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ABSTRACT Targeted delivery of therapeutic and imaging agents
in the vascular compartment represents a significant hurdle in using
nanomedicine for treating hemorrhage, thrombosis, and athero-
sclerosis. While several types of nanoparticles have been developed
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to meet this goal, their utility is limited by poor circulation, limited
margination, and minimal targeting. Platelets have an innate ability to marginate to the vascular wall and specifically interact with vascular injury sites.
These platelet functions are mediated by their shape, flexibility, and complex surface interactions. Inspired by this, we report the design and evaluation of
nanoparticles that exhibit platelet-like functions including vascular injury site-directed margination, site-specific adhesion, and amplification of injury site-
specific aggregation. Our nanoparticles mimic four key attributes of platelets, (i) discoidal morphology, (i) mechanical flexibility, (iii) biophysically and
biochemically mediated aggregation, and (iv) heteromultivalent presentation of ligands that mediate adhesion to both von Willebrand Factor and
collagen, as well as specific clustering to activated platelets. Platelet-like nanoparticles (PLNs) exhibit enhanced surface-binding compared to spherical and
rigid discoidal counterparts and site-selective adhesive and platelet-aggregatory properties under physiological flow conditions in vitro. In vivo studies in a
mouse model demonstrated that PLNs accumulate at the wound site and induce ~65% reduction in bleeding time, effectively mimicking and improving
the hemostatic functions of natural platelets. We show that both the biochemical and biophysical design parameters of PLNs are essential in mimicking
platelets and their hemostatic functions. PLNs offer a nanoscale technology that integrates platelet-mimetic biophysical and biochemical properties for

potential applications in injectable synthetic hemostats and vascularly targeted payload delivery.
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anoparticle-based therapies offer

several advantages over free drugs

including enhanced targeting and
reduced off-target side effects.' 3 However,
applications of nanoparticles are limited by
rapid clearance due to immune-recognition
and reduced targeting due to nonspecific
binding.* ® Several approaches based on
synthesis of novel materials have been de-
veloped to address these challenges, and
some of them have yielded exciting results
at preclinical and early clinical stages.”®
Bioinspired design approaches have re-
cently emerged as a novel paradigm to
address the limitations of classical nano-
particles.’ Specifically, natural circulating
cells including erythrocytes, leukocytes,
and platelets routinely perform functions
of circulation and targeting that are often
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desired in synthetic nanoparticles. Inspired
by the superior functionality of innate cir-
culatory cells, bioinspired strategies aim to
impart some of the essential functional
biological attributes into synthetic systems.
For example, RBC-mimetic synthetic parti-
cles have been developed that mimic the
shape and mechanical properties of RBCs
to exhibit prolonged circulation.'® As an-
other example, leukocyte-mimetic particles,
coated with membranes of natural leuko-
cytes on synthetic scaffolds, have been
prepared and shown to accumulate in
tumors."

Here, we report the synthesis of platelet-
like nanoparticles (PLNs) and their ability to
target an injured vascular site to render
hemostasis. Targeted delivery of nanoparti-
cles to vascular injury sites has been actively
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Figure 1. Platelet interactions in hemostasis and corresponding platelet-inspired design of PLN technology. Schematic
showing normal hemostatic interactions that inspire PLN design.

researched owing to the nanoparticle's potential to
treat various vascular disorders including cancer, in-
flammation, thrombosis, and hemorrhage.’? Nanopar-
ticles comprising various materials'*'* and targeting
moieties®'> have been used to specifically target
vascular inflammation,'® vascular plaque,'” and clots.'®
However, these nanoparticles possess attributes that
are starkly different from circulating cells, especially
platelets, which have evolved to expertly perform
many of these functions.

