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Abstract

Following injury, a fibrin-rich provisional matrix is formed to stem blood loss and provide a
scaffold for infiltrating cells, which rebuild the damaged tissue. Defects in fibrin network
formation contribute to impaired healing outcomes, as evidenced in hemophilia. Platelet-fibrin
interactions greatly influence fibrin network structure via clot contraction, which increases fibrin
density over time. Previously developed hemostatic platelet-like particles (PLPs) are capable of
mimicking platelet functions including binding to fibrin fibers, augmenting clotting, and inducing
clot retraction. In this study, we aimed to apply PLPs within a plasma-based in vitro hemophilia
B model of deficient fibrin network structure to determine the ability of PLPs to improve fibrin
structure and wound healing responses within hemophilia-like abnormal fibrin network formation.
PLP impact on structurally deficient clot networks was assessed via confocal microscopy, a
micropost deflection model, atomic force microscopy and an in vitro wound healing model of early
cell migration within a provisional fibrin matrix. PLPs improved clot network density, force
generation, and stiffness, and promoted fibroblast migration within an in vitro model of early
wound healing under hemophilic conditions, indicating that PLPs could provide a biomimetic
platform for improving wound healing events in disease conditions that cause deficient fibrin

network formation.
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Introduction

Following injury, a fibrin-rich provisional matrix is formed that stems blood loss and
provides a scaffold for infiltrating cells to rebuild the damaged tissue. Platelet-fibrin interactions
greatly influence fibrin network structure, both through platelets’ ability to induce thrombin
generation and through biophysical means such as clot retraction [1, 2]. Activated platelets
promote the formation of a fibrin network via thrombin generation on the platelet surface, which
catalyzes the conversion of soluble fibrinogen into an insoluble network of fibrin fibers. Platelets
bind to fibrin via oypfs integrins to form a platelet-fibrin “plug” capable of stemming bleeding
and achieving hemostasis [3, 4]. Following clot formation, platelets utilize actin-myosin
machinery to contract the fibrin network in a process known as clot retraction, increasing fibrin
density, stiffness, and stability [5-7]. The structural properties of the fibrin network influence the
ability of the fibrin network to act as a provisional matrix supporting cellular infiltration, first by
macrophages and then by fibroblasts and keratinocytes. Infiltrating fibroblasts deposit new
extracellular matrix, thus facilitating tissue repair and long-term tissue remodeling [5, 6, 8, 9]. A
fibrin network that is extremely porous, soft, and highly susceptible to fibrinolysis cannot properly
support cellular infiltration, and, therefore, healing is impeded.

In cases of traumatic injury or disease, fibrin structural defects can arise due to a loss or
dysfunction of platelets, coagulation factors or other blood components. When this occurs, fibrin
formation and subsequent clot retraction processes are impaired, resulting in uncontrolled or
recurrent bleeding and dysfunctional wound healing. Such fibrin defects can have severe
consequences: exsanguination due to insufficient clot formation and the resultant uncontrolled
bleeding is the leading cause of death for both men and women under the age of 45 [10].

Additionally, recurrent bleeding that arises as a result of disease conditions that impair normal



fibrin network formation, such as hemophilia, can result in debilitating joint injuries, impaired
mobility [11] and deficient healing responses [12].

Hemophilia is a particular example of a condition that arises as a result of a naturally
occurring fibrin structural defect. In hemophilia, a lack of coagulation factor VIII or IX impairs
robust fibrin network formation by preventing sufficient platelet-surface thrombin generation [3,
12]. This results in weak, easily disrupted fibrin networks with modified matrix properties,
including thicker fibers and less dense structure [13, 14], that are incapable of providing the
hemostatic and provisional matrix functions that would normally be provided by a robust fibrin
clot formed following an injury [12]. The defective fibrin formation seen in hemophilia is a model
for the type of defect seen in other genetic diseases such as von Willebrand Disease or in patients
taking oral anticoagulants [15-17]. In recent years, artificial blood cells made from synthetic
materials have shown promise in recapitulating native blood cell functions for the treatment of
various coagulopathies; artificial platelets, in particular, have been used in order to improve
clotting and stem bleeding in in vitro and in vivo models of uncontrolled bleeding [2, 18-20]. Due
to their ability to mimic native platelet functions in hemostasis, artificial platelet constructs are of
particular interest in developing alternative treatments for bleeding disorders such as hemophilia.

