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Graphical Abstract
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Co-decoration of liposomal nanoconstructs with FVIII-derived VWF-binding-peptides (VBP)
and active platelet-clustering fibrinogen-mimetic-peptides (FMP) allow platelet-mimetic VWF-
adhesion and platelet aggregation enhancement by the constructs, without inhibiting platelet’s

natural interactions with VWF.
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Abstract

There is substantial clinical interest in synthetic platelet analogs for potential application in
transfusion medicine. To this end, our research is focused on self-assembled peptide-lipid
nanoconstructs that can undergo injury site-selective adhesion and subsequently promote site-
directed active platelet aggregation, thus mimicking platelet’s primary hemostatic actions. For
injury site-selective adhesion, we have utilized a coagulation factor FVIII-derived VWF-binding
peptide (VBP). FVIII binds to VWF’s D’-D3 domain while natural platelet GPIba binds to
VWF’s Al domain. Therefore, we hypothesized that the VBP-decorated nanoconstructs will
adhere VWF without mutual competition with natural platelets. We further hypothesized that the
adherent VBP-decorated constructs can enhance platelet aggregation when co-decorated with a
fibrinogen-mimetic peptide (FMP). To test these hypotheses, we used glycocalicin to selectively
block VWF’s Al domain, and with fluorescence microscopy, studied the binding of
fluorescently labeled VBP-decorated nanoconstructs versus platelets to ristocetin-treated VWEF.
Subsequently, we co-decorated the nanoconstructs with VBP and FMP and incubated them with
human platelets to study construct-mediated enhancement of platelet aggregation. Decoration
with VBP resulted in substantial construct adhesion to ristocetin-treated VWF even if Al-domain
was blocked by glycocalicin. In comparison, such Al-blocking resulted in significant reduction
of platelet adhesion. Without A1l-blocking, the VBP-decorated constructs and natural platelets
could adhere to VWF concomitantly. Furthermore, the constructs co-decorated with VBP and
FMP enhanced active platelet aggregation. The results indicate significant promise in utilizing
the FVIII-derived VBP in developing synthetic platelet analogs that do not interfere with VWF-
binding of natural platelets but allows site-directed enhancement of platelet aggregation when

combined with FMP.
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Introduction

Von Willebrand Factor (VWF) is a major protein that mediates physiological (hemostasis) as
well as pathological (thrombosis) adhesion of platelets in vascular injury'>. VWF is secreted
from the Weibel-Palade bodies of injured endothelial cells and alpha(a)-granules of activated
platelets’. Each monomeric subunit of VWF consists of several domains with specific
bioactivity, e.g. the A1 domain mediates binding to platelet glycoprotein GPIba component, the
A3 domain mediates binding to sub-endothelial collagen, the C1-C3 domain mediates binding to
fibrinogen (Fg) and to integrin GPIIb-IIla on activated platelets, the D’-D3 domain acts as a
carrier for coagulation factor FVIII before thrombin-induced activation, and the A2 domain
undergoes cleavage via metalloprotease ADAMTS-13 enzyme for regulation of VWF multimer
size™®. The multi-domain VWF monomeric subunits can multimerize via disulphide bonds, and
this multimeric VWF circulates as a globular protein”®. However, at a vascular injury site due to
increasing hemodynamic shear, the globular VWF multimers can unravel and further self-

associate to enhance the VWF availability for bioactive functions (Figure 1)’.

The primary mechanism of platelet adhesion at a vascular injury site is the tethering of platelet
GPIba to VWF’s exposed Al domains. Therefore, simulating this functional aspect is a critical
component of our research to design an artificial platelet analog. The clinical interest for
artificial platelet analogs stems from the issues that natural platelet-based products pose, e.g.
shortage in supply, very short shelf-life (3-5 days) due to high risk of pathologic contamination,
storage lesions and a variety of biological side effects'®. An effective approach to design
artificial platelet analogs is to decorate the surface of biocompatible intravenously-administrable
particles with motifs that render platelet-mimetic hemostatic functions. To this end, we have

focused on mimicking platelet’s key primary hemostatic actions of injury site-selective adhesion

