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ABSTRACT: While there are currently many well-established
topical hemostatic agents for field administration, there are still
limited tools to staunch bleeding at less accessible injury sites.
Current clinical methods to restore hemostasis after large volume
blood loss include platelet and clotting factor transfusion, which
have respective drawbacks of short shelf life and risk of viral
transmission. Therefore, synthetic hemostatic agents that can be
delivered intravenously and encourage stable clot formation after
localizing to sites of vascular injury are particularly appealing. In
the past three decades, platelet substitutes have been prepared
using drug delivery vehicles such as liposomes and PLGA
nanoparticles that have been modified to mimic platelet properties.
Additionally, structural considerations such as particle size, shape,
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and flexibility have been addressed in a number of reports. Since platelets are the first responders after vascular injury, platelet
substitutes represent an important class of intravenous hemostats under development. More recently, materials affecting fibrin
formation have been introduced to induce faster or more stable blood clot formation through fibrin cross-linking. Fibrin
represents a major structural component in the final blood clot, and a fibrin-based hemostatic mechanism acting downstream of
initial platelet plug formation may be a safer alternative to platelets to avoid undesired thrombotic activity. This Review explores
intravenous hemostats under development and strategies to optimize their clotting activity.

B INTRODUCTION

A blood clot is a biopolymer—colloid composite that prevents
bleeding from damaged vasculature. The colloid component
consists of activated platelets bound to subendothelial proteins
that are exposed after vascular injury (ie., collagen, von
Willebrand factor) and aggregated to form a platelet plug at the
site of injury (Figure 1). The biopolymer component is
subsequently formed by the coagulation cascade. Locally
activated thrombin enzyme cleaves circulating fibrinogen to
form fibrin monomers. Fibrin monomers then self-polymerize
into fibers to form a viscoelastic biopolymer network
interspersed through the platelet plug. For small injuries, this
composite is sufficient for maintaining hemostasis, the
prevention of blood loss from damaged blood vessels. However,
for more severe bleeding from traumatic injury, surgery, or
bleeding disorders, hemostatic agents that augment the natural
clotting process or physically seal the wound itself are needed
to staunch bleeding. Hemostats for field administration after
traumatic injury are particularly important as hemorrhage is
responsible for 33—56% of pre-hospital deaths' and 90% of
preventable military battlefield casualties,” and immediate
intervention is believed to be key in reducing early
hemorrhage-related mortality and morbidity.

There are many well-established, clinically-used topical
hemostatic agents. These include gel sealants derived from a
mixture of biological materials (i.e, human fibrinogen and
thrombin, bovine collagen, and human platelets) and absorbent
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hemostatic dressings manufactured with fibrin, chitin/chitosan,
or mineral zeolites used to increase concentration of clotting
factors, platelets, and erythrocytes at the site of injury.> Topical
hemostats are limited to treating visible and accessible injuries.
Transfusion of blood products (ie., fresh frozen plasma,
platelets) and recombinant clotting factors is used to restore
clotting function in those who are coagulopathic after large
volume blood loss and are the only current intravenous
hemostats in use.* However, biological agents have many
limitations such as risk of immunogenicity and viral trans-
mission, restrictive storage conditions, short shelf life, and
involved manufacturing processes. In contrast, synthetic
polymers and polymeric nanoparticles have tunable physical
and chemical properties and, in general, have more
straightforward manufacturing processes and longer shelf-lives
compared to biological products. Therefore, current efforts are
underway to develop synthetic hemostats that can be
administered systemically for quick resolution of bleeding at
inaccessible injury sites.
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Figure 1. Schematic of the clotting process showing initial platelet plug formation during primary hemostasis (A) followed by fibrin formation during
secondary hemostasis (B). During primary hemostasis, circulating platelets adhere to the subendothelial matrix through binding of the platelet
receptors GPIba and GPIa-Ila/GPVI to von Willebrand Factor (vWF) and collagen, respectively. Upon platelet activation, GPIIb-IIIa goes through a
conformational change which enables it to bind fibrinogen. Platelet aggregation is induced by multiple platelets binding the same fibrinogen
molecule. During secondary hemostasis, activated thrombin enzyme cleaves the N-termini of Ax (red) and B (green) polypeptide chains, revealing
knob A and knob B peptide domains, respectively. Knobs A and B interact with holes a and b in the D nodules of other fibrin monomers to form
half-staggered, double-stranded protofibrils. Nonspecific interaction between aC domains causes lateral aggregation of protofibrils to form fibrin

fibers.

Blood clot formation is heavily mediated by specific protein—
protein interactions. These interactions are responsible for
platelet adhesion at injury sites, platelet aggregation, and fibrin
polymerization. Strategies for inducing hemostasis have there-
fore predominantly focused on leveraging these interactions to
accelerate and stabilize the assembly of noncovalent bonds
between clot components. To do so, artificial platelets and
fibrin-modulating polymers and particles have been designed
with multivalent display of binding motifs to promote clot
aggregation at the injured blood vessel. Furthermore, in the
case of synthetic platelet substitutes, the shape and flexibility of
particles on which these binding motifs are displayed have
proven important in optimizing particle rolling velocities and
contact area with the tissue surface, two contributing factors for
platelet adhesion.” The design of intravenous hemostats with
site-specific activity has relied upon knowledge and strategies
developed by the systemic drug delivery field. This review
discusses the materials and engineering design considerations
used in synthetic intravenous hemostats under preclinical
development.