In these studies, we investigate whether deficient fibrin matrix structures can be improved
to recapitulate the mechanical and structural properties of a healthy fibrin matrix through the use
of synthetic platelets that augment clot formation and actively modify fibrin matrices. These
synthetic platelet-like particles, or PLPs, are colloidal micro-scale hydrogel particles that are
designed to mimic key mechanical properties of native platelet bodies [20]. In particular, PLPs
are capable of mimicking the fibrin-binding ability of native platelets, thereby promoting clot

formation. Additionally, PLPs also mimic the clot retraction abilities of native platelets, thereby



stabilizing the clot network and allowing it to facilitate downstream healing processes. Colloidal
microparticles have been of significant interest in the areas of biomaterials and tissue engineering
in recent years, with much emphasis being placed on the development of biocompatible and/or
biodegradable materials that are capable of sensing and responding to changes in their biological
environment in biomimetic or tunable manners [21, 22]. Colloidal micro- and nanoparticles are
capable of influencing cellular responses via changes in their chemical composition,
viscoelasticity, surface topography, charge, wettability, modulus, and other chemical and physical
characteristics. These features allow for dynamic modulation of cellular adhesion, protein
adsorption on particle surfaces, cellular proliferation and differentiation, and extracellular matrix
properties in order to bring about desired cellular behaviors [21-24]. Several studies detailing the
development of polymeric microparticles as a platform for developing synthetic biomimetic blood
cells have been published over the past decade [18-20, 25-27]; techniques involving colloidal
hydrogel microparticles in particular have shown that these particles are highly tunable and are
able to achieve degrees of elasticity and softness that allow them to mimic desired mechanical
properties, remain in circulation longer than conventional microparticles, and pass through pores
smaller than their own dimensions [20, 25, 28]. These features permit these colloidal
microparticle-based technologies to recapitulate key characteristics of native blood cells.
Ultralow crosslinked poly(N-isopropylacrylamide) (pNIPAM) microgels (ULCs) are of additional
interest for this application due to their low crosslinking density and their temperature- and pH-
sensitivity [29], which has allowed them to be utilized in a range of biomedical applications
including drug delivery, artificial tissue constructs, and sensors, among others [30]. pNIPAM
ULC:s are synthesized in the absence of any exogenous crosslinkers and have been shown to exhibit

only a small degree (< 0.5%) of self-crosslinking primarily located within the core of the microgel,



which occurs due to interchain transfer during the polymerization process [28, 30]. Furthermore,
incorporation of certain comonomers, such as acrylic acid, have been shown to increase particle
size and decrease crosslinking density, increasing the deformability and softness of these pNIPAM
ULCs [31].

In the studies described herein, we investigate the application of colloidal microscale
synthetic PLPs, made by coupling pNIPAM ULCs to a fibrin-binding antibody [20], within a
model of hemophilia B in order to augment clotting and improve fibroblast migration. Previous
studies that have applied PLPs within fibrin clots have done so in simplified systems using purified
fibrinogen; physiological conditions, however, are more complex, requiring validation of these
effects within a more physiologically-relevant clotting model in order to evaluate PLP ability to
improve clotting and healing outcomes within models of coagulopathies. We modeled a
hemophilia-like fibrin structural defect by inhibiting coagulation factor IX through the application
of an anti-factor IX (fIX) antibody, resulting in deficient fibrin network formation and decreased
stiffness relative to clots formed from healthy plasma. This model closely mimics hemophilia B,
which results from a lack of fIX that leads to deficient thrombin generation upon native platelet
surfaces, giving our model physiological relevance. Although hemophilia B is less prevalent than
hemophilia A in the general population, both bring about a defect in fibrin clot structure.
Additionally, the antibodies required to inhibit fIX activity are well-characterized, and hemophilia
B has been shown to be associated with defective fibrin formation in vivo [32]. In this work, we
aimed to investigate the efficacy of applying hemostatic PLPs within a model of defective clot
formation; the hemophilia B model applied in these studies thus served as a well-characterized
model for the basis of the experiments described herein. Within this model, we then investigated

the ability of an active matrix modifier (a synthetic platelet-mimetic particle) to improve the