Attempts have been made in the past to mimic cer-
tain aspects of platelet-related vascular targeting.'® =%’
Earlier approaches focused on liposomes or other
polymeric particles functionalized with fibrinogen or
fibrinogen-derived peptide ligands.?® However, these
approaches significantly deviate from the principles by
which natural platelets function in two main ways. First,
they do not mimic the complex biochemical interac-
tions that occur when natural platelets interact with
and bind to the endothelium.?® Platelets circulate in a
quiescent state and bind reversibly to the injured
endothelium first via interaction with endothelium-
secreted von Willebrand Factor (VWF) under high shear
and then undergo stable adhesion via interaction with
collagen. Platelets then become activated to trigger
subsequent aggregation of other locally activated
platelets via fibrinogen-mediated interactions with
activated platelet integrin GPlIb-llla. Together, these
synergistic adhesive and aggregatory interactions ef-
fectively form a hemostatic plug which halts bleeding.
Second, liposomes and other polymeric particles do
not mimic the biophysical discoid shape or the flex-
ibility of natural platelets that are both essential in
facilitating hemodynamic transport and margination
of platelets toward endothelium to effectively render
injury-site selective binding.”® Our PLNs incorporate
these often ignored biophysical design criteria of
platelet-mimetic discoid morphology and flexibility
and integrate these design parameters with the platelet-
mimetic biochemical heteromultivalent interactive
functions by dendritic presentation of multiple pep-
tides that bind simultaneously to both activated
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natural platelets and injured endothelial sites to pro-
mote injury-specific binding and hemostasis (Figure 1).

RESULTS

Synthesis and Characterization of PLNs. PLNs were syn-
thesized using the layer-by-layer (LbL) approach®>’
(Figure 2a) to yield flexible capsules®® that are mor-
phologically similar to natural platelets. Briefly, spher-
ical polystyrene (PS) nanoparticles (Figure 2bi) were
coated with complementary layers of poly(allylamine
hydrochloride) (PAH) and bovine serum albumin (BSA)
until 4 bilayers, (PAH/BSA),, were formed on the tem-
plate PS particle (Figure 2bii). PAH and BSA were
chosen as the polycation and polyanion, respectively,
due to their reliability in capsule synthesis via LbL3* as
well as their use as materials for numerous biomedical
applications.>*~3” PLNs (Figure 2biii) were character-
ized at each step for sufficient PAH/BSA coating
(Figure 2c) via fluorimetric assays. Poly(allylamine
hydrochrloride)—AlexaFluor 594 (PAH-AF594) and bo-
vine serum albumin—AlexaFluor 488 (BSA-AF488) were
complementarily coated, and the fluorescent intensity
for each dye was determined at each coating layer. The
linear relationship of independently labeled polyelec-
trolytes with the number of layers implies the pres-
ence, and successive uniform coating, of both PAH
and BSA.3® The coating was further confirmed qualita-
tively via confocal imaging of the final PLN product
(Figure 2¢, inset). PS core removal was performed via
incubation with tetrahydrofuran (THF) and isopropyl
alcohol (IPA), at increasing THF/IPA ratios, and con-
firmed via FTIR (Figure 2d and Figure 1, Supporting
Information) by monitoring absorbance at wavenum-
bers 700 and 760 cm™', which represent the mono-
substituted benzene rings in polystyrene.3® PLNs
composed of (PAH/BSA), collapse into flexible dis-
coidal particles following core removal (Figure 2biii).
This change in shape results from the flexibility of the
polymer/protein shell material collapsing onto itself
since there is no longer a rigid PS core to maintain the
original spherical structure (Figure 2bi). Previous stud-
ies involving the synthesis of LbL capsules utilizing
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Figure 2. Synthesis and characterization of PLNs. (a) Schematic showing the LbL synthesis of PLNs. Note that the schematic
shows only two bilayers of PAH/BSA, whereas four bilayers of PAH/BSA were used in this study. (b) Scanning electron
micrographs (SEM) of (i) sacrificial 200 nm spherical polystyrene templates, (i) (PAH/BSA),-coated polystyrene templates, and
(iii) final PLNs. Scale bars = 200 nm. (c) Complementary coatings of poly(allylamine hydrochrloride)—AlexaFluor 594 (odd
layers) and bovine serum albumin—AlexaFluor 488 (even layers) with confocal imaging of final PLNs. (d) FTIR spectra of PS

templates, (PAH/BSA), coated templates, and PLNs.

similar procedures, and materials have confirmed the
softness of such particles.>?