B ARTIFICIAL PLATELETS

Primary Hemostasis. Platelets are anucleate cell fragments
1-3 pm in diameter formed from the cytoplasm of
megakaryocytes.®” During primary hemostasis, a platelet plug
is formed at the injury site (Figure 1A). As the first responders
after injury, platelets instigate clot formation by first margin-

ating to the damaged endothelium, binding to proteins in the
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exposed subendothelial matrix, and finally aggregating after
activation. The biconvex discoid shape of platelets facilitates
margination toward vessel walls under blood flow.® Upon
reaching an injured wall, platelets are captured by shear-induced
binding of the platelet surface glycoprotein GPIba to von
Willebrand factor (vWEF) immobilized on the exposed
subendothelial matrix. Reversible tethering by vWEF allows
platelets to spread and roll along the tissue surface for
subsequent shear-independent binding of GPIa-Ila and GPVI
to collagen, which stabilizes platelet adhesion.>”'° Platelets are
activated by collagen-binding and agonists such as adenosine
diphosphate (ADP) and thrombin. During activation, platelets
take on a stellate shape and the surface integrin GPIIb-IIla
undergoes a conformational change which enables it to bind to
any of three peptide domains in fibrinogen (ie., RGD motifs:
RGDF, RGDS; HI12 sequence: HHLGGAKQAGDV)."' "% In
this “sticky” state, platelets are thus able to aggregate by binding
the same fibrinogen molecule, which has a total of 6 possible
platelet-binding domains due to its symmetrical structure.
Additional ADP is secreted by activated platelets for further
local platelet activation. The following sections discuss the
design and optimization of platelet substitutes. For further
reading solely on synthetic platelets, an excellent prior review is
available from the Sen Gupta lab.'*

Fibrinogen and RGD Peptide-Coated Microparticles.
There are approximately 80000 GPIIb-IIla receptors per
platelet,"> and up to 40 000 fibrinogen can reportedly bind to
activated platelets."™"® The first platelet substitutes were
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Table 1. Summary of Intravenous Hemostats and Their Mechanism of Action

mechanism of action  class of particle or polymer

references

targeting ligand(s)

Platelet Substitutes

binds to subendothelial ~ liposome rGPla-Ila Nishiya et al.
matrix (2001)%
rGPIba Takeoka et al.
(2002)°
vWF binding peptide (VBP): TRYLRIHPQSQVHQI Ravikumar et al.
(2012)*"
Collagen binding peptide (CBP): [GPO],*
binds to platelets platelet fixation of fibrinogen on surface using formaldehyde Agam et laél.
(1983)
erythrocyte fixation of fibrinogen on surface using formaldehyde Agam et 2%1.
(1992)
conjugation of AccCGGRGDF-NH, via a heterobifunctional linker Coller et al.
(thromboerythrocyte) (1992)*!

surface adsorption of fibrinogen (Synthocytes)

albumin microparticles rGPlo-Ila

surface display of H12 peptide HHLGGAKQAGDV

surface display of H12 peptide HHLGGAKQAGDV

liposome
PLL—PLGA nanoparticles

binds to subendothelial
matrix and platelets

liposome

PAH-BSA nanoparticles

binds to and activates lipsomes

Levi et al. (1999)*

Teramura et al.
(2003)**

Okamura et al.
(2005)33—35

Okamura et al.

(2005)*
GSSSGRGDSPA and P-selectin binding peptide DAEWVDVS conjugated to Modery et al.
liposomal membrane lipids (2011)*
PEG arms terminated with GRGDS conjugated to NP surface Bertram et al.
(2009)*!
extraction and incorporation of platelet membrane proteins including GPIba, GPIIb-  Rybak et al.
Illq, and GPIV/III into the liposomal membrane (plateletsome) (1993)*
surface display of VBP, CBP, and fibrinogen mimetic peptides (i.e., cyclo- Ravikumar et al.
CNPRGDY(OEt)RC or GRGDS) (2012)**
Modery-Pawlowski
et al. (2013)*
surface display of VBP, CBP, and fibrinogen mimetic peptides Anselmo et al.
(2014)*
H12 peptide-coated liposomes encapsulating ADP Okamura et al.
(2009)*

platelets

Fibrin Modulators

ultralow cross-linked
p(NIPAm)-AAc
microgels

poly(HEMA)

cross-links fibrin

fibrin-binding sdFvs conjugated to the surface of ~1 ym-diameter microgel particles
(platelet-like particles)

fibrin-binding peptides (Ac—Y(DGI)C(HPr)YGLCYIQGK-Am®") grafted onto a
linear poly(HEMA) backbone (polySTAT)

Brown et al. (2014)

Chan et al. (2015)
88

“O and HPr = hydroxyproline; DGI = p-glutamic acid; Ac = acetylation; Am = amidation. bCyclized via C3 and C8 residues.

designed to promote platelet aggregation through surface
display of fibrinogen or RGD-containing peptide (Table
1)."72* In their constructs, Agam et al. covalently coupled
fibrinogen to the surface of human platelets’ and eryth-
rocytes” by fixation with formaldehyde and showed enhanced
platelet aggregation when incubated with activated platelets in
vitro as well as restoration of normal bleeding times (i.e., time
to clot) when delivered to thrombocytopenic rats (i.e., rats with
low platelet counts). Untreated thrombocytopenic rats had
bleeding times of 18 + 1.5 min, whereas thrombocytopenic rats
injected with fibrinogen-bearing erythrocytes had bleeding
times of 4.5 & 1.0 min, closer to the 2.5 + 0.1 min bleeding
time observed in nonthrombocytopenic rats.”® In later work,
Levi et al. proposed the use of Synthocytes, 3.5—4.5-um-
diameter human albumin microcapsules adsorbed with
fibrinogen, for treatment of severe thrombocytopenia.”*** In
contrast to control rabbits with normal ear bleeding times of 1.7
+ 0.4 min, thrombocytopenic rabbit models had prolonged
bleeding times of 21.7 + 4.4 min. Intravenous injection of
Synthocytes resulted in corrected bleeding times of 5.2 + 1.7
min. While fibrinogen-functionalized materials bridge activated
platelets, aggregate formation is also likely due to thrombin-
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induced fibrin formation. Fibrin polymerization between
surfaces of modified platelets and erythrocytes would entrap
platelets resulting in aggregate formation.