deficient fibrin matrix and compared this effect to the effect of healthy platelets. The application
of a synthetic platelet mimic is advantageous over native platelets due to the limited supply and
short shelf life of native platelets for transfusions. Our lab has previously developed PLPs that
bind fibrin forming at sites of injury and exert strain upon the bound fibrin fibers to mechanically
induce clot retraction in a manner reminiscent of native platelets [20, 33] (Figure 1). PLPs are
created by coupling a fibrin-binding antibody to a highly deformable microgel body. The highly
deformable microgel is capable of undergoing robust morphological changes which, in
combination with the high fibrin affinity of the attached antibodies, facilitates their clot retraction
feature. As PLPs bind fibrin fibers, they deform and spread extensively between the bound fibers.
PLPs eventually return to a more energetically favorable spherical conformation, thereby exerting
strain upon the bound fibers and inducing microcollapses in the clot network that sum to bring
about bulk clot contraction in a Brownian wrench mechanism, as has been illustrated previously
[20]. In this mechanism, as spread PLPs collapse to return to a more energetically favorable
spherical conformation, pulling the bound fibers with them to create a local microcollapse in the
network, fibrin fibers in nearby locations are brought closer together. This facilitates further PLP
binding and microcollapse events to occur, thus propagating the microcollapses throughout the
network and eventually generating bulk clot collapse. When applied within fibrin clots under
healthy conditions, PLPs have been shown to contribute to secondary hemostasis. Additionally,
after clot formation, PLPs generate forces within clot networks and increase clot density and
stiffness, thus improving the overall structural and mechanical properties of these clot matrices
[33]. Additionally, in healthy conditions, incorporation of PLPs into clot matrices has been shown
to enhance in vitro cell migration and in vivo wound healing [33], which occurs at least in part due

to increased clot stiffness. These effects occur not only due to the fibrin-binding ability of the



PLPs, but also, critically, due to the deformability of the pNIPAM ULC microgel body; indeed,
past studies have demonstrated that less deformable particles coupled to a fibrin-binding motif do
not result in the same degree of clot retraction as that seen in the presence of PLPs formed using
highly deformable pNIPAM microgels [20]. This is likely due to the fact that the low crosslinking
density in the pNIPAM ULC microgel allows the PLP to spread and collapse in a manner necessary
to bring about clot retraction after binding to fibrin, whereas more rigid particles are not able to
mechanically deform to the same extent and are thus unable to bring about this necessary clot
retraction event [20, 34]. We hypothesized that when applied within a model of deficient fibrin
formation (i.e. hemophilia), PLPs will bind existing fibrin fibers to facilitate and augment clot
formation, resulting in improved clot network properties and cell migration within the clot matrix.
This hypothesis was investigated via confocal microscopy evaluation of clot structure, micropost
deflection models to determine PLP-generated forces within clot networks, atomic force
microscopy nanoindentation to determine clot moduli, and in vitro assays to determine the effect
of PLP-induced clot augmentation on overall fibroblast migration responses within a provisional
clot matrix. The results of these studies indicate that, when applied within a hemophilia-like model
of deficient fibrin structural formation, PLPs are able to improve clot density and stiffness and
bring about increased fibroblast migration within an in vitro model of early wound healing.
Materials and Methods
Ultra-low crosslinked microgel (ULC) synthesis and characterization
Poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc) ULCs were synthesized
in a precipitation polymerization reaction carried out under constant stirring at 450 rpm for a
duration of 6 hours at 70 °C. NIPAm (Sigma-Aldrich, St. Louis, MO, USA, 97% purity) was

dissolved in 100 mL ultrapure water in a three-necked reaction vessel (18.2 Q, Milli-Q, Darmstadt,



GER) and heated to 70 °C in a silicon oil bath while being purged with nitrogen. Upon reaching
70 °C, the monomer solution was allowed to equilibrate under nitrogen purging for one hour prior
to initiation of the reaction. Acrylic acid (Sigma-Aldrich, 99% purity) was added to the monomer
solution 10 minutes prior to initiation in order to achieve a final monomer concentration of 140
mM. The reaction was initiated using 1 mM ammonium persulfate (APS) (Sigma-Aldrich, 98%
purity) and allowed to proceed for 6 hours. The monomer solution turned opaque following
addition of the APS, allowing for visual confirmation of the reaction. After 6 hours, the reaction
was cooled to room temperature overnight under constant stirring at 450 rpm and then filtered
through glass wool. The filtered ULC suspension was purified via dialysis (MWCO: 1000 kD,
Spectrum Laboratories, Rancho Dominguez, CA, USA) against ultrapure water for 3 days, then
lyophilized and resuspended in ultrapure water prior to use in experiments.

ULC characterization was performed via dynamic light scattering (DLS) using a Malvern
Zetasizer Nano S (Malvern Instruments, Worchestershire, UK) to determine the hydrodynamic
radii of the microgels. ULCs were resuspended in 10 mM HEPES buffer, pH 7.4; five
measurements of at least 12 runs each were taken to determine average ULC hydrodynamic radii.
Average hydrodynamic radius + standard deviation is reported.