Page 4 of 31



Page 5 of 31

Nanoscale

and site-selective amplification of platelet aggregation and have combined them on a single
synthetic platform. For this, we have utilized self-assembly of lipid-peptide bioconjugates to
form unilamellar liposomal constructs (~ 150nm in diameter) that are heteromultivalently
decorated with VWF-binding peptides (VBP), collagen-binding peptides (CBP) and active
platelet glycoprotein GPIIb-Illa binding fibrinogen-mimetic peptides (FMP). Our design
rationale is that the VBP and CBP will promote injury site-selective adhesion of the constructs
via VWF- and collagen-binding, while the FMP will promote site-directed aggregation of active
platelets onto the adhered constructs to amplify primary hemostasis. We have recently

demonstrated the platelet-mimetic abilities of our constructs at the cellular scale'' ™.

Building on these studies, we now focus on establishing a molecular scale mechanistic model of
the platelet-mimetic functions exhibited by the nanoconstructs. As the first component of this
mechanistic investigation, here we report on our analysis of how surface decoration with VBP
enables the binding of the constructs on VWF. In this context, we rationalized that an artificial
platelet design for VWF-binding should not interfere with the binding of available natural
platelets to the same VWF. Hence, the mechanisms of nanoparticle binding to VWF should be
different from that of natural platelets binding to VWEF. To achieve this exclusivity at the
molecular scale, we have focused on the FVIII-binding D’-D3 domain of VWF and have utilized
a FVIII-derived VBP that has moderately high affinity (ICso ~ 9 pM) to this domain'*". It is also
reported that although each VWF monomeric subunit contains one D’-D3 domain that can
theoretically bind one FVIII molecule, physiologically VWF contains ‘bound FVIII’ in ~ 1:50
(FVIILVWF) ratio'®. Hence we rationalized that physiological VWF will have sufficient
‘unoccupied’ D’-D3 domains that can enable adhesion of VBP-decorated nanoparticles under

flow, while available natural platelets can still, in parallel, bind to the A1 domain of VWF via
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GPIboa without mutual interference. Also, since the VBP we used does not include the thrombin-
binding Arg'®* region but rather residues 2303—2332 of the C2 domain of FVIII'*"°, we further
rationalized that the binding of VBP to VWF will not be thrombin-cleavable. Furthermore, we
hypothesized that co-decoration of the VBP-decorated nanoconstructs with FMP motifs will
potentially enable the constructs to recruit and amplify the aggregation of locally activated
platelets and thereby cumulatively enhance primary hemostasis, as envisioned in Figure 2. Here
we report on our experimental studies of our rationale and hypotheses at cellular and molecular

scale in vitro.

Experimental

Materials

Phosphate Buffered Saline (PBS), glass coverslips and microscope slides, 3.8% w/v sodium
citrate, paraformaldehyde (PFA), and bovine serum albumin (BSA) were obtained from Thermo
Fisher Scientific (Waltham, MA). FVIII free and physiologic human Von Willebrand Factor
(VWF) and alpha(a) thrombin were obtained from Hematologic Technologies (Essex Junction,
VT). Glycocalicin was purchased from USCN Life Science (Wuhan, China). Calcein was
purchased from Invitrogen (Carlsbad, CA) and Ristocetin from Helena Laboratories (Beaumont,
TX). For liposomal construct fabrication, cholesterol was purchased from Sigma Aldrich (Saint
Louis, MO). The lipids distearyl phosphatidyl choline (DSPC), poly(ethylene glycol)-modified
DSPE (DSPE-PEG2000), carboxypoly(ethylene glycol)-modified DSPE (DSPE-PEG2000-
COOH), and Rhodamine B-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DHPE-
Rhodamine) were purchased from Avanti Polar Lipids (Alabaster, AL). Adenosine Diphosphate

(ADP) was purchased from Bio/Data Corporation (Horsham, PA). The peptides

Page 6 of 31



Page 7 of 31

Nanoscale

TRYLRIHPQSWVHQI (VBP) and cyclo-CNPRGDY(OEt)RC (FMP) were synthesized and

. . . . . 11.12
characterized as reported in our previous publications” > ~.