Adhesion and Aggregation of PLNs Under Flow. The role of
PLN's size and shape in determining their adhesion
under flow conditions was assessed using microfluidic
devices (Figure 3a inset; see Figure 2 (Supporting
Information) for dimensions and uniformity of protein
coating). Devices were coated with antiovalbumin
(anti-OVA) antibody, and particles were coated with
ovalbumin (OVA). OVA/anti-OVA interaction was used
as a model antigen—antibody system. OVA-coated
spherical particles of three sizes (200 nm, 1 um, and
2 um) were used to investigate the effect of particle
size on shear-dependent adhesion. Larger spherical
particles adhered in smaller quantities and conse-
quently covered less surface area than their smaller
counterparts (Figure 3a), a finding consistent with
literature reports*® that is likely due to the stronger
shear detachment forces experienced by larger parti-
cles under flow.*'

The shape of particles also impacted their adhesion
on targeted surfaces. Since smaller particles adhered
in higher quantities than their larger counterparts,
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200 nm OVA-coated spheres, OVA-coated rigid discs
stretched from 200 nm spheres and 200 nm OVA-
coated flexible PLNs were studied under the same
conditions as described above. Discoidal particles
(discs, PLNs) covered more surface area of coated
channels (Figure 3b) than their spherical counterpart,
likely due to increased surface area contact of discoidal
particles. Furthermore, PLNs covered more surface area
than discs, likely due to their flexibility,*> which increa-
ses opportunities for multiligand interactions.’> While
spheres and discs adhere mostly as individual particles,
PLNs appear to adhere as both individual and aggre-
gates of particles adhering under shear (Figure 3b).

In view of their superior binding properties, 200 nm
PLNs were used for further studies. This specific size
also helps avoid cardiopulmonary interference. Speci-
fically, particles similarly sized or larger than lung
capillaries are known to physically get trapped in lungs
(the first capillary bed encountered following tail vein
injection) which can impede the passage of blood,
effectively impairing oxygen delivery.>*?

Peptide Conjugation to PLNs. PLNs were heteromulti-
valently surface-decorated with the collagen-binding
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Figure 3. Particle binding. (a) Percentage of surface area coverage of OVA-coated spherical particles of 200 nm (white), 1 um
(light gray), and 2 um (hatched) diameter to anti-OVA coated microfluidic channel (inset) under flow. (b) Percentage of surface
area coverage of 200 nm OVA-coated spheres (cross-hatched), discs stretched from 200 nm spheres (gray) and 200 nm PLNs
(black) to anti-OVA coated microfluidic channels (inset) under flow (see Figure 2a (Supporting Information) for device
dimensions). Representative image scale bars = 20 um. At least 10 images for each condition were used for analysis. *Denotes

statistical difference (P < 0.05) from all other groups.

peptide (CBP; [GPO];) which binds to exposed
collagen at the wound site via helicogenic interac-
tions,** the von Willebrand Factor binding peptide
(VBP; TRYLRIHPQSQVHQI) which binds to VWF** at
the injury site, and the linear fibrinogen-mimetic pep-
tide (FMP; GRGDS) which specifically binds to integrin
GPllb-llla on activated natural platelets*>*° to amplify
platelet aggregation for hemostatic plug formation.
These three peptide-mediated mechanisms act syner-
gistically to promote injury-dependent site-specific
stable adhesion, thereby allowing PLNs to localize at
the injury site and then enhance platelet aggregation
at that site via FMP. This integration of adhesion and
aggregation functions are a significant refinement
over past platelet substitute designs.”® To ensure that
peptides do not detach from PLNs in vivo, the three
peptide ligands were covalently coupled to PLNs.
Further, to avoid nonspecific interactions with the
albumin-rich surface on PLNs and to increase the
strength of selectivity of their respective binding,
the peptides were not homogeneously coupled onto
the surface of PLNs but instead were conjugated to
branched dendrimers to form dendrimer—peptide
structures on the surface of PLNs. Briefly, carboxyl-
terminated (PAMAM) dendrimers were activated via
carbonyldiimidazole (CDI), washed to remove excess
CD], reacted in individual flasks with the N-terminus
of each of the three peptides, and finally washed to
separate unreacted peptides from dendrimer-peptide
conjugates (Figure 3a, Supporting Information). The
outer layer of PLNs were enriched with primary amino
groups by activation with CDI, followed by washing to
remove excess CDI, addition of excess diaminoethane,
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and finally washing to remove unreacted diami-
noethane from amine-rich PLNs (Figure 3b, Supporting
Information). Dendrimer—peptide conjugates were
then activated via EDC chemistry, washed to remove
excess EDC, and conjugated to PLNs to form stable
amide bonds between the carboxyl rich dendrimer—
peptide conjugates and the amine-rich PLN surface
(Figure 3ci, Supporting Information; see Figure 3cii,
Supporting Information, for final PLN schematic).
Peptide conjugation to PLNs was quantified via fluor-
escent labeling of dendrimers (Figure 3d, Supporting
Information) and confirmed qualitatively via confocal
microscopy (Figure 3e, Supporting Information). PLN
size (235 4+ 4 nm) and surface charge (—16 &+ 1 mV)
were minimally altered following conjugation with
dendrimer—peptides (240 + 8 nm and —25 £ 5 mV).