To confirm particle deformability and morphology, ULC spreading behavior was evaluated
by depositing ULCs on a glass surface and determining height and spread area of the microgels
using atomic force microscopy (AFM) on an Asylum Research MFP-3D Bio atomic force
microscope (Asylum Research, Santa Barbara, CA, USA) operated in intermittent contact mode
using silicon nitride cantilevers (k = 42 N ml, NanoWorld) [34]. Prior to ULC deposition, glass
coverslips were prepared for AFM via submersion in a series of solutions (alconox, water, acetone,

absolute ethanol, and absolute isopropyl alcohol) in an ultrasonic bath. Cleaned coverslips were



dried overnight and ULCs were deposited onto the clean coverslips for AFM dry imaging. Height
traces were determined using the AFM software (Igor Pro 15). Average height + standard deviation
1s reported.
PLP synthesis

ULCs were coupled to an anti-fibrin fragment E antibody via EDC/NHS chemistry in order
to create PLPs [33, 35]. 50 mg/ml 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
(Fisher Scientific, Waltham, MA, USA) in ultrapure water and 5 mg/ml sulfo-N-
hydroxysuccinimide (NHS) (Fisher Scientific) in ultrapure water were combined with 0.5 mg/ml
ULC:s in ultrapure water and incubated for 30 minutes. After 30 minutes of incubation, a sheep
anti-human fibrin fragment E polyclonal IgG antibody (Affinity Biologicals, Ancaster, ON, CAN)
was added to the ULC suspension at a 2:1 ratio of antibody:AAc content in the ULCs. AAc
concentration was assumed from the synthesis conditions, in which AAc comprised 10% of the
total monomer solution. After 3 hours of incubation with the antibody, PLPs were dialyzed
(MWCO: 1000 kD, Spectrum Laboratories) against ultrapure water for 24 hours at 4°C. Dialysis
buffer was changed 3 times over the course of 24 hours. Purified PLPs were lyophilized and stored
at 4°C prior to resuspension in ultrapure water for use in experiments. PLPs were sterilized using
UV light prior to all in vitro experiments.
Preparation of normal and hemophilia B-like platelet-poor plasma (PPP) and platelet-rich plasma
(PRP)

Whole blood was collected into citrate tubes by venipuncture of healthy adult volunteers.
Citrated blood was centrifuged at 2000 x g for 10 minutes to isolate platelet-poor plasma or 800 x
g for 8 minutes to isolate platelet-rich plasma. Where indicated, plasma fIX activity was inhibited

by addition of 2 mg/ml anti-human fIX antibody (Affinity Biologicals) to model hemophilia B-



like PPP or PRP. Platelet-rich plasma was further prepared by diluting PRP obtained from whole
blood with previously collected PPP to obtain normal and hemophilia B-like PRP with a platelet
count of 1 x 10° platelets/pL, in order to minimize variations in clotting responses as a function of
varied platelet count. Blood collection was performed under a protocol approved by the
Institutional Review Boards of both the Durham Veterans Affairs and Duke University Medical
Centers.
Evaluation of PLP thrombogenicity

Thrombogenicity of synthetic PLPs was evaluated using a plate-based fluorescence assay
in which platelet-poor plasma was incubated with 3 pM tissue factor (Innovin, Dade Behring
Gmbh, Marburg, GER), a fluorescent substrate that is cleaved by thrombin during the clotting
cascade, and recalcified using 12 mM CaCl, to induce a thrombogenic reaction. Plasma and tissue
factor were incubated with either lipids (0.2 uM — 10 uM) or PLPs (0 — 5 mg/ml) to determine the
relative thrombogenicity of PLPs when applied across a range of therapeutic concentrations.
Thrombin concentration was indirectly measured via fluorescence of the plasma + tissue factor +
PLP/lipid mixture over 10 minutes following the addition of calcium. Samples were run in
duplicate, and average curves are reported for each condition.
Formation of normal and hemophilic clots

Clots were formed from either normal (healthy) or hemophilia B-like PPP through
recalcification. PPP was recalcified with 16.7 mM sterile filtered CaCl, (Fisher Scientific, >99%
purity) and incorporated with 0.5 mg/ml PLPs. Control clots, formed in the absence of PLPs, were
also formed via recalcification of either normal or hemophilia B-like plasma. For confocal
microscopy and in vitro fibroblast migration assays, additional normal and hemophilia B-like PRP

clots +/- functionalized PLPs (i.e. pNIPAM ULC microgels coupled to anti-fibrin antibodies) were



created via recalcification as described for PPP clots. Additionally, confocal microscopy was
performed on clots incorporated with 0.25, 0.5, or 1.0 mg/ml PLPs to evaluate the impact of PLP
concentration on clot structure.