To avoid risk of infectious contaminants in purified
fibrinogen, Coller et al. opted to functionalize erythrocytes
with fibrinogen-mimetic peptides containing an RGD sequence
(Ac-CGGRGDEF-NH,) synthesized using solid phase peptide
synthesis.”’ This product, called thromboerythrocytes, repre-
sents one of the earliest uses of peptides in platelet engineering.
Since RGD peptides are 3 orders of magnitude smaller than
fibrinogen molecules, a significantly greater number of ligands
were available for binding to GPIIb-Illa (~(0.5—1.5) x 10°
peptides per erythrocyte) compared to fibrinogen-modified
erythrocytes (~58 fibrinogen per erythrocyte).”’ Interaction
between surface-bound peptides and GPIIb-IIla was confirmed
after inhibitors of fibrinogen-platelet binding (i.e., free RGD
peptide, monoclonal antibody against GPIIb-IIla) successfully
knocked down platelet aggregation.

While these hemostatic agents were effective at inducing
platelet aggregation, translation of these materials into clinical
use is limited by possible immunogenic responses against the
biologically derived components as well as difficulties in scale-
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up. Therefore, more recent iterations of platelet substitutes
have focused on surface modification of synthetic particle
platforms such as liposomes and polymer-based nanoparticles.

Liposome-Based Platelet Substitutes. Since the begin-
ning of lipid vesicle research in the 1960s, liposomes have
remained a key technology in the drug delivery field due to
their ability to carry both hydrophobic and hydrophilic cargo,
straightforward surface functionalization through lipid mod-
ification, and tunable residence time in circulation.”* Platelet-
like liposomes were initially synthesized to study the function of
glycoproteins in the platelet membrane and were done so by
reconstituting isolated platelet membrane proteins in liposomal
membranes through reverse—zphase sonication or evaporation
and subsequent extrusion.”>”*” Plateletsomes, liposomes
containing at least 15 different platelet membrane proteins
including GPIb, GPIIb-IIla, and GPVI/III, were first evaluated
in thrombocytopenic rats and shown to reduce tail bleeding
times by 42% after intravenous injection.”®*’ Similar liposome-
based platelet substitutes were also synthesized usin
recombinant glycoproteins, rGPIba and rGPlla-Illa.**?
Following this work, platelet substitutes were functionalized
with peptide ligands rather than whole proteins due to
increased knowledge of peptide binding domains, the relative
ease of peptide synthesis, the monodispersity of peptide
products, and the controlled manner in which they can be
conjugated to surfaces. Common peptide ligands employed
include vWF-binding peptide (VBP: TRYLRIHPQSQVHQI)
and collagen-binding peptide (CBP: [GPO],) to mimic platelet
adhesion and fibrinogen-mimetic peptides (H12 peptide and
RGD peptides) and peptide binding the P-selectin surface
marker for activated platelets (DAEWVDVS) to induce platelet
aggregation.”” >’ More recent synthetic platelets have been
engineered to induce platelet plug formation through multiple
mechanisms. Heteromultivalent liposomes with dual adhesive
and platelet-aggregating abilities were synthesized by con-
jugation of VBP, CBP, and cyclic RGD peptides to DSPE-
PEG,po-COOH via their N-terminus by standard carbodiimide
chemistry and subseguent incorporation into liposomes at no
more than 5 mol %.>**° In another example of liposome-based
platelets with dual mechanism, Okamura et al. used HI12-
targeted liposomes to deliver ADP for platelet activation.*’
Mechanistic studies showed that aggregation of dye-loaded
HI12-liposomes with activated platelets caused release of the
dye, which suggested that increased platelet aggregation in the
presence of H12-(ADP)-liposome was due to an aggregation-
dependent release of the platelet agonist.

Polymeric Nanoparticles. In one of the first reported
applications of synthetic polymer-based platelet substitutes, the
Lavik group engineered a hemostatic nanoparticle consisting of
a poly(lactic-co-glycolic acid)-poly(r-lysine) (PLGA—PLL)
block copolymer core (170 nm diameter) conjugated to a
corona of PEG arms terminated with RGD peptides.*"** Two
PEG linkers, PEG 1500 and PEG 4600, were used to display
RGD peptides, and the peptides RGD, RGDS, and GRGDS
were evaluated to determine if addition of flanking residues
would increase platelet aggregation. The combination of PEG
4600 linker with GRGDS peptide led to the greatest
aggregation in vitro. When administered in a rat model of
femoral artery injury at a concentration of 20 mg/mL in a 0.5
mL vehicle solution, 4600-GRGDS nanoparticles also showed
the greatest hemostatic effect by halving bleeding time.
Additionally, intravenous injections of nanoparticles after a rat
liver trauma model reduced blood loss after injury and
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significantly increased 1 h survival to 80% compared to 40%
and 47% survival of animals injected with GRGDS-absent
nanoparticles and saline controls, respectively.*