Preparation of surfaces, VBP-decorated constructs and platelets for binding experiments

The platelet-adhesive role of VWF is physiologically and pathologically facilitated by shear-
induced ‘conformational unraveling’ of globular VWF under blood flow environment to expose
the GPIba-binding A1 domain (Figure 1). It has been reported that such platelet-adhesive
conformational changes in VWF can also be achieved in static incubation conditions by treating
VWF with the antibiotic ristocetin'"'*. Hence in our experiments, we have used ristocetin-treated
VWF adsorbed on a glass coverslip surface as our ‘test’ substrate, versus untreated VWF as
control. Additionally, we have used BSA-coated coverslips as a second control surface, since

P! For

albumin is known to have no specific adhesive activity towards platelets or VB
blocking ristocetin-treated VWF’s exposed Al domain, we used glycocalicin, which is the
carbohydrate-rich extramembranous portion of platelet GPIba**?. Since it is the GPIba that
undergoes binding to VWF’s A1 domain, we rationalized that pre-treatment with soluble excess
glycocalicin will effectively inhibit this specific binding to the A1 domain while still allowing
bioactivity of the other domains of VWEF. Our rationale is strengthened by reports of using
glycocalicin as a viable substitute for recombinant GPIba in the VWF:Ristocetin cofactor
assay”". Exposure of platelets and VBP-decorated constructs to VWF without glycocalicin pre-
treatment were used as control conditions. For all platelet-based experiments, platelets were
isolated using serial centrifugation from human whole blood collected via venipuncture from
Aspirin-refraining healthy donors using institution-approved protocols. The platelets were

stained with calcein (A=495nm, A.,=515nm, green fluorescence) to enable imaging of their

binding to experimental surfaces. For all construct-based experiments, VBP-decorated as well as
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VBP-FMP-co-decorated lipid-peptide nanoconstructs were formed using reverse-phase
evaporation and extrusion, resulting in ~150 nm diameter (confirmed by dynamic light
scattering) vesicles bearing 5 mol% VBP (for single decoration) or 2.5 mol% of VBP and FMP
each (for co-decoration). To enable imaging of constructs, DHPE-Rhodamine (A=540nm,
Aem=625nm, red fluorescence) was incorporated in the construct membrane at 1 mol% during

fabrication.

Binding studies with platelets on VWF surface

FVIII-free VWF (10pug/ml in 1x PBS pH 7.4) was adsorbed on glass coverslips by incubating
overnight at 4°C. The VWF-adsorbed surfaces were exposed to incubation with calcein-stained
(green) platelet suspension (2*10° platelets/ul in 1%BSA/IxPBS, pH 7.4) in the presence of
ristocetin (Img/ml in 1x PBS, pH 7.4) for 1 hr at room temperature. In control experiments,
similar VWF-adsorbed surfaces were first exposed to incubation with soluble glycocalicin
(1pg/ml in 1x PBS, pH 7.4) in the presence of ristocetin (Img/ml in 1x PBS, pH 7.4) for 1 hr at
room temperature, the surfaces were then gently washed with PBS and subsequently incubated
with platelet suspension. In additional control experiments, the VWF-adsorbed surfaces were not
subjected to ristocetin treatment but exposed to incubation with platelet suspension with or
without prior exposure to glycocalicin. In another control experiment, BSA-coated coverslip
surfaces were exposed to ristocetin followed by incubation with the platelet suspension. In all
these experiments, the platelets were not deliberately activated with ADP, since the tethering
interactions between platelet GPIba and VWF A1l domain can occur for ‘resting’ platelets
marginating to a vascular injury site>. The coverslips were mounted onto glass microscope

slides, imaged by a Zeiss Axio Observer.D1 inverted fluorescence microscope fitted with a
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photometrics chilled CCD camera and the degree of platelet binding was quantified by surface

averaged intensity analysis for calcein (green) fluorescence.