Aggregation and Adhesion of PLNs with Wound-Specific
Ligands and Activated Platelets under Flow in Vitro. The
platelet-mimetic adhesive and aggregatory capabil-
ities of the PLNs were assessed in vitro in a parallel
plate flow chamber (PPFC) setup (Figure 4, Supporting
Information). For adhesion studies, glass slides were
coated with adjacent regions of BSA (negative control
surface) and 50:50 VWF/collagen (positive control
surface). Green fluorescent unmodified PLNs and
VBP + CBP PLNs, which should bind specifically to
the VWF/collagen surface, were allowed to flow over
these coated glass slides in the PPFC at both physio-
logical and pathological wall shear stresses'®*” of
5—55 dyn/cm? for 45 min. Adhesion of targeted and
nontargeted PLNs to both targeted and nontargeted
surfaces was imaged and quantified (Figure 4a). In-
deed, unmodified PLNs had minimal adhesion on the
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Figure 4. In vitro binding of PLNs at various shear stresses. (a) PLNs modified with CBP + VBP show specific adhesion
to VWF—collagen-coated surfaces (filled squares), PLNs without peptide modification show minimal adhesion to VWF—
collagen-coated surfaces (circles), and PLNs modified with CBP + VBP show minimal adhesion to nontargeted control BSA
surfaces (filled triangles) in a parallel plate flow chamber (PPFC) at various shear values. Representative images are shown for
the end of the experiment (45 min) for each condition. At least 10 images at for each condition at each time were used for
analysis. Scale bars = 50 um. (b) PLNs modified with FMP aggregate with natural platelets (filled squares), PLNs without
peptide modification show minimal aggregation with natural platelets (circles), and PLNs modified with FMP show minimal
aggregation with nontargeted control BSA surfaces (filled triangles) in a PPFC at various shear values. Representative images
are shown for the end of the experiment (45 min) for each condition. At least 10 images at for each condition at each time
were used for analysis. Scale bars = 50 um. All images were taken at the same magnification. *Denotes statistical difference
(P < 0.05) from all other groups at each time point.

VWF/collagen surface and peptide-modified PLNs
had minimal adhesion on the control BSA surface. In
comparison, the peptide-modified PLNs showed sig-
nificantly enhanced adhesion on the VWF—collagen
surface due to the specific synergistic interaction
mechanisms of VBPs with VWF and CBPs with collagen.
To study the interaction capabilities of PLNs with natural
activated platelets, platelet-rich-plasma (PRP) was incu-
bated in the presence of adenosine diphosphate (ADP),
which facilitates the transition of unactivated platelets
to activated platelets, with glass slides bearing BSA-
coated and collagen-coated adjacent regions in order to
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form a layer of activated platelets on the collagen-
coated region but not on the BSA-coated region. Green
fluorescent unmodified PLNs and FMP-modified PLNs,
which should bind specifically to the activated platelets,
were allowed to flow over these slide surfaces at wall
shear stresses of 5—55 dyn/cm? for 45 min. Aggregation
of PLNs with natural platelets was imaged and quanti-
fied (Figure 4b) at various wall shear stresses. FMP-PLNs
showed significantly enhanced binding to the activated
platelet-covered region, and minimal binding to non-
targeted BSA surface, at all shear values. Furthermore,
unmodified PLNs showed minimal adhesion to activated
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Figure 5. In vitro PLN wound adhesion and platelet aggregation in simulated wound environment. (a) Experimental setup for
flowing PLNs and activated platelets together over VWF—collagen-coated surfaces. PLNs first encounter a BSA region so as to
limit nonspecific binding at the collagen—VWF-coated surface. (b) PLNs are able to adhere to VWF—collagen-coated surfaces
while aggregating with natural platelets in a PPFC better than PLNs with no peptides, FMP-only, or CBP + VBP-only.
Representative images are shown for the end of the experiment (30 min) for each condition. Scale bar = 50 um. All images
were taken at the same magnification. (c) Pearson's colocalization coefficient values for: (i) activated platelets + PLNs without
peptides (white bars), (ii) activated platelets + PLNs with CBP + VBP modification (hatched bars), (iii) activated platelets +
PLNs with FMP modification (gray bars), and (iv) activated platelets + PLNs with CBP + VBP 4+ FMP modification (black bars).
At least 10 images for each condition were used for analysis. *Denotes statistical difference (P < 0.05) from all other groups.