Design Considerations. Particle Size, Shape, and
Flexibility. Platelets are biconvex discoids rather than spheres,
and it is this discoid form which facilitates platelet margination
to vessel walls.*** Studies by Takeoka et al. suggest that after
initial attachment to surfaces, deformation of flexible
membranes by hemodynamic shear flow increases the contact
area between particle and tissue surfaces, providing more
opportunity for reversible binding to vWF (Figure 2A).> vWE
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Figure 2. Effects of particle rigidity on rolling velocity of particles
along an adhesive surface [reproduced with permission from ref S].
(A) Mlustration of expected rolling mechanism of rigid vWF-targeted
particles (top) versus flexible vWF-targeted particles (bottom) along a
vWF-coated surface. (B) Rolling velocities of liposomes with a range of
membrane flexibilities. *1, EYL/DPPE = 10/1; 2, POPC/DPPE = 10/
1; 3, EYL/cholesterol/DPPE = 5/5/1; 4, POPC/cholesterol/DPPE =
5/5/1; S, DPPC/cholesterol/DPPE = 5/5/1 (by mol).

tethering of particles slow rolling velocities® (Figure 2B), and
longer contact times at tissue surfaces then allow adhesion-
stabilizing collagen binding to occur. However, platelet-like
particles have been predominantly synthesized using spherical
particles with minimal optimization of particle membrane
flexibility.*™*' In a recent report, a layer-by-layer (LbL)
method was used to synthesize platelet-like nanoparticles
(PLNs) that more closely resemble the natural platelet shape
(Figure 3A) in order to investigate the effect of particle size,
shape, and flexibility on vessel adhesion and hemostasis.*
Spherical polystyrene (PS) template particles were coated with
alternating layers of polycationic poly(allylamine) hydro-
chloride (PAH) and polyanionic bovine serum albumin
(BSA). After cross-linking the coating, the sacrificial PS
templates were removed by dissolution, resulting in the
collapse of the 4 bilayers into a flexible discoid shape. In
vitro adhesion studies using microfluidic channels revealed first
that adherence was greatest for 200 nm spherical particles
compared to 1 and 2 pm spherical particles, and second that
adherence was greatest for flexible PLNs compared to rigid
discs and spheres (PLN > disc > sphere, Figure 3B).*> These
results indicate that discoid shape and particle flexibility
contribute to particle margination and adhesion. However,
the results of the particle size study conflict with previous
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Figure 3. Data showing effects of particle size, shape, and flexibility on adhesion to surfaces under flow and in vivo hemostatic function. (A)
Synthesis of platelet-like nanoparticle (PLN) without targeting peptides. SEM imaging confirmed collapse of the flexible PAH-BSA shell after
dissolution of the polystyrene core. Scale bar = 200 nm [reproduced with permission from ref 45]. (B) Quantification of adhesion to anti-OVA
antibody-coated microfluidic chambers of OVA-covered spheres, rigid discs, and PLNS at fixed particles size (200 nm). *Denotes statistical
difference (P < 0.05) from all other groups [reproduced with permission from ref 45]. (C) Quantification of adhesion to endothelialized microfluidic
chambers of sLe® spherical particles of various sizes under a range of shear rates [reproduced with permission from ref 46]. (D) Bleeding times after
intravenous injection of 15 mg/kg PLN formulations followed by tail transections in Balb/c mice. ¥Denotes statistical difference (P < 0.05) from
saline and PLNs without peptides [reproduced with permission from ref 45].

studies reported by Charoenphol et al. in which binding
efficiency of sialyl Lewis® (sLe*)-coated polystyrene spheres in
endothelialized microfluidic chambers increased with increasing
particle size and wall shear rate for 500-nm to S-um-sized
particles (Figure 3C).** Computational modeling by Miiller et
al. also support greater margination of micron-sized particles
than nanosized particles to vessel walls.*” This discrepancy is
likely due to the fact that the former conducted flow assays with
particles suspended in saline, while the work by Charoenphol et
al. and Miiller et al. took into consideration red blood cells
(RBCs). Particle margination toward the vessel wall is largely
dependent on red blood cells, which occupy the center of the
blood vessel during hemodynamic flow due to lift force. The
area near the vessel walls is therefore an RBC-free zone which is
available for particles excluded from the vessel center to
occupy.48 Despite conflicting in vitro reports on size effects,
greater hemostatic effect was observed in vivo for smaller-sized
PLNs. In mouse tail transections, bleeding stopped more
rapidly after intravenous injection of 200 nm peptide-
functionalized PLNs than intravenous injections of their
micron-sized or rigid counterparts (Figure 3D). The reduced
efficacy of larger, micron-sized PLNs is likely due to shorter
circulation time, as larger particles are more easily sequestered
by scavenger cells (i.e., macrophages) in the reticuloendothelial
(RES) system.* ™!

Pharmacokinetics and biodistribution are critical to the
efficacy of systemically administered hemostatic materials. After
intravenous injection, hemostatic materials should circulate in
the blood long enough to accumulate and act at the site of
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vascular injury and be excreted from the body with reasonable
half-lives so as not to cause long-term risk of thrombosis.
Patients sustaining traumatic injury are usually transported
within an hour to a Level 1 trauma center.> Within that hour
of time, exsanguination is responsible for greater than one-third
of deaths' and is therefore a reasonable time in which
intravenous hemostats should be circulating and active. Particle
circulation time is dependent on a number of factors including
particle size, shape, and flexibility. Nanoparticles can be rapidly
removed from circulation by macrophages lining the sinusoids
in the liver and in the red pulp of the spleen. This phenomenon
is readily observed in biodistribution studies for platelet
substitutes such as PLGA-PLL-PEG-RGD nanoparticles
where nearly 70% of particles are taken up by macrophages
in the liver 5 min after injection®' and also PLNs which
demonstrate significant accumulation in the lungs, liver, and
spleen 1 h after injection. Phagocytosis of particles can be
inhibited, however, by altering particle shape.*"**> Uptake is
highly dependent on local particle curvature at the point of
macrophage attachment, and particles with low curvature
surfaces are more difficult to phagocytose than those with high
curvature. For example, particles with high aspect ratios (AR),
such as worm-like particles (AR > 20), only have two points at
either end of the worm with high curvature for phagocytosis
compared to spherical particles which have equal curvature all
around for easy uptake.>> Therefore, in addition to better
margination under flow, elongated particles are more difficult to
sequester and therefore have longer circulation times in
vivo.***> Flexible filamentous micelles have been shown to

