralization & vitamin K supplementation synergistic
coagulation represents a promising candidate as a clinical anti-
heparin coagulant.

Heparin is a widely used anticoagulant in clinics which can bind to
anti thrombin III and cause the inactivation of factor Xa. UFH is
used to maintain blood fluidity during hemodialysis."* LMWH
and fondaparinux are applied for the treatment of deep vein
thrombosis and pulmonary embolism.>* To balance and neutra-
lize heparin dosing, protamine is used as a heparin inhibitor
which can neutralize heparins by forming — with varying degrees of
success - inert complexes.” However, the clinical use of protamine
has several medical risks like hypotension and serious allergic
reactions caused by immune responses to this exogenous
protein.*” Until now, protamine has no approved medicinal
substitute and its production is limited by the wild and bred
livestock availability. Meanwhile, protamine is only partially active
against LMWHSs and has almost no effect towards fondaparinux,
both of which are widely used in the clinic.® Thus, the search for
alternatives to protamine has gained extensive attention and lots
of candidates have been reported including small molecules,’
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proteins and peptides,'® " linear and branched polymers,"* ™ and

macrocycles.'®!” Furthermore, a significant proportion of hemo-
dialysis patients have a functional vitamin K deficiency with the
risk of modifiable biological effects.'® Vitamin K supplementation
after hemodialysis and surgery is also a noteworthy problem."

Supramolecular assembly based on macrocycles has gained
lots of interest as a functional bio-sensing, drug delivery and
disease treatment platform.?*”>” Multivalent co-assembly based
on amphiphilic macrocycles could provide high specificity and
selectivity towards bioactive molecules.”® To neutralize heparin
and supplement VK delivery at the same time, we plan to
construct a new coagulant strategy based on amphiphilic supra-
molecular assembly with multivalent binding sites on the surface
and drug delivery in the hydrophobic inner layer.

Herein, we wish to report a novel anti-heparin coagulant
based on amphiphilic multi-charged cyclodextrin (AMCD)
assembly as shown in Scheme 1. A series of novel amphiphilic
cyclodextrins were synthesized with modification of positively
charged imidazolium cation groups and alkyl chains at the lower
rim. Due to the amphiphilic nature, these AMCDs could self-
assemble and co-assemble with hydrophobic drugs in aqueous
media. The imidazolium cation groups together with the cyclo-
dextrin cavity at the surface of the AMCD assembly could
strongly capture heparin through synergic multivalent binding.
The high binding affinity towards heparin was measured by an
indicator displacement assay (IDA) in which 8-hydroxypyrene-
1,3,6-trisulfonic acid trisodium salt (HPTS) was chosen as the
indicator. The host-guest complex of AMCD-HPTS could also
be used as a reporting pair to monitor heparin concentration
by fluorescence. Activated partial thromboplastin time (aPTT)
experiments confirmed that AMCDs could effectively neutralize
heparin in plasma and one of the AMCDs, AMCD-8cy showed
better anti-heparin ability than protamine towards UFH and
LMWH. Furthermore, the AMCD could co-assemble with VK
and the assembly was characterized by TEM and DLS experi-
ments. A morphology transformation from spherical particles to
square particles was also observed after the capture of heparin
by TEM images. Meanwhile, along with the morphology
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Scheme 1 Systematic presentation of the construction of AMCD-VK
co-assembly, the heparin capture & vitamin K release process and the
corresponding molecular structures of AMCD and VK.

transformation, VK was released from the AMCD assembly. The
capture of heparin by AMCD assembly together with the release
of VK would provide a novel synergistic coagulant treatment. We
believe that this AMCD-VK co-assembly will become a novel
heparin neutralization & vitamin K supplementation synergistic
coagulant strategy and have potential application value in
clinical surgery.

Heparin is a co-polymer composed of glucosamine, r-aldoside,
N-acetylglucosamine, and p-glucuronic acid and is a typical
negatively charged polysaccharide. Referring to the structural
features of heparin, we designed the artificial receptor AMCD as
a promising anti-heparin coagulant with the following considera-
tions. First, cyclodextrin were employed as the non-synthetic
macrocyclic scaffold benefiting from their inexpensive prepara-
tion and facial modification. Second, positively charged imidazo-
lium cation groups at the lower rim of AMCD could provide
electrostatic interaction binding sites towards the sulfonic acid
group and carboxylic acid group of heparin. Third, the cavities of
cyclodextrins and the hydroxyl groups on the upper rim possessed
similar nature to the glucose units of heparin which further
enhanced the binding affinities through hydrophobic interaction
and hydrogen bonds. Finally and most importantly, the AMCD
assembly provided multiple binding sites on the surface towards
the heparin macromolecular chain which would greatly promote
the neutralization of heparin. Collectively, based on these con-
siderations, AMCD was designed as an artificial heparin inhibitor
which was expected to show strong binding affinity towards
heparin via multivalent and synergistic effects of electrostatic,
hydrogen bond and hydrophobic interactions. The AMCD was
synthesized by dissolving Octakis (6-deoxy-6-iodo)-y-cyclodextrin
in 1-octylimidazole and stirred at 80 °C under an argon atmo-
sphere for 2 days. "H NMR, "*C NMR and mass spectra were used
to characterize the AMCDs as provided in the ESIT (Fig. S1-54).