Determination of hemophilic clot structure in the presence of PLPs

Confocal microscopy was used to assess the fibrin network structure of 30 uL PPP clots
formed as described above. A Zeiss Laser Scanning Microscope (LSM 710, Zeiss Inc., USA) was
utilized at a magnification of 63X to image clot structure 16 hours after initial clot formation. In
order to visualize fibers, 0.5 pL. 2 mg/ml Alexa-fluor 488 labeled fibrinogen was added to clots
prior to polymerization. Three random 5.06 pm z-stacks were imaged for each clot, with at least 3
clots imaged per condition. After imaging, z-stack projections were binarized using ImageJ image
analysis software (National Institutes of Health, Bethesda, MD, USA) and a ratio of black pixels
(fibrin fibers) to total pixels was determined to quantify clot network density. Mean network
density + standard deviation is reported for each group.

PPP clot structure was further evaluated using a JEOL 7600F cryogenic scanning electron
microscope (cryoSEM) with a Gatan Alto cryo-transfer system. Clot samples were plunge-frozen
in liquid nitrogen under high pressure, fractured, and etched for 7 minutes under vacuum. Etched
samples were gold sputter-coated prior to imaging, and images were analyzed using the Imagel
plugin DiameterJ, which allows for structural analysis of fibrillar network images [36]. A
minimum of three random images were taken per clot, with three clots imaged per group. Percent
porosity + standard deviation and intersection density + standard deviation are reported for each
group.

Evaluation of PLP-mediated force generation within hemophilic clot matrices



Force generated by PLPs within a fibrin network was determined by modifying an
established micropost deflection technique [37-39] as described previously [33]. Microposts
spaced at a 2 mm post center to post center distance were fabricated using Dow Corning Sylgard
184 polydimethylsiloxane (PDMS) (Krayden, Denver, CO, USA) poured into an aluminum mold
machined by Xometry (Gaithersburg, MD, USA) [33] and cured for 2 hours at 90 °C. Posts had a
diameter of 200 um and a length (height) of 1 mm. Each post fabrication resulted in PDMS wells
containing 16 independent sets of microposts, allowing up to 16 sets of measurements to be taken
per experiment. Images were taken of each set of microposts after curing, and then microposts
were seeded with normal or hemophilia B-like clots in the presence or absence of PLPs. Images
were taken again following overnight clot polymerization. Post centers were determined in Imagel
using the known post geometry, and center-to-center distance for each set of posts was measured
using images taken both before and after clot seeding. Changes in center-to-center distance were
calculated, and the forces generated within the clot matrix, F, were determined based upon the
distance of post deflection, ¢, using Hooke’s law:

F=ké
The spring constant k is calculated based upon the micropost geometry and elastic modulus using
the formula

r - 3nED*
T 6413

where E represents the elastic modulus of the posts, D represents the diameter of the posts, and L
represents the length of the posts. Based upon this calculation, the spring constant k& was
determined to have a value of 7.5 N/m; thus, force generation within the clot matrix for any given
set of posts could be calculated from the formula

F =758



Three independent experiments were conducted, with 3-6 sets of microposts measured per
condition for each experiment. Sets of microposts in which any post boundaries were not fully
visible or in which any posts had broken during the process of removing the PDMS from the mold
were not used for obtaining distance measurements. Modulus values were determined from the
literature [40]. In order to control for potential variability in PDMS modulus due to efficiency of
the curing process, all experimental and control group microposts for each experiment were
formed from the same batch of PDMS and cured concurrently in the same location and for identical
lengths of time. Approximate force generated + standard deviation is reported for each group.
Evaluation of hemophilic clot stiffness in the presence of PLPs

Clot stiffness was evaluated via an Asylum MFP 3D Bio AFM operated in contact force
mode using silicon nitride cantilevers (Nanoandmore, Watsonville, CA, USA) with a particle
diameter of 1.98 um. Clot stiffness was evaluated 16 hours after initial clot formation. AFM
software Igor Pro 15 was used to determine the spring constant of each cantilever prior to force
map collection. Each force map was fit by applying the Hertz model (using assumptions of a
spherical tip geometry and a Poisson’s ratio of 0.33) to the linear region of the force curve in order
to determine the elastic modulus of the clot at each location measured. 3-4 random 10 pum x 10 pm
force maps consisting of 256 force curves each were taken for each clot, with 3 clots measured per
group. Mean elastic modulus + standard deviation is reported for each group.
Assessment of fibroblast migration in an in vitro model of hemophilic wound healing

Neonatal human dermal fibroblasts (HDFn) (Gibco, Waltham, MA, USA) P8-P13 were
seeded into collagen/fibrinogen matrices in a three-dimensional in vitro wound healing model
adapted from Chen et a/ [41]. In this model, a 300 pl matrix comprising 3 mg/ml bovine collagen

type I (PureCol ™ EZ Gel solution, Sigma-Aldritch), 1 mg/ml human fibrinogen (FIB 3, Enzyme