DOI: 10.1021/acs.bioconjchem.5b00070
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such as cyclization increase binding specificity of RGD moieties for activated platelets and specificity is confirmed in experiments such as that shown
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significant particle-induced aggregation in active platelets and minimal aggregation with inactive platelets [reproduced with permission from ref 38].
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to saline, and #P < 0.05 for comparison to rFVIIa.

circulate for longer periods of time compared to rigid, cross-
linked micelles of the same geometry.>® Therefore, membrane
flexibility also appears to inhibit macrophage uptake. As
previously mentioned, smaller particles are desirable to
minimize sequestration by the RES system.’' Aside from better
circulation time, smaller particles can prevent potential
cardiopulmonary complications due to unintended blockage
in the lungs and vessels.***” Even at submicron size (~200
nm), PLNs and PLGA-PLL-PEG-NP produced cardiopulmo-
nary complications (evidenced by elevated heart rate and
gasping) after intravenous injection of high doses.*"**

Ligand Specificity. For particle-induced platelet aggregation,
it is especially important that targeting ligands be specific to
activated platelets to minimize the risk of thrombosis. Binding
to receptors on circulating quiescent platelets can cause off-
target platelet aggregation and possibly even systemic platelet
activation. A caveat of using RGD peptides is the lack of
specificity to the GPIIb-Illa integrin."* The RGD motif is
conserved across many extracellular matrix proteins mediating
cell adhesion such as fibrinectin, victronectin, collagen, and
laminin®® and is, therefore, recognized by multiple integrin
receptors. Of the S platelet integrins, GPIIb-IIla,'""* a,f3;,>
and ayf; receptors® have RGD-dependent binding mecha-
nisms to their respective ligands, thus, increasing the likelihood
of undesired interaction between RGD-functionalized materials
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and inactive platelets. However, modifications to RGD
peptides, such as cyclization to restrict conformational flexibility
and optimization of flanking residues, have been shown to
increase specificity for certain integrin receptors.él_63 For
example, liposomes functionalized with the cyclic RGD peptide,
cyclo-CNPRGDY(OEt)RC, induced significant aggregation
when mixed with ADP-activated platelets while inducing
minimal aggregation when mixed with quiescent platelets
(Figure 4A).*® Addition of flanking residues to RGD peptides
have been shown to produce a more active binding
conformation and induce greater activated platelet aggregation
in vitro (GRGDS > RGDS > RGD) without binding and/or
activing quiescent platelets (Figure 4B).*' When injected
intravenously, PLGA-PLL-PEG-RGD nanoparticles (Figure
4C) with flanked RGD peptides reduced bleeding time moreso
than nanoparticles with nonflanked RGD peptides (Figure
4D,E), demonstrating that this increased peptide bioactivity
translates to improved hemostatic function in vivo.*' As
discussed in the next section, particle specificity for activated
platelets can be further modulated by optimizing the linker
length used to couple peptides to particle surfaces.®*

Linker Length. Thromboerythrocyte development revealed
that interaction between RGD peptide ligands and platelets is
highly dependent on linker length.>"** The length of the
glycine linker or n in the peptide (G),-RGDF was shown to

DOI: 10.1021/acs.bioconjchem.5b00070
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Figure S. Data showing the effects of GRGDS ligand density on in vivo hemostatic function. Comparison between 1 h survival (top) and blood loss
(bottom) of lethal liver injury rat models after intravenous injection of (A) 40 mg/kg GRGDS-NPI and (B) S, 20, and 40 mg/kg GRGDS-NP100
demonstrates an 8-fold reduction in effective particle dosage (i.e., increased potency) when ligand density is increased 100-fold [reproduced with
permission from refs 43,71]. However, adverse effects are observed at 20 and 40 mg/kg GRGDS-NP100 most likely due to saturation of GPIIb-IIla
receptors on platelets which would prevent platelet aggregation (C). (B) *P < 0.05 compared to saline.

determine the extent of interaction between peptide-function-
alized surfaces and platelets.®* When conjugated with RGD
peptides with linker lengths of 1, 3, and 9, polyacrylonitrile
beads demonstrated little interaction with platelets, highly
selective aggregation with active platelets, and strong
interaction with both active and inactive platelets, respectively.
A 3-residue linker (CGG) was therefore used in the preparation
of the thromboerythrocytes by Coller et al.>' The positive
correlation between linker length and platelet interaction is
likely due to closer proximity of RGD to receptors on platelet
surfaces, increased conformational flexibility for binding,
increased potential for assuming a secondary structure, or a
combination of these factors.®* Consistent with these
observations, longer PEG (4600 Da) used in the construction
of PLGA-PLL-PEG-RGD nanoparticles produced greater
platelet aggregation in vitro than shorter PEG (1500 Da)
(Figure 4B) and reduced bleeding time to a greater degree in
animal models of femoral artery injury (Figure 4D,E). For most
liposomal formulations, peptides (VBP, CBP, and cyclic RGD)
were conjugated to DSPE-PEG, .36 >*