Next, the binding behaviour between AMCD and heparin was
studied. The NMR experiment was first carried out as shown in
the ESIf (Fig. S9 for AMCD-UFH complex and Fig. S10 for
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AMCD-LMWH respectively). Since heparin is a polymer with a
large molecular weight, only broadening resonance peaks were
observed which disappeared after the addition of AMCD. The
reason was that the protons of heparin were located within the
cavity of AMCD and shielded by the cyclic structure by forming
an inclusion complex between heparin and AMCD. Since, the
AMCD host is amphiphilic and tends to form an assembly,
calorimetric titration was therefore ruled out because the heat
change caused by the assembly process could disturb the
measurement of binding affinity. As an alternative approach,
fluorescent IDA was chosen to study the binding behaviour
between AMCD and heparin. IDA, the use of synthetic receptors
with competitive binding assays, has been popularized as a
standard strategy for molecular sensing, complementary to the
approach of direct sensing. We employed IDA to not only deter-
mine the binding affinity between AMCD and heparin, but also to
concurrently offer the opportunity for fluorescence sensing of
heparin concentration. HPTS was screened as the optimal reporter
dye, owing to its high brightness, strong binding with AMCD and
drastic complexation-induced enhancement of fluorescence
(Fig. S5, ESIt). The binding stoichiometry between AMCD and
HPTS was determined to be 1:1 according to the Job’s plot
(Fig. S6, ESIt). The association constant (K,), extracted from the
fluorescence titration, was fitted as (5.0 + 0.2) x 10° M. The
AMCD-HPTS complex was also characterized by 'H NMR and
rotating frame Overhauser enhancement spectroscopy (ROESY)
(Fig. S7 and S8, ESIf). The displacement of AMCD-HPTS by
gradual addition of UFH resulted in reduction of HPTS fluores-
cence (Fig. 1a). The data were well fitted by a 1:1 competitive
binding model, giving a K, value of (2.4 + 0.1) x 10° M~". To
validate the synergistic effect of several interactions on binding
between AMCD and heparin, we further tested changes in the
fluorescence intensity of AMCD-HPTS caused by other important
negatively charged polysaccharides such as LMWH, hyaluronic acid
(HYA) and alginic acid (ALG). As shown in Fig. 1c (Fig. S11-S13,
ESIYt), the addition of LMW heparin to the AMCD-HPTS caused
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Fig. 1 (a) Competitive titration of AMCD—-HPTS (1/1 uM) with UFH (up to
15 pM). (b) The associated titration curve at Aem, = 515 nm and the fit
according to a 1:1 competitive binding mode. (c) The binding affinities of
AMCD towards UFH, LMWH, hyaluronic acid (HA) and alginic acid (ALG). All
the experiments were carried out in 10 mM tris-HCl buffer pH = 7.4.
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89% signal change as UFH while the addition of HYA and ALG
only caused 41% and 38% respectively. The addition of other
neutral or positively charged polysaccharide caused almost no
change of AMCD-HPTS fluorescence. These results proved the
high selectivity of AMCD towards UFH and LMWH due to the
synergistic effect of multiple sites and multiple non-covalent
interactions.

Next, we further study the properties of AMCD assembly and
the AMCD-heparin co-assembly. Transmission electron micro-
scopy (TEM), dynamic light scattering (DLS) and zeta potential
experiments were employed to identify the morphology, size
and surface potential of the assembly. As shown in Fig. 2,
uniform spherical particles could be observed in the TEM
image of the AMCD assembly while square particles were found
in the TEM image of the AMCD-heparin co-assembly. In DLS
measurements, particles formed by AMCD assembly exhibited
a narrow size distribution with a hydrodynamic radius (R;,) of
227 nm at a scattering angle of 90° while the particles formed
by AMCD-heparin co-assembly possessed a Ry, of 88 nm. The
reduction of particles size found by the DLS experiment was
in nice agreement with the TEM results. Meanwhile, the zeta
potential of AMCD assembly was measured as +42 mV while
the zeta potential of AMCD-heparin co-assembly was +22 mV.
The positive zeta potential of AMCD self-assembly was due
to the positively charged imidazolium cation groups at the upper
of AMCD. The reduction of zeta potential to the AMCD-heparin
co-assembly was in accordance with the addition of negatively
charged heparin with sulfonic acid and carboxylic acid groups.
The TEM image of heparin (Fig. S17, ESIf) as a control also
showed discriminative morphology compared with the AMCD
assembly and AMCD-heparin co-assembly. Combining all the
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Fig. 2 The TEM images of (a) the AMCD assembly and (b) the co-assembly.