Binding studies with VBP-decorated constructs on VWF surface

The VBP-decorated constructs, at a concentration of 2*10° particles/ul in 1x PBS, pH 7.4, were
incubated with FVIII-free VWF-adsorbed surfaces with and without ristocetin treatment. Also, in
comparison studies, the construct incubation with the ristocetin-treated VWF surface was carried
out after exposing the surface to glycocalicin pre-incubation. In control experiments, VBP-
decorated constructs were incubated with BSA-coated surfaces and undecorated constructs were
incubated with VWF-adsorbed surfaces in presence of ristocetin. The VBP we used is derived

from the C2 domain (residues 2303—2332) of FVIII'*'*. Physiologically, VWF-bound FVIII is

372 740 27,28

cleaved by thrombin at the Arg”* and Arg’" in the heavy chain A1-A2 domains and at the

1689 hosition of light chain (C2-containing) domain of FVIII®, to release the A3-C1-C2

Arg
based activated FVIIla fragment. Based on these reports, we rationalized that the VBP-mediated
binding of constructs to VWF should remain unaffected by thrombin. To test this, VBP-
decorated Rhodamine-labeled (red) constructs were allowed to adhere to ristocetin-treated VWEF-
adsorbed surfaces, and then the surfaces were exposed to incubation with thrombin (0.067ug/ml
in 1x PBS, pH 7.4) for 1 hr at room temperature. Fluorescence from VWF-bound constructs was
imaged prior to and after thrombin exposure and quantified by intensity analysis. In a separate
group of experiments, all the above studies with VBP-decorated constructs were carried out
using surfaces adsorbed with physiological VWF instead of FVIII-free VWF to test our
hypothesis component that physiological VWF is capable of binding the VBP-decorated

constructs. As before, the construct-binding was imaged by fluorescence microscopy and

quantified by intensity analysis.
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Studies involving simultaneous binding of constructs and platelets on VWF

For these experiments, the VWF-adsorbed surfaces were treated with ristocetin and then exposed
to incubation with calcein-stained (green) platelets and rhodamine-labeled (red) VBP-decorated
constructs, simultaneously. For control conditions, the VWF-adsorbed ristocetin-treated surfaces
were incubated with platelets and unmodified (no VBP decoration) constructs, simultaneously. A
further component of our hypothesis was to study whether co-decoration of VBP-decorated
constructs with fibrinogen-mimetic peptides (FMPs) enables the VWF-adhered constructs to
promote amplified aggregation of active platelets via platelet GPIIb-IIla interaction with the
FMPs (envisioned in Figure 2). We have previously demonstrated that FMP-decorated
biotinylated constructs pre-adhered on avidin-coated surfaces can promote enhanced aggregation
of active platelets, while without FMP-decoration or without platelet activation such aggregation
was minimal'?. Building on these prior studies, constructs co-decorated with VBP and FMP
peptides (VBP-FMP-liposomes) were incubated simultaneously with platelets on VWF-adsorbed
ristocetin-treated surfaces. We rationalized that if the constructs undergo VBP-mediated
adhesion on the VWF surfaces and, in effect, promote FMP-mediated enhanced aggregation of
active platelets onto them, then this will be exhibited by the significant overlap between the
construct fluorescence (red) and platelet fluorescence (green). Comparison with experimental
results from incubation of platelets with constructs that bear VBP-decoration only but not FMP
co-decoration was regarded as a control. Also for comparison purposes, in one group of these
experiments the platelets were not activated by any external addition of agonists, while in
another group the platelets were pre-activated by agonist (ADP) treatment. The rationale for
such experimental design was that, for the ‘predominantly unactivated platelet’ group some of

the platelets will effectively bind naturally to VWF’s A1 domain, and this binding will activate
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these platelets resulting in secretion of agonists (e.g. ADP) to activate more platelets locally.
These locally activated platelets can then undergo direct binding to VWF’s C1-C2 domain as
well as undergo FMP-mediated enhanced aggregation onto the VWF-adhered constructs. In
comparison, for the ‘significantly pre-activated platelet’ group the pre-existing population of
activated platelets can possibly undergo amplified aggregation promoted by the VBP-FMP-
constructs. Aggregation of pre-activated platelets on VWF in presence of ristocetin but with
unmodified constructs (no VBP and FMP decoration) was also included for comparison in this
group. As before, the binding of constructs and platelets were imaged and the overall platelet

recruitment/aggregation (green fluorescence) was quantified by fluorescence intensity analysis.