platelets. Collectively, these in vitro flow experiments
highlight the ability of PLNs to present a variety of
platelet-relevant targeting ligands that interact specifi-
cally with vascular target sites while minimally interacting
with physically similar, nontargeted surfaces.

PLN Interaction and Clot Formation with Natural Platelets in
an in Vitro Wound Model. The ability of PLNs to combine
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both adhesion and aggregation on a single particle
construct was tested in a simulated injury site environ-
ment. For these studies, human platelets (stained red)
were preactivated with ADP and subjected to flow over
BSA-coated (control surface that exhibits no specific
binding to VBPs and CBPs) and VWF—collagen-coated
(test surface with specific binding to VBPs and CBPs)
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Figure 6. In vivo hemostatic effect, biodistribution, and imaging of PLNs in mouse tail transection model. (a) PLNs reduce
bleeding times in a tail amputation model in mice. PLNs functionalized with CBP + VBP + FMP peptides reduce bleeding times
by 65% compared to control (no injections). (b) Plain PLNs or PLNs functionalized with CBP -+ VBP + FMP organ distribution at
1 h or 55 min after tail amputation. (c) Brightfield and fluorescent images of tail section clot confirming fluorescently labeled
CBP + VBP + FMP PLNs interacting with tail section clot. Scale bar = 100 um. *Denotes statistical difference (P < 0.05) from
saline and PLNs without peptide controls. **Denotes statistical difference (P < 0.05) between PLN formulations in specific tissue.

regions (Figure 5a) at wall shear stress of 25 dyn/cm?
along with the four formulations of green fluorescent
PLNs, namely (i) unmodified PLNs, (ii) “adhesive only”
CBP + VBP PLNs, (iii) “aggregatory only” FMP PLNs, or
(iv) “functionally integrated” PLNs containing all three
peptides (CBP + VBP + FMP). PLNs bearing all three
peptides were most effective in adhering stably to the
VWF—collagen surfaces while recruiting activated pla-
telets, under a flow environment, to the adhesion
site (Figure 5b). Indeed, “functionally integrated” PLNs
showed significantly enhanced fluorescence colocaliza-
tion with activated platelets, validating the synergistic
effect of the three peptides in a single platelet-mimicking
particle platform. Co-localization, which is the overlap of
activated platelets (red) and PLNs (green), was quantified
using multiple images for each group via Pearson's
coefficient (Figure 5c). This quantitative representation
(Figure 5¢) of images (Figure 5b) highlights the impor-
tance of combining both aggregation and adhesion
platelet properties into a single PLN formulation in order
to both adhere stably to wound-mimicking surfaces
while recruiting activated platelets, or in other words,
form a hemostatic plug.

While natural circulating platelets undergo complex

shear-dependent aggregation at vascular injuries,*®*°
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due in part to their discoidal shape and unique presenta-
tion of surface receptors that benefit from lateral mobility
afforded by their flexibility, the majority of polymeric
nanoparticles do not possess this ability. However,
PLNs appear to undergo shear-dependent aggregation
on targeted surfaces upon binding in all flow experi-
ments performed (Figures 3, 4, and 5). To investigate
shear-induced aggregation, PLNs were imaged before
and after flow through a capillary. Before flow, PLNs
are dispersed and show limited aggregation, while
after experiencing shear under flow, PLNs form larger
aggregates (Figure 5, Supporting Information). This
suggests that the physical properties of PLNs allow
for similar aggregation abilities that their natural coun-
terparts routinely leverage to facilitate hemostasis.