The DLS data of (c) AMCD and (d) the AMCD-heparin co-assembly. The

zeta potential of () AMCD and (f) the AMCD—heparin co-assembly.
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aforementioned results, we concluded that with the capture
of heparin through multivalent binding, the AMCD assembly
became smaller and transformed into a novel morphology.

The heparin neutralization ability of the AMCDs was studied
by aPTT clotting assays in plasma. The aPTT measurement was
the primary laboratory test used to monitor and adjust UFH.
The performances of four AMCDs (4cf, 8cp, 4cy and 8cy) and
protamine (as reference) as antidotes for clinically used UFH
were investigated. As shown in Fig. 3, the 8cf and 8cy had
better neutralization efficiency towards UFH in plasma than
4cf, 4cy and protamine. This was because 8cf and 8cy possessed
longer alkyl chains and more easily form assembly to realize a
multivalent binding towards UFH. Meanwhile, 8cy showed better
neutralization ability than 8cff which we believe was caused by the
higher number of positive charges. The neutralization towards
LMWH was also studied as shown in Fig. S14 (ESIt). More
interestingly, we found that both the 4cy and 8cy showed better
LMWH neutralization ability than protamine. With the increasing
of antidote concentration from 10 to 20 pg mL ™', the aPTT
of protamine changed slightly while the aPTT of 4cy and 8cy
kept reducing. Protamine is unable to completely reverse
the anticoagulant effect of LMWH which limited its clinical
use while UFH may cause platelet aggregation and bleeding
complications. For these reasons, we believe that with the
utilization of a better antidote such as AMCD-8cy, the applica-
tion of LMWH could be broadened.

The capability of AMCD assembly on loading coagulant drugs
was examined by using VK, also known as coagulation vitamin.
Vitamin K is a cofactor for y-glutamyl carboxylase, the enzyme
responsible for the formation of matrix y-carboxyglutamate residues
that confer calcium-binding properties to a small class of proteins,
referred to as vitamin K-dependent proteins including coagulation
factors II, VII, IX, and X. A significant proportion of hemodialysis
patients have a functional vitamin K deficiency and may be at
greater risk of potentially modifiable biological effects. We wish to
construct a VK carrier with AMCD to solve the vitamin K deficiency
of hemodialysis patients during the heparin neutralization process.
As shown in Fig. 4a, the calibration curve line of VK was measured
by UV-vis absorption spectra of different concentrations of VK in
water (Fig. S15, ESIT). As observed from the calibration curve line,
the absorption of VK at 330 nm was in a linear relationship with
the VK concentration in the range of 2-22.5 yM. An AMCD
and VK co-assembly (AMCD-VK) was prepared through the
method in the supplementaryinformation. Since the AMCD
has no absorption at 330 nm, from the UV-vis spectrum
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Fig. 3 aPTT clotting assay of UFH (0.3 USP mL™Y plasma after addition of
antagonist AMCDs (4¢P, 8cp, 4cy and 8cy) or protamine sulfate as a reference.
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Fig. 4 (a) The UV-vis absorption calibration curve line of vitamin K at
330 nm. (b) The UV-vis absorption spectra of vitamin K loaded by AMCD
self-assembly before (red line) and after (black line) the addition of heparin.

absorption of the AMCD-VK co-assembly (Fig. 4b), the concen-
tration of VK could be calculated according to calibration curve
line. The VK loading efficiency and the encapsulation efficiency
were calculated as 6% and 40%, respectively. As the morphology
transformation occurred after the capture of heparin which
was observed by TEM and DLS, about 64% VK was released as
calculated from the UV-vis absorption spectrum according to
the calibration curve line of VK. The TEM image of AMCD-VK
co-assembly was also presented in Fig. S16 (ESIf) as a control
which showed no obvious difference compared with AMCD
assembly. We believe that this AMCD-VK co-assembly strategy
would provide heparin neutralization & vitamin K supplemen-
tation synergistic coagulation.

A series of novel amphiphilic multi-charged cyclodextrins
was synthesized and AMCD-assembly was utilized for selective
heparin binding. High binding affinity towards heparin was
characterized by the IDA method and the sensing of heparin
through fluorescence competitive binding was also achieved.
The aPTT experiments also confirmed the highly efficient heparin
neutralization by AMCD in plasma and one of the AMCDs 8cy
showed a high neutralization effect towards not only UFH but also
LMWH which proved to be a better protamine alternative. More
interestingly, the transformation of the AMCD assembly after
the capture of heparin could realize heparin-stimuli responsive
release of vitamin K. This AMCD-VK co-assembly strategy would
provide a heparin neutralization & vitamin K supplementation
synergistic coagulation and have potential enlightenment in
biochemistry, medical and clinical fields.
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