Statistical Analysis

All fluorescence data of construct binding and platelet adhesion were quantified as surface-
averaged fluorescence intensity. Student’s t-test was used to analyze the difference between two
means. All other statistical analyses between multiple groups were performed using one-way

ANOVA with Tukey method. In all analyses, significance was considered to be p < 0.05.

Results

Binding of platelets on VWF surfaces

Figure 3 shows representative fluorescence images as well as the quantitative data for binding of
calcein-stained (green) platelets to FVIII-free VWF in presence or absence of ristocetin treatment
and additional presence or absence of glycocalicin pre-incubation. As evident from the results,
ristocetin treatment led to a significant increase in platelet adhesion to VWF compared to
conditions without ristocetin. However, this adhesion was significantly reduced when

glycocalicin pre-incubation was used on the ristocetin-treated VWF-surface prior to platelet



Nanoscale Page 12 of 31

incubation. In fact, this reduced adhesion was found to be statistically similar as that of platelet
adhesion to VWF without ristocetin or platelet adhesion to the control BSA surface. These
results suggest that incubation with glycocalicin was effective in specifically blocking the Al-

domain of VWF to cause significant reduction of platelet adhesion.

Binding of VBP-decorated liposomal constructs on VWF surfaces

Figure 4 shows representative fluorescence micrographs as well as the quantitative data for the
binding of VBP-decorated constructs to FVIII-free VWF in presence or absence of ristocetin
treatment and additional presence or absence of glycocalicin pre-incubation. As evident from the
results, the presence or absence of glycocalicin pre-incubation had no drastic effects on the
binding of VBP-decorated constructs (red) on VWEF. The binding of the constructs was only
slightly lowered (statistically not significant) if the VWF-adsorbed surfaces were not first treated
with ristocetin. In contrast, the binding of the VBP-decorated constructs was significantly
reduced on the negative control BSA surface, and this reduced level was similar to that of
undecorated constructs on VWF-adsorbed surface. Comparison of results in Figure 4 and Figure
3 demonstrate that glycocalicin can significantly reduce platelet-adhesion to ristocetin-treated
VWF but does on affect the binding of VBP-decorated constructs to VWF under the same
conditions. This suggests that the VBP possibly interacts with a VWF domain that is different

from the platelet GPIba-binding A1 domain.

From additional experiments, Figure SA compares fluorescence intensity results of VWF
surface-adhered VBP-decorated constructs prior to and after exposure to thrombin. As evident
from the results, the fluorescence intensity before and after thrombin-exposure remains

statistically unchanged, suggesting that VBP binding (hence construct binding) to the VWF was
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not cleaved by thrombin. This is important to ensure that the construct adhesion is stable under
the locally relevant presence of thrombin. From further experiments, Figure 5B shows the
fluorescence intensity results for VBP-decorated constructs binding to FVIII-free VWF
compared to physiologic VWF adsorbed on glass coverslips in presence of ristocetin. As evident
from the results, there was no statistical difference in construct binding between the two VWF
scenarios, suggesting that VBP-decorated constructs will remain capable of effectively binding

to physiological VWF in vivo.

Simultaneous binding of peptide-decorated constructs and platelets on VWF surfaces

Figure 6 Al-to-D3 show representative fluorescent images from these studies along with
schematic depictions of envisioned interactive mechanisms of the red liposomal constructs and
green platelets on VWF. Figure 6E shows quantitative fluorescence intensity data of platelet
fluorescence (calcein green fluorescence) as a measure of overall platelet recruitment and
aggregation on the VWF surface when co-incubated with the various test and control liposomal
constructs. The co-localization of red constructs and green platelets are shown in pseudocolor
yellow (in Figure 6 A3, B3, C3 and D3). The control condition included constructs without any
peptide decoration (unmodified). As evident from the results, without VBP-decoration, the
liposomal constructs could not substantially bind to the VWF surface (minimum red fluorescence
in A1), but the platelets could themselves naturally bind to the VWF surface (green fluorescence
in A2). This resulted in minimum co-localization of red and green fluorescence (yellow in A3).
Incubation of the VBP-decorated constructs (red) and platelets (green) on ristocetin-treated
VWF-adsorbed surfaces resulted in their concomitant binding on the surface without mutual
interference (B1 and B2) with minimal co-localization (yellow in B3). When the constructs were