Ligand or Receptor Density. Ligand density has been shown
to be an important factor when engineering targeted nano-
particles for application in drug delivery and imaging®~"° and
is, likewise, critical when engineering hemostatic particles
mimicking platelet adhesion or platelet aggregation as
demonstrated in multiple studies.”*””"”*> When flowed through
a perfusion chamber, liposomes of varying rGPIba surface
densities (0, 5.27 X 10% 1.00 X 10* molecules per liposome)
and fixed rGPla-Ila density (2 X 10° molecules per liposome)
showed rGPIba density-dependent adhesion of collagen-
immobilized surfaces in the presence of soluble VWE.” At
high shear rates (1200 and 2400 s™'), surface adhesion by
functionalized liposomes increased with increasing rGPIba.
Interestingly, liposomes with the higher rGPIba density had
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increasing adhesion with increasing shear, whereas liposomes
with no rGPIba or the lower rGPIbar density demonstrated
decreasing surface coverage with increasing shear. Similarly,
experiments with varying rGPIa-Ila (0, 0.96 X 10°, 2.17 X 10°
molecules per liposome) and fixed rGPIba (1.00 x 10*
molecules per liposome) showed rGPla-1la density-dependent
adhesion of collagen surfaces by functionalized liposomes.
Liposomes with rGPIba alone demonstrated transient adher-
ence but no stable adhesion. These studies suggest that higher
ligand density for targeting VWF and collagen is ideal for initial
particle tethering and subsequent adhesion stabilization,
especially under high shear rates.

For PLGA-PLL-PEG nanoparticle optimization, increasing
GRGDS peptide content on nanoparticles byl100-fold de-
creased the required in vitro and in vivo dose for achieving
hemostasis by 10-fold and 8-fold, respectively.*>”! However,
dose-dependent adverse effects were observed with the high
density GRGDS formulation (GRGDS-NP100) compared to
the lower-density formation (GRGDS-NP1). For example,
while GRGDS-NP100 at S mg/kg doses could produce similar
levels of improved 1 h survival and reduced blood loss in rat
liver trauma models as GRGDS-NP1 at 40 mg/kg, increasing
the dose of GRGDS-NP100 to 20 mg/kg or 40 mg/kg
drastically reduced the percentage of animals surviving to 1 h
(Figure SA,B). Adverse effects at high GRGDS-NP100 dosages
can be attributed to saturation of GPIIb-Illa receptors on
activated platelets, which would inhibit platelet—platelet
interaction, thus preventing platelet aggregation and inducing
anticoagulation (Figure SC). This same phenomena was
observed by Coller et al, who reported the loss of
thromboerythrocyte aggregation with platelets in wells coated
with high concentrations of fibrinogen.”> These studies are
important in highlighting that increased hemostatic potency
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Figure 6. Data showing the effects of ligand synergism on platelet adhesion. (A) Synergistic ligands can be incorporated into heteromultivalent
liposomes using a mixture of DSPE-PEG-peptide conjugates during liposome synthesis [reproduced with permission from ref 38]. Liposomes with
fixed 5 mol % DSPE-PEG-peptide was synthesized with varying ratios DSPE-PEG-CBP to DSPE-PEG-VBP to determine the optimal ratio for
maximizing liposome adhesion to the subendothelial matrix. Liposomes were flowed through a parallel plate fluidic chamber over glass slides coated
with 1:1 ratio of VWF to collagen under a range of shear stresses. Adhesion at (B) $ dyn/cm? (C) 30 dyn/cm?, and (D) 55 dyn/cm® was quantified
by measuring fluorescence from fluorescently labeled liposomes [reproduced with permission from ref 39].

from high ligand density is offset by safety concerns of bleeding
out due to overdosing.

Ligand Synergism. vWF- and collagen-binding work
synergistically for platelet adhesion, and are, therefore, generally
coupled on heteromultivalent platelet substitutes (Figure
6A).”°%*** When compared to liposomes with VBP or CBP
alone, heteromultivalent liposomes with both peptides had
significantly greater adhesion to vWEF- and collagen-coated
plates at all tested shear rates (5, 30, 55 dyn/cm?*).*” The
optimal ratio of VWEF- to collagen-targeting ligand was
determined using liposomes with varying ratios of DSPE-
PEG-VBP and DSPE-PEG-CBP (80:20, 60:40, 50:50, 40:60,
20:80) at a fixed S mol % DSPE-PEG-peptide composition
(Figure 6B—D).* At low shear rate, liposomes with a greater
proportion of CBP had the greatest adhesion at 30 min and
retention at 45 min (Figure 6B) while those with a greater
proportion of VBP had the greatest adhesion and retention at
high shear rate (Figure 6D). At medium shear rate, near 1:1
ratio of CBP to VBP yielded the greatest adhesion and
retention (Figure 6C). These studies demonstrate that
collagen-binding is the dominant mechanism for adhesion
under low shear while vWF-binding is the dominant
mechanism under high shear. Furthermore, the ratio of
targeting ligands can be optimized to maximize the
adhesiveness of particle platforms.

B FIBRIN-CROSS-LINKING AGENTS

Secondary Hemostasis. During secondary hemostasis, the
fibrin matrix is formed by the coagulation cascade (Figure 1B).
Fibrinogen is the 340 kDa glycoprotein precursor of fibrin and,
under normal physiologic conditions, circulates in the blood at
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an average concentration of 3.0 mg/ mL.” Flbrmogen is made
of three pairs of polypeptide chains—Aa, Bf, and 7.”* It has a
symmetric elongated structure made up of three nodules, a
central E nodule containing the N-termini of all six chains from
which the chains extend as two sets of three-chained coiled
coils into two distal D nodules containing the C-termini of the
Bf and y chains (SC and yC). The Aa chains exit the D
nodules and travel back to the E nodule where their C-termini
(aC) interact with each other and the E nodule. After tissue
damage, thrombin is activated locally as a result of the
coagulation cascade and cleaves fibrinopeptides A and B (FPA
and FPB) from the N-termini of Aa and Bf chains,
respectively, exposing A and B knob peptide domains. Knobs
A and B, in what are now fibrin monomers, interact with holes a
and b in yC and SC, respectively, resulting in the formation of
half-staggered, double-stranded fibrin protofibrils. Nonspecific
interactions of @C cause protofibrils to aggregate laterally,
bundle into fibers, and branch to form a three-dimensional
insoluble hydrogel scaffold for platelets, blood cells, and other
clot components. The transglutaminase Factor XIIla (FXIIIa)
then stabilizes fibrin by creating intra- and interfiber cross-links
through amide bond formation between lysine and glutamic
acid residues.