In Vivo Hemostasis Effect and Biodistribution of PLNs. PLNs
were next investigated in vivo for their ability to halt
bleeding in a standard tail transection model in BALB/c
mice. PLNs without peptides and saline injections
alone showed no decrease in tail bleeding times. PLNs
functionalized with only the FMP peptide (GRGDS)
lowered bleeding time by ~45% (Figure 6a), which is
comparable to results reported for past synthetic
hemostat designs of particles bearing fibrinogen-
based RGD or AGD peptides.> However, “functionally
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integrated” PLNs (bearing all three peptides GRGDS,
TRYLRIHPQSQVHQI, and [GPO];) lowered bleeding
time by ~65%. Further, micron-sized “functionally
integrated” PLNs were unable to instigate hemostasis
to the same extent as their 200 nm counterparts, likely
due to the lower circulation time of micron sized
particles and also the less efficient binding and adhe-
sion that larger particles exhibit under flow conditions.
Nonflexible spherical 200 nm “functionally integrated”
PLNs containing the rigid PS core were also unable
to cause hemostasis as rapidly as the more flexible,
disc-shaped PLNs, likely due to their limited aggrega-
tion at the wound site. Organ distribution for 200 nm
PLNs with and without CBP + VBP + FMP peptide
functionalization showed similar organ accumulation
except in the case of the tail section containing the
clot (Figure 6b). In this case, a 3-fold increase
in PLNs functionalized with CBP + VBP + FMP peptides
in the tail section containing the clot was seen over
unmodified PLNs. Targeting of “functionally inte-
grated” PLNs to tail clots was confirmed via fluorescent
imaging (Figure 6¢). Images of the clot show that PLNs
bind in aggregates (Figure 6¢) as predicted by in vitro
flow experiments (Figures 3—5). Histology sections of
liver, brain, and lungs were taken at 24 h following
injections of either saline (control) or functionally
integrated PLNs (Figure 6, Supporting Information).
Histopathology indicated slightly increased occur-
rence of microthrombi in lungs in case of PLNs com-
pared to controls, likely due to lung accumulation
(Figure 6b). The liver and brain tissues showed no
pathologies for either group.

DISCUSSION

The results shown here demonstrate the ability of
bioinspired PLNs to significantly reduce the bleeding
time in a mouse tail transection model. PLNs were
synthesized via the LbL method for precise control
over their size, shape, and material composition. Simi-
lar to their natural counterpart, PLNs were discoidal in
shape and were functionalized with wound-specific
and platelet-specific peptides (see Figure 3 (Supporting
Information) for activation and reaction schematic, pep-
tide quantification, and PLN imaging) so as to mimic the
biochemical interactions of natural platelets with both
injured endothelium and each other. Both biophysical
and biochemical design parameters of PLNs were inves-
tigated for their role in adhesion under physiological flow
conditions. First, the biophysical design parameters of
PLNs, namely their discoidal shape and flexible exterior,
showed individual and aggregated PLN binding to
targeted surfaces under flow. PLNs were then inde-
pendently assessed for their specific adhesion to both
wound-specific ligands and to activated platelets un-
der physiologically relevant flow conditions. PLNs
functionalized with wound-specific ligands show high
specific adhesion to collagen and VWF-coated slides
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and limited interaction with negative control BSA
surfaces. Similarly, PLNs functionalized with fibrinogen
interacting peptides (GRGDS) showed high specific
adhesion to activated platelet-coated surfaces and
minimal adhesion to negative control BSA surfaces. In
both cases, PLNs which had no peptide functionaliza-
tion showed minimal adhesion to both collagen- and
VWEF-coated surfaces and activated platelet-coated
surfaces. Furthermore, PLNs which had targeting pep-
tides showed minimal adhesion to negative control
BSA surfaces. Following this, an in vitro wound model
confirmed that PLNs functionalized with both wound
adhesive and activated platelet aggregatory peptides
formed clots more efficiently than PLNs functionalized
with adhesive only or aggregatory only peptides. In all
binding studies, PLNs adhered to targeted surfaces as
both individual particles and as larger aggregates. PLN
aggregation stems from a combination of their physi-
cal and chemical features. PLN's ability to aggregate
under shear was investigated via capillary flow experi-
ments. Imaging of PLNs before, during, and after
capillary flow, under high shear conditions, illustrates
the ability of PLNs to undergo shear-dependent ag-
gregation. We hypothesize that, much like real plate-
lets, PLNs marginate to the wall under shear due to
their physical parameters (e.g., shape and flexibility)
and are likely to have higher local concentration at the
wall under flow. This increase in local PLN concentra-
tion can potentially cause PLNs to interact with each
other and clump together if shear conditions permit.
Literature in colloidal physics field has shown that
colloidal particles aggregate under shear owing largely
to increased local concentration of particles.>® The
in vitro flow experiments accurately predicted the PLN
clustering seen in the fluorescent histology tail sections.