co-decorated with VBP and FMP motifs, their incubation with platelets on the VWF-adsorbed
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surface demonstrated a slight increase of the overall platelet recruitment and aggregation on the
surfaces (increased platelet fluorescence shown by the third bar in 6E), and the corresponding
images showed slight enhancement of yellow overlap (C3) indicating increased co-localization
of red and green fluorescence (C1 and C2). These results were obtained with platelets isolated
from freshly drawn whole blood via serial centrifugation but without deliberate pre-activation by
ADP. We have previously shown by flow cytometry analyses that such freshly prepared platelet
suspensions still have ~20-25% of the platelets activated, possibly due to blood draw and
storage’’.  Therefore, we rationalize that the slight enhancement in platelet
recruitment/aggregation is a cumulative result of these low percentage of pre-active platelets
binding directly to the C-domain of VWF as well as to the FMP ligands co-decorated on the
surface of the VWF-adhered VBP-decorated constructs (schematic shown in image panel), plus,
the binding of small number of platelets that may get locally activated due to action of agonists
secreted by the VWF-adherent platelets themselves. In comparison, when the platelets were
deliberately pre-activated by ADP treatment prior to incubation with peptide-modified constructs
on ristocetin-treated VWF-adsorbed surfaces, the overall platelet fluorescence (fifth bar in 6E)
and corresponding co-localization (yellow in D3) of constructs (red, D1) and platelets (green,
D2) were found to be significantly enhanced. This enhancement was also statistically higher than
when such ADP-activated platelets were incubated with unmodified (no VBP and FMP
decoration) constructs (fourth bar in 6E). These results suggest that in presence of pre-activated
platelets, the VBP-decorated constructs do not interfere with platelets binding to VWF but rather
amplify recruitment/aggregation of the active platelets as a cumulative effect of the platelets
directly binding to VWF’s C-domains as well as significantly binding to the FMP ligands co-

decorated on the construct surface (schematic shown in fluorescence image panels of Figure 6).
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Therefore, the ‘primary hemostasis’ processes of platelet adhesion and aggregation can be
efficiently mimicked and amplified by our platelet-inspired nanoconstruct design, possibly by the

mechanism depicted previously in Figure 2.

Discussion

Hemostasis is a complex multi-step process involving platelet margination, adhesion, activation
and aggregation (primary hemostasis), coagulation processes on adhered active platelet
membrane (secondary hemostasis), and subsequent spatio-temporal regulation of clot retraction.
Design of platelet-inspired synthetic hemostats should aim at adapting various functional
components of these natural phenomena. To this end, several nano- and microscale design
approaches are investigating (i) surface-modification of synthetic particles with platelet
aggregation-promoting fibrinogen and fibrinogen-derived peptides, (i1) collagen or VWF-
adhesion promoting recombinant glycoprotein moieties, (iii) encapsulation of platelet agonists
and coagulation promoters within particles, and (iv) fabrication of particles with platelet-mimetic
physico-mechanical properties that allow platelet-mimetic margination'®. While these
approaches have been mutually independent, for an optimized design of platelet-inspired
synthetic hemostat, several of these components may potentially need to be integrated. In this
aspect, a crucial component is the integration of the ‘adhesion-promoting’ and ‘aggregation-
promoting’ components on a single particle. Past strategies to achieve this by co-decorating a
particle surface with adhesion- and aggregation-promoting recombinant protein moieties have
indicated difficulties stemming from mutual steric interference between the moieties due to their
large size''2. In our research, we have been able to resolve this issue by co-decorating a particle
surface heteromultivalently with adhesion- and aggregation-promoting small molecular weight