Polymers for Modulating Formation of the Fibrin
Matrix. Difficulty in clotting, or coagulopathy, can result from
the absence, deficiency, or dysfunction of clotting factor(s)
which participate in the coagulation cascade ultimately leading
to thrombin activation. A shortage of functional clotting factors
can be due to genetic defect as in hemophilia, the result of large
volume blood loss as in trauma-induced coagulopathy (TIC),
or the result of anticoagulant use (e.g, warfarin). When
thrombin activation is inhibited, fibrin formation is impeded.
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Fibrin matrices that form at low thrombin levels are more
porous and made up of loose, thick fibrin fibers as opposed to
denser networks of thin fibers.”>~”” The former, in addition to
producing mechanically weaker gels for maintaining hemostasis,
is also more susceptible to enzymatic degradation (i.e.,
fibrinolysis).”® Therefore, affecting fibrin formation using
materials that mimic clotting factors is another strategy for
inducing strong clot formation for hemostasis.

Early successful attempts at developing a substitute for the
thrombin-modified fibrinogen E domain using s7ynthetic
polymer constructs were reported by Lorand et al.”” Using
the synthetic peptide mimic of knob A (GPRP),* Lorand et al.
synthesized a double-headed ligand bis(Gly-Pro-Arg-Pro-
amido)polyethylene glycol and showed that it could replace
the thrombin-modified E nodule for noncovalent fibrinogen-
fibrinogen or D-D cross-linking via interaction with two hole a’s
in neighboring y-chains (Figure 7A).”° The presence of free
knob A peptide mimic in a mixture of thrombin and fibrinogen
inhibits clot formation due to competition with fibrin
monomers for hole a.** However, as demonstrated by Lorand
et al, a bivalent construct terminated with knob A peptides is
able to cross-link fibrin. Furthermore, this behavior was
biphasic with “productive” cross-link-forming behavior at the
lower polymer concentration range and “non-productive” cross-
link-absent behavior at the higher polymer concentration range
(Figure 7B). This biphasic behavior was attributed to
interpolymer competition for available hole a’s (two per
fibrinogen molecule) making it difficult for the unbound end
of a bound polymer to find a second hole a for cross-linking.
Additionally, these studies showed that 900 Da PEGs were
large enou%h to span the distance of two hole a’s (a minimum
of 32 A),*" an important engineering design specification for
future fibrin-cross-linking constructs. Lorand et al. were the first
to demonstrate in vitro that fibrin polymerization in the
absence of thrombin could be driven by synthetic polymers.
However, due to their ability to cross-link fibrinogen, knob A-
terminated polymers should be limited to local administration
rather than systemic administration.

In subsequent work, Soon et al. conjugated cysteine-
terminated knob A peptide mimics (GPRPAAC) to two-arm
and four-arm maleimide-functionalized PEGs (2—20 kDa). The
conjugates were evaluated in vitro with thrombin and were used
to modulate fibrin structure for tissue engineering applications
rather than drive thrombin-independent fibrin polymeriza-
tion.*” Biphasic behavior was again observed in these studies. At
higher molar ratios (1:1 and 10:1) of GPRP,—PEG to
fibrinogen, final clot turbidities were significantly reduced
which is likely due to inhibited fibrin formation evidenced by
prolonged clotting times and the reduction of clottable protein
from >90% to 70%. This behavior is, again, likely due to
competition between conjugates as well as competition with
naturally occurring knob:hole interactions. At the lower 1:10
molar ratio of GPRP,—PEG to fibrinogen, final clot turbidities
were slightly increased indicating larger fiber diameters and
higher fiber density (Figure 7C). The behavior seen at the 1:10
molar ratio suggests that lower concentrations of polymers
might have resulted in the same “productive” behavior observed
in the work by Lorand et al. However, further investigation was
completed only at the 1:1 molar ratio which continued to show
“non-productive” behavior as evidenced by the reduced elastic
modulus (ie., stiffness) of fibrin. Later work from this group
1repor§3ed the use of PEGylated knob peptides as anticoagu-
ants.
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Figure 7. Knob A-peptide terminated polymers for fibrin(ogen) cross-
linking in vitro. (A) A bivalent 900 Da PEG terminated on either end
with knob A peptide (GPRP), bis(GlyProArgPro-amido)peg, was
synthesized to cross-link fibrinogen D nodules in the absence of
thrombin. (B) Bis(GlyProArgPro-amido)peg demonstrated biphasic
behavior where lower “productive” polymer concentrations formed D-
D cross-links and higher “non-productive” polymer concentrations
showed less efficient cross-linking due to competition of polymers for
the finite number of hole a’s. (AB) Adapted with permission from ref
79. Copyright © 1998 National Academy of Sciences, U.S.A. (C)
Biphasic behavior was also observed in turbidity measurements for
fibrin formed with 4-arm PEG-knob A conjugates of various molecular
weights. Filled in symbols and solid lines represent scrambled
conjugate controls and empty symbols and dotted lines represent
knob A conjugates [reproduced with permission from ref 82].