Research Laboratories, South Bend, IN, USA), and a 1:3000 dilution of Innovin (Dade Behring
Gmbh, Marburg, GER) were seeded with 2 x 10° HDFns in a 48-well tissue culture plate
(CELLTREAT Scientific Products, Pepperell, MA, USA) and polymerized for 24 hours at 37 °C.
Following polymerization, a defect was made in the center of each matrix using a 2 mm biopsy
punch (VWR, Radnor, PA, USA) attached to a vacuum line in order to model an injury in the
matrix. Each defect was filled with 10 pul PPP clots made from either normal or hemophilia B-like
plasma +/- PLPs. Clots were polymerized for two hours at 37 °C, and then the matrices and clots
were covered in 300 uL HDFn growth medium (DMEM, 10% fetal bovine serum, 1%
penicillin/streptomycin, 1% L-glutamine). Images were obtained immediately following induction
of the defect and then every 24 hours for the next three days to visualize cell migration into the
defect area from the surrounding matrix. Cell infiltration into the defect area were obtained using
Imagel by blinding images by clot group and randomly placing four 300 x 300 px squares within
the defect area of each image. Cell counts within the representative squares were obtained using
the ImagelJ cell counter. A minimum of three samples were quantified per group per experiment,
and three independent experiments were performed. Average cell count in the representative area
+ standard deviation is reported for each group.
Evaluation of PLP-mediated matrix structure and fibroblast migration in the presence of platelets
In order to evaluate the impact of PLPs on fibrin deficiencies in which platelets are still
present and active, 30 uLL PRP clots were imaged using confocal microscopy as described above
for PPP clots. Three clots were imaged per group, with three randomly placed images taken per
clot. Mean clot density = standard deviation is reported for each group. To assess the impact of
platelet presence on fibroblast migration within this model, the in vitro fibroblast migration assay

was also repeated as described previously, using PRP rather than PPP. A minimum of four samples



were quantified per group per experiment, and three independent experiments were performed.
Average cell count in the representative area + standard deviation is reported for each group.
Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8 (GraphPad, San Diego, CA,
USA). A ROUT outlier test (Q = 1%) was performed on all data prior to analysis; no outliers were
identified. Micropost force generation results were analyzed using a non-parametric Kruskal-
Wallis test with a Dunn’s post-doc using a 95% confidence interval. All other results were analyzed
using a Welch’s ANOVA with a Games-Howell post hoc test using a 95% confidence interval.
Results and Discussion

The overarching goal of these studies was to examine the efficacy of synthetic PLPs in
augmenting clotting and cell migration responses within in vitro models of wound healing under
conditions of deficient fibrin network structure. Many strategies for augmenting clotting have
been investigated in recent years, including transfusion of clotting factors and incorporation of
divalent ions such as zinc; however, transfusion of clotting factors can have potentially dangerous
side effects, including inhibitor development, and the impact of divalent ions on clot structure and
clotting factor activity is variable and may result in both inhibitory and facilitative responses with
the coagulation cascade [42, 43]. Therefore, alternatives to these potentially risky strategies are
necessary in order to improve clotting and healing outcomes in patients suffering from deficient
clot formation. Although many factors can influence clot formation, PLPs are able to not only
augment clot formation, but also promote clot retraction, which is an important step in facilitating
subsequent stages of the wound healing process, making them a potentially useful tool for
improving clotting and healing outcomes in these clinical cases. However, while these PLPs have

previously been shown to improve blood loss and wound healing responses in healthy systems [20,



33], their effects on fibrin structure and cell migration responses in conditions where fibrin network
structure is deficient have not been thoroughly evaluated. In the studies described herein, we
develop an in vitro model of hemophilia B using platelet-poor plasma, in which a lack of
coagulation factor IX impairs the formation of robust fibrin clot networks. We then applied fibrin-
targeting PLPs within these hemophilia B-like clot networks and assessed their ability to augment
clot network properties and to support fibroblast migration within an in vitro model of wound
healing. To further improve the physiological relevance of our in vitro models, we also
investigated PLP impact on clot structure and fibroblast migration in the presence of platelets
through the use of platelet-rich plasma. The results of these studies indicate that, within
hemophilia-like structurally deficient fibrin networks, PLPs are able to improve clot density, clot
stiffness, intra-network force generation, and fibroblast migration within a provisional clot matrix
in our in vitro wound healing model. When applied in the presence of native platelets, PLPs were
likewise able to support enhanced clot structure and fibroblast migration within these models of
hemophilia-like clot network deficiency.
ULCs mimic spreading behavior of activated platelets