peptides that do not have mutual steric interference''™'*. Compared to particles that bear only
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adhesion-promoting or only aggregation-promoting moieties, our ‘functionally integrated’ design
that combines adhesion- and aggregation-promoting functionalities have indicated a statistically
enhanced capability of hemostasis in a mouse tail transection model". Building on these studies,
we are presently focused on establishing a molecular scale mechanistic model for the hemostatic
action of our platelet-inspired constructs. As a first step towards this in the current study, we
have investigated whether our VWF-binding peptide (VBP) is capable of promoting construct
adhesion on VWF without interfering with the natural platelet interaction to VWEF’s Al domain
via platelet GPIba. Our results indicate that even when VWEF’s Al domain is significantly
‘blocked’ by treatment with glycocalicin (resulting in significant reduction of natural platelet
adhesion), the VBP-decorated constructs remain capable of binding to VWF, possibly via a
different VWF domain. Furthermore, in the absence of glycocalicin-based ‘blocking’ of the Al
domain, the VBP-decorated constructs and platelets remain capable of simultaneously binding to
VWF without mutual interference. In addition, when the VBP-decorated constructs were co-
decorated with active platelet GPIIb-Illa-binding FMPs, the constructs were capable of
cumulatively increasing the recruitment and aggregation of active platelets on the VWF-

adsorbed surfaces.

At the molecular level, the VBP itself has only a moderately high affinity to VWF, as indicated
by its ICso value of ~ 9 uM for inhibiting FVIII binding to VWF'*!>. However, decoration of
multiple copies of this peptide on a nano- or microparticle surface is expected to significantly
enhance the overall affinity of the particles to VWF. Such overall affinity enhancement via
multi-copy decoration of ligands on nanoparticles has been reported for a variety of surface-

33-35

engineered nanoparticle design™ ", we rationalize that optimization of VBP decoration density

on our nanoconstructs will render similar enhancement of VWF-binding of our constructs. In the
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current studies we have utilized only one fixed molar composition of VBP in surface-decorating
the nanoconstructs, since the focus of this study was to investigate whether VBP-decoration
allows construct binding to VWF without interfering with natural platelets. In future studies, the
VBP-decoration density will be varied and correlated to overall construct binding affinity to
VWE utilizing established surface plasmon resonance (SPR) techniques™. It is also interesting to
note that the binding of the VBP-decorated constructs to VWF adsorbed on glass coverslips
showed no statistical difference between ristocetin-treated versus ristocetin-untreated conditions,
whereas significant difference in platelet-binding was noted between those two conditions. This
is indicative of the possibility that even without ristocetin treatment, the incubation and
adsorption of VWF onto glass slides renders some conformational exposure of VWF that may
allow interaction with VBP-binding regions but not sufficient conformational changes to allow
substantial exposure of platelet GPIba binding A1 domain. Such possibility can be further
rationalized from the fact that when VBP-liposomes or unmodified liposomes are exposed to
soluble VWF without ristocetin and allowed to flow over collagen-coated surfaces at low shear
(< 10 dynes/cm?), only minimal binding of the VBP-liposomes on the collagen-coated surface is
observed (c.f. supplemental data). Also, the adhesion of the VBP-decorated constructs on VWF
surfaces were comparable between FVIII-free VWF and physiologic VWF and was unaffected
by thrombin. Since the VBP is derived from residues 2303—2332 of the C2 domain of FVIII that

does not contain the thrombin-binding Arg'®®

site and since physiologically FVIII binds to
VWE’s D’-D3 domain, we rationalize that the VBP-decorated constructs bind to VWF’s D’-D3
domain without interfering with the platelet-binding A1 domain. Future studies will be directed

at validating this molecular model rationale by utilizing D’-D3-domain specific and Al-domain

specific antibodies to VWF. Altogether, our results indicate substantial promise of utilizing the



Nanoscale Page 18 of 31

VBP-peptide to promote VWF adhesion of platelet-inspired nanoconstructs towards efficient
design of synthetic platelet analogs. The VBP-decorated design may also be potentially used to
develop vehicles that can actively target vascular pathology sites rich in endothelium- and

platelet-secreted VWF for drug delivery®’.
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Figure captions

Figure 1. (A) Schematic of normal vascular endothelium and subsequent endothelial injury
leading to VWF secretion, its shear-induced conformational change and multimerization on
subendothelial collagen, and platelet adhesion, activation and aggregation on VWF/collagen
matrix; (B) Schematic showing shear-induced conformational unraveling of VWF multimers
leading to self-association along with atomic force microscopy (AFM) images of (i) globular and
(i1) stretched VWF (adapted with permission from Marchant RE et al., Current Protein and
Peptide Science 2002; 3: 249-74); (C) A closer schematic look at the various domains of VWF

with specific bioactive functions.