Due to the accessibility of hole a’s in both fibrin and
fibrinogen, knob A-terminated polymers can cause thrombosis
(off-target clot formation) if administered systemically and are,
therefore, not suitable as intravenous hemostats. However,
knob A peptides can be readily substituted with other peptides
or proteins that specifically bind fibrin and not fibrinogen to
create hemostatic polymers that only induce clotting at sites of
injury. Recently, our lab reported the use of fibrin-binding
peptides identified via phage display by Kolodziej et al.**~*" to
create linear polymer hemostats (PolySTAT) for cross-linking
fibrin (Figure 8A).** PolySTAT is composed primarily of a
poly(hydroxyethyl)methacrylate [p(HEMA)] backbone (80%)
with pendant cyclic fibrin-binding peptides conjugated to N-
hydroxysuccinimidyl ester methacrylate (NHSMA) comono-
mers. Polymers with average molecular weight of 45 kDa and
~16 peptides were synthesized by reversible addition—
fragmentation chain-transfer (RAFT) polymerization. Confocal
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Figure 8. In vitro characterization of PolySTAT-modified fibrin and in
vivo evaluation of hemostatic efficacy. (A) PolySTAT is a synthetic
poly(HEMA) polymer with multivalent display of fibrin-binding
peptides (shown in red). (B) PolySTAT-modified fibrin has a denser
mesh structure compared to control fibrin (SEM scalebar = 10 um).
Intravenous injection of PolySTAT in a rat femoral injury model
significantly (C) increases survival rate and (D) reduces hemorrhage
rate [reproduced with permission from ref 88].

images of fluorescently labeled fibrin formed with fluorescent
PolySTAT showed integration of the polymer into fibrin fibers,
and SEM images showed altered fibrin networks which were
denser and less porous than controls (Figure 8B). Elastic
moduli of PolySTAT-cross-linked fibrin was increased 2—3-
fold, and with the addition of plasmin into the purified system,
the PolySTAT-integrated fibrin network showed significantly
reduced fibrinolysis compared to scrambled controls. Increased
mechanical strength as well as resistance to enzymatic
breakdown is particularly important to resolve bleeding in
conditions such as TIC, where clot strength is reduced and
hyperfibrinolytic activity may be observed.*”*° Intravenous
injection of PolySTAT at a dose of 15 mg/kg in rat models of
femoral artery injury and fluid resuscitation resulted in
significantly greater survival rates compared to scrambled
controls (Figure 8C) as well as reduced blood loss (Figure 8D)
and fluid resuscitation requirements to maintain blood pressure
above 60 mmHg.

Fibrin-Binding Microgel Particles. In another recent
publication, ultralow cross-linked (ULC) poly(N-isopropyla-
crylamide-co-acrylic acid) (pNIPAm-AAc) microgel particles
with surface-conjugated single domain variable fragments
(sdFv’s) with affinity for fibrin, termed platelet-like particles
(PLPs), were reported for their application as intravenous
hemostats in injured rat models (Figure 9A).”" PLPs were
engineered with low core cross-linking densities (<0.5%) to
create particle bodies with high deformability to mimic platelet
deformation upon fibrin formation. Despite their given name,
PLPs are technically unresponsive until secondary hemostasis
and were included in this section because of their enhancement
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Figure 9. In vitro characterization of PLP-modified fibrin. (A) PLPs
have multivalent display of fibrin-binding nanobodies. (B) PLP
increases the density of the fibrin matrix in comparison to nonbinding
microgel controls (S11-ULC). (C) PLP integration in clots results in
contraction 48 h after fibrin polymerization [reproduced with
permission from ref 91].

of fibrin formation rather than initial platelet plug formation.
PLPs added to platelet-poor plasma (PPP) promoted fibrin
formation in an endothelialized microfluidic device to nearly
comparable fibrin levels observed with platelet-rich plasma
(PRP) and, similar to PolySTATSs, produced denser fibrin
networks (Figure 9B). Bleeding times were halved in rat
models of femoral vein injury. In addition to high deformability,
PLPs were likened to platelets because of clot collapse that was
observed 24—48 h after clot formation (Figure 9C). A caveat, as
the authors also noted, is that clot retraction due to actomyosin
contraction in native platelets attached to the fibrin matrix
occurs significantly more rapidly (within minutes to an hour
after clot formation).

B CONCLUSIONS

Current methods of resolving bleeding after traumatic injury
include using topical hemostats which are limited to treating
accessible wounds and by transfusion of blood products or
recombinant clotting factors to restore hemostatic function.
Biologically derived products have many limitations such as
short shelf life, involved manufacturing processes, and risk of
viral transmission. Therefore, there has been growing interest in
developing synthetic hemostatic agents for systemic admin-
istration to resolve bleeding in less accessible injuries (e.g.,
internal bleeding in the trunk). Numerous platelet substitutes
have been developed using nanoparticles commonly used in
drug delivery such as liposomes and PLGA nanoparticles and
have been evaluated regarding their ability to mimic platelet
margination and adhesion to vessel walls and to induce platelet
aggregation. Investigation of these platelet-like constructs have
demonstrated the importance of physical parameters (i.e.,
particle size, shape, and flexibility) in platelet mimicry as well as
methodical approaches to combining and displaying binding
motifs for optimal hemostatic activity specific to the site of
vascular injury. With more recent materials, we have seen
emergent properties mimicking platelet contraction and
deformation. Dynamic particles capable of mimicking platelet
contraction on the necessary time scale could potentially stiffen
clots to the same degree as native platelet contraction, and thus
induce hemostasis more rapidly. Recent materials have also
started engaging fibrin to stabilize clot structure and provide an
orthogonal approach to hemostasis. Future work on intra-
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venous hemostats will likely focus on the amalgamation of both
optimized physical particle properties and binding motif
arrangement into one platelet construct. Furthermore, future
hemostatic agents may be engineered to engage both primary
and secondary hemostasis mechanisms for a stronger
hemostatic response.
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