ULC microgels (ULCs) synthesized via precipitation polymerization of NIPAm and AAc
were expected to have similar size and spreading behaviors as native activated platelets. Our
previous studies have shown that ULCs formed from this reaction approximate platelet size and
morphology and exhibit high deformability, as indicated by their ability to spread extensively upon
glass surfaces [20, 33]. This microgel deformability, along with high fibrin affinity, is critical to
PLPs’ abilities to increase fibrin network density overtime through their clot retraction-mimetic
actions. ULCs measured in 10 mM HEPES buffer, pH 7.4, using DLS were found to have a

hydrodynamic diameter of 1.22 £ 0.11 um. As expected, when measured on a glass surface, ULCs



flattened to a height of 27 + 22 nm (Figure 1b); this is in contrast to highly crosslinked particles
of similar hydrodynamic diameter that are less deformable and have approximate heights of 117
nm when analyzed under similar conditions [34]. ULC hydrodynamic diameter is comparable in
size to that of native platelets, which range from 2-5 pm in diameter [44]. Additionally, AFM
measurements of ULC stiffness have determined that they exhibit modulus values of
approximately 10 kPa [28] — comparable to previously determined modulus values of platelets,
which range from 1-50 kPa when measured using AFM [45]. Additionally, cryogenic scanning
electron microscopy images of ULCs in suspension have demonstrated that ULCs take on a
morphology comparable to that of active platelets [33].
PLPs alone do not promote thrombin generation

PLPs have previously been shown to bind fibrin fibers and enhance clot formation in the
presence of active fibrin polymerization [20]. The effects of PLPs on fibrin clot structure are
presumably dominated via mechanical effects, i.e. crosslinking of fibrin fibers by the PLPs and
subsequent induction of increased fibrin density over time, however, the influence of native
platelets on fibrin formation is also due to their ability to generate thrombin on their surface. Upon
initiation of the coagulation cascade, native platelets also augment fibrin formation via thrombin
generation on their surfaces due to exposure of negatively charged phosphatidylserine molecules.
To determine if the contribution of PLPs on fibrin structure is likewise due in part to thrombin
generation, we evaluated thrombin generation in the presence of PLPs in platelet poor plasma. In
thrombin generation assays, negatively charged lipids can be used in place of platelets to serve as
a procoagulant surface for thrombin generation. For thrombin generation assays, plasma was
incubated with tissue factor and either lipids or PLPs; thrombin generation was then measured

indirectly based on the fluorescence of the samples after incubation. Lipids served as a positive



control, with thrombin generation increasing as lipid concentration increases. Incorporation of
PLPs into plasma resulted in curves similar to that seen for the negative plasma-only control
(Figure 2), indicating that PLPs are not inherently thrombogenic and require the presence of fibrin
to induce clotting. Therefore, it is likely that any effect PLPs have on clot structure and subsequent
wound healing responses arises due to the fibrin specificity and high deformability of the PLPs, as
these features allow the PLPs to bind within and mechanically deform clots in a manner
reminiscent of the actin and myosin-driven clot retraction found in native platelets. This observed
lack of innate thrombogenicity is desirable in our PLPs, as inherent thrombogenicity would be a
considerable safety concern when applying PLPs in vivo.
Clot structure in a model of deficient fibrin formation is enhanced in the presence of PLPs

We have previously shown in purified fibrin clots that PLP-mediated retraction is due to
both the high degree of deformability of the particles and high fibrin affinity of the attached fibrin
antibody, allowing PLPs to bind fibrin fibers and facilitate clot retraction [33]. In these previously
published studies, PLPs have been shown to bind fibrin fibers and exert strain upon bound fibers
to induce clot retraction, thus stiffening clot matrices and enhancing clot structural and mechanical
properties in healthy models of wound healing [33]. The PLP-mediated clot retraction occurs via
a Brownian wrench mechanism, in which PLPs that have spread between bound fibers return to a
more collapsed, spherical shape, and in doing so, pull the bound fibers with them to create
microcollapses in the fibrin network. This initially results in both dense and highly porous areas
of the clot network as fibers get pulled together, leaving empty, porous spaces; however, as this
process progresses, PLP-induced microcollapses build throughout the network to ultimately bring
about clot retraction. Therefore, we hypothesized that application of PLPs to clot networks with

deficient fibrin structure (i.e. hemophilic) would similarly result in increased clot density and more