In the case of normal hemostatic plug formation,
circulating platelets become activated and bind to the
damaged endothelium due to exposure of collagen
and release of VWF from the wound site. In case of
hemostatic plug formation following injection of PLNs,
activated circulating platelets and PLNs both bind to
injured endothelium, as well as to each other, effec-
tively forming the hemostatic plug much faster than in
the absence of PLNs. Brightfield and fluorescent
images show the interaction between fluorescently
labeled PLNs and the clot (Figure 6c), which was
verified via biodistribution as functionalized PLNs
accumulated 3-fold higher in the clot as compared to
plain PLNs. Following an injection of PLNs, the hemo-
static plug formed in ~35% of the time it took when no
PLNs were injected. The importance of the biochemical
design parameters were verified in vivo as platelet-
aggregatory-only or wound-adhesive-only PLNs were
unable to promote hemostasis as effectively as PLNs
combining both functions. Furthermore, the importance
of the biophysical design parameters were verified
in vivo as rigid/spherical PLNs with both wound-adhesive
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and platelet-aggregation abilities were unable to pro-
mote hemostasis as well as PLNs of discoidal shape. An
increase in microthrombi was seen in histological lung
sections in some cases following treatment with PLNs.
This is likely due to increased overall activity of circulat-
ing platelets following tail transection compounded
with the observed lung accumulation. To minimize
these complications, a low PLN dose of 15 mg/kg was
used as compared to much higher doses reported,
often exceeding 50 mg/kg, that have been shown to
induce cardiopulmonary issues in the form of elevated
heart rates and gasping.?® Such complications were not
observed with the lower dose of PLNs used in this study.

Various cell mimetic'®*? and cell-inspired®' 3 sys-
tems have been recently reported for a variety of
biotechnology applications.’ The PLNs presented here
combine many unique aspects of circulatory platelets,
specifically their shape and surface chemistry interac-
tions, to perform functions that are typically exclusive
to natural platelets. The LbL technique used here is
widely utilized for the synthesis of a variety of LbL
particles with proven biomedical applications>*>*>>

METHODS

PLN Fabrication. Carboxylated PS spheres (200 nm) (Poly-
sciences, Warrington, PA) were suspended in 0.5 M sodium
chloride. Positively charged poly(allylamine hydrochloride)
(2 mg/mL) (Sigma) was dissolved in 0.5 M sodium chloride
and incubated with 12.5 mg of PS particles at room temperature
under constant rotation for 30 min. Particles were then cen-
trifuged at 15000g for 30 min and resuspended in 0.5 M sodium
chloride. Particles were washed two more times at 150009 for
30 min in 0.5 M sodium chloride. Following PAH coating,
negatively charged bovine serum albumin (Sigma) was coated
on top of PAH layers under identical conditions. This procedure
was repeated for four total PAH/BSA bilayers. Intermittent cross-
linking with 2% glutaraldehyde (Polysciences) for 1 h under
constant rotation was performed to ensure sufficient structural
integrity of the outer shells. Following glutaraldehyde exposure,
the particles were incubated in 30 mM sodium borohydride to
stop the cross-linking reaction. The particles were then exposed
to a tetrahydrofuran—isopropyl alcohol gradient (1:3, 1:2, 1:1,
2:1, and pure THF) for 30 min each at room temperature under
constant rotation so as to dissolve the PS core. Particles were
then washed 10 times with saline so as to remove any residual
solvent and stored at 4 °C for no longer than 2 days.