Figure 2. A schematic of the envisioned mechanism of action of the VBP-FMP-co-decorated
liposomal constructs interacting with VWF and platelets to enhance the primary hemostatic
processes of platelet recruitment and aggregation. In the schematic, ‘Fg’ stands for Fibrinogen.
The VWF-binding peptide (VBP) peptide is the sequence TRYLRIHPQSWVHQI and the
Fibrinogen-mimetic peptide (FMP) containing the Arginine-Glycine-Aspartic Acid (RGD)

sequence is cyclo-CNPRGDY(OEt)RC.

Figure 3. Representative fluorescence microscopy images (scale bar 100 um) and quantitative
fluorescence intensity data of interaction of calcein-stained (green) platelets to glass coverslip-
adsorbed FVIII-free VWF in presence or absence of ristocetin (Risto) treatment with additional
presence or absence of glycocalicin (Glyco) pre-incubation. Platelets were found to significantly
bind to Risto treated VWF compared to binding in absence of Risto; the platelet-binding to
Risto-treated VWF was significantly reduced by pre-incubation with Glyco (p < 0.002) and this

reduction was comparable to low platelet-binding on negative control BSA surface.
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Figure 4. Representative fluorescence microscopy images (scale bar 100 um) and quantitative
fluorescence intensity data of interaction of rhodamine-labeled (red) VBP-decorated constructs
to glass coverslip-adsorbed FVIII-free VWF in presence or absence of ristocetin (Risto)
treatment with additional presence or absence of glycocalicin (Glyco) pre-incubation. The
constructs were found to substantially bind to VWF even when Glyco pre-incubation (VWF Al
blocking) was used, and this binding was significantly reduced (p < 0.001) only when the VBP-
decorated constructs were exposed to BSA or undecorated constructs were exposed to the VWF

surface. The constructs showed only slightly lower binding to VWF without Risto treatment.

Figure 5. (A) Representative fluorescence microscopy images and quantitative fluorescence
intensity data of VBP-decorated liposomal constructs bound to Risto-treated VWF before and
after thrombin exposure. (B) Representative fluorescence microscopy images and quantitative
fluorescence intensity data of VBP-decorated liposomal constructs bound to Risto-treated FVIII-

free VWF versus physiological VWF. No statistical difference was observed in either case.

Figure 6. (A1-D3) Representative fluorescence microscopy images (along with envisioned
mechanistic schema) of peptide-decorated rhodamine-labeled (red) constructs and calcein-
stained (green) platelets incubated simultaneously on Risto-treated VWF adsorbed on glass
coverslips. (E) Quantitative overall fluorescence intensity data of platelets (green) adhered and
aggregated on the VWF-adsorbed coverslips. A1, B1, C1 and D1 represent construct binding;
A2, B2, C2 and D2 represent platelet binding; A3, B3, C3 and D3 represent merged results to
exhibit co-localization in yellow. The conditions tested were undecorated (Unmod-Lipo), VBP-
decorated (VBP-Lipo) and VBP-FMP-co-decorated (VBP-FMP-Lipo) liposomal nanoconstructs

incubated with predominantly inactive platelets (Platelet) and ADP-activated platelets (Act

Page 20 of 31



Page 21 of 31 Nanoscale

Platelet). Undecorated constructs showed minimal VWF-binding and platelet co-localization,
VBP-decorated constructs showed concomitant VWF-binding with platelets but minimal platelet
co-localization and VBP-FMP-co-decorated constructs showed substantial VWF-binding as well

as platelet co-localization, especially if platelets were already in a pre-activated state.
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