robust network formation relative to clots with deficient fibrin structure formed in the absence of
PLPs. The ability of PLPs to bind fibrin was confirmed via a preliminary fibrin-binding ELISA
(Figure S1). Upon confirming the fibrin-binding capabilities of PLPs, plasma clots were formed
and imaged using confocal microscopy. Confocal microscopy of clots formed from hemophilia B-
like platelet poor plasma revealed that clot density is significantly increased (p <0.01) under this
condition of fibrin structural defect when PLPs are incorporated into the clot network (Figure 3),
with clot density values approaching those seen in normal clots. We also evaluated how varying
PLP concentration influenced clot structure of both normal and hemophilia clots. The increased
clot density in the presence of PLPs (Figure 3) in plasma-based clots formed under conditions
mimicking a hemophilia B-like fibrin structural defect is indicative of clot retraction. Indeed, under
conditions of hemophilia-like conditions, the addition of PLPs into the clot resulted in an average
density similar to normal conditions, despite the differences in fibrillar structure that can be
observed in the confocal images of these two groups. As expected, the fibers in the hemophilia
group are thicker and form a more porous network than the fibers formed in a healthy fibrin
network; however, the mechanical impact of PLPs on clot structure decreases the porosity relative
to that observed in the untreated hemophilia-like clot and allows for a more stable clot structure to
form from these thick fibers. While the fibers of the hemophilia-like clots are thicker than those
present in healthy clots, the incorporation of PLPs results in similar density values to a healthy clot
containing thinner fibers with a less porous network structure.

Analysis of confocal microscopy images of clots formed from PPP at 0.25, 0.5, or 1.0
mg/ml PLP concentrations did not reveal significant differences in clot network density (Figure
S2), indicating that at these concentrations, PLPs do not seem to have a dose-dependent impact on

clot structure.



Cryogenic scanning electron microscopy (cryoSEM) was also used as a secondary method
for analyzing clot structure. CryoSEM of PPP clots likewise revealed that clots formed in the
presence of PLPs exhibited increased intersection density and decreased porosity for hemophilia-
like conditions (Figure S3). In the case of hemophilia-like clots, the addition of PLPs to the clot
matrix resulted in no significant differences between the clot structure of hemophilia-like clots and
normal, healthy clots, indicating that the presence of PLPs allows for recapitulation of healthy clot
structure under hemophilic conditions of fibrin structural abnormalities. CryoSEM results of
hemophilia-like clots formed in the absence of PLPs additionally showed heterogeneous clot
structure across samples, with some hemophilia-like clots forming loose fibrin network structures
and some showing very little, if any, network formation (Figure S3B). This heterogeneity within
hemophilia-like clot structures reflects the established heterogeneity of naturally occurring
hemophilic clots [3]. Diameter] analysis obtained using cryoSEM images of normal and
hemophilia-like plasma containing PLPs revealed increased clot density and decreased clot
porosity in the presence of PLPs relative to PLP-free controls; furthermore, the addition of PLPs
into hemophilia-like clots resulted in porosity and intersection density values on par with those
seen in normal conditions +/- PLPs, despite the heterogeneity in clot structure observed in
hemophilia-like clots. Overall, these results indicate that PLPs are able to induce clot retraction
under this condition of abnormal network formation to a degree that allows for recapitulation of a
healthy degree of clot network density. An important consideration in this mechanism is the length
of time in which PLPs are able to bind fibrin, as this would affect PLP-mediated clot augmentation
as well as clot degradation; as such, future works will investigate the time course of PLP-fibrin
binding in order to better understand how this might impact clot formation and degradation

kinetics.



Force generation within models of deficient fibrin clot formation is increased in the presence of
PLPs

We next characterized force generation within fibrin clots using a micropost deflection
method. Native platelets generate forces via actin-myosin machinery upon binding fibrin fibers
within a clot; this force generation causes microcollapses in the clot network and results in
increased clot density and stiffness [46]. Due to the increase in clot density observed via
microscopy studies and results from our previous studies that indicate that PLPs can similarly
generate forces within clot matrices, we hypothesized that PLPs would generate forces within a
structurally deficient hemophilic fibrin clot network to bring about rearrangement of the fibrin
network and induce clot retraction. Indeed, measurements obtained from a micropost deflection
model indicated that force measurements in PLP-incorporated hemophilia-like clots was
significantly higher (p < 0.05) relative to forces measured in standard hemophilia-like clots
(Figure 4).

Results of hemophilia B-like clots containing PLPs showed two distinct populations of
quantified forces; we postulate that this could have occurred due to the mechanism by which PLPs
contract the clot network. As described previously, when PLPs contract a fibrin network, they
exert strain upon bound fibrin fibers to induce microcollapses in the network structure. PLP-