In Vitro Studies: Microfluidic Experiments. Devices (see the Sup-
porting Information for synthesis) were washed with saline and
coated with 500 ug/mL of antiovalbumin monoclonal antibody
ateither 4 °C overnight orat 37 °Cfor 1 h. PLNs were prepared as
described above, and discs were prepared using previously
described film stretching methods.>® All particles were termin-
ally coated with 2 mg/mL of PAH for 30 min at room tempera-
ture, cross-linked with 2% glutaraldehyde as above, and then
coated with 1 mg/mL of ovalbumin at 4 °C overnight. Particles
were washed 3x in saline and resuspended at a concentration
of 5 x 10" particles/mL. Particles were subjected to flow, via
syringe pump withdrawal, through the devices at a constant
flow rate of 0.27 mL/h (shear rate of 800 s~' on bottom of
channel) for 1 min and then washed with saline at 0.27 mL/h for
2 min to remove unbound particles. Devices were then imaged
using an Andor iXON 885 fluorescent camera, and at least
10 images were analyzed for binding to channel surface by
calculating total surface area covered using ImagelJ. Surface
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and is ideal for fabricating synthetic cells as it allows
for enhanced control over particle design. Further-
more, the PLNs described here will benefit from the
recently reported scaled up synthesis of similarly fab-
ricated LbL particles.3® Future studies will be focused
on translating the fast acting hemostatic ability of PLNs
to larger, more serious wounds, determining the dose-
dependent cardiopulmonary impact following PLN
injection and assessment of the extent of complement
activation following PLN injection. PLNs potentially
offer a new intravenous tool for the treatment of severe
bleeding and hemorrhage. Also, certain peptide-
decorative subsets of PLNs, for example, the FMP-
decorated designs, can be potentially used to target
platelet-rich occlusive clot sites for site-specific deliv-
ery of fibrinolytic or antiplatelet agents which can
reduce the systemic coagulopathy risks otherwise
presented by such agents. Therefore, PLNs can become
an effective technology not only as “synthetic hemo-
stats”, but also a platform for tailoring targeted
therapeutic actions in atherosclerosis, thrombosis, or
restenosis in the vascular compartment.

area coverage was quantified as opposed to quantity of parti-
cles since sufficient hemostatic plug formation requires com-
plete wound plugging, which is dependent not on the quantity
of particles but on the total area the particles can occupy.

Peptide Conjugation to PLNs. Succinamic acid terminated
PAMAM dendrimers, generation 5.0 (Dendritech), were activated
with carbonyldiimidazole (CDI) at 1 mg/mL in acetone. Removal
of CDI from activated dendrimers was performed using Amicon
centrifugal filters (3 kDa) for 3 washes. Each of the three
peptides were then added and coupled to CDI activated
dendrimers in separate flasks via their N-terminus. Removal of
unreacted peptides from dendrimer—peptide conjugates was
performed using Amicon centrifugal filters (3 kDa) for three
washes. The outer layer of PLNs was activated with CDI at
1 mg/mL in acetone for 45 min. Free CDI was removed via
centrifugation. Diaminoethane was then added to yield primary
amino groups on PLN surface and purified via centrifugation.
All PLNs were tested qualitatively for free amines via the Kaiser
test. Finally, dendrimer—peptide conjugates were conjugated
to PLNs via EDC chemistry in MES buffer at 4.5 pH for 12 h (see
Figure 3a—c, Supporting Information, for stepwise activation
and reaction scheme). For coupling of peptides to particles still
containing polystyrene cores, particles were activated with EDC
at 4 mg/mL in MES buffer for 10 min, washed to remove excess
EDC, reacted with diaminoethane to form primary amino
groups on the surface, and reacted with dendrimer—peptides
via EDC chemistry.

In Vitro Studies of Hemostatically Relevant PLN Interactions. The
interaction of peptide-modified PLNs with injury site-relevant
proteins (VWF and collagen) and activated platelets in a flow
environment was studied using a parallel plate flow chamber
(PPFC) system connected with a programmable pump and
recirculating loop with silicone tubing. The PPFC setup was
placed under an inverted fluorescent microscope and the
experimental surfaces were imaged over time to allow quanti-
tative fluorescence intensity analysis of particle and cell inter-
actions. The flow rate of particle and platelet suspensions in the
PPFC was controlled by a programmable pump to allow a wall
shear stress range of 5—55 dyn/cm? as per the equation 7,,=
6 uQb~'h™2, where 1, is the wall shear stress, Q is the flow rate,
w is the fluid viscosity (0.015 dyn/cm?), b is the PPFC chamber
width (1.0 cm), and h is the distance between the PPFC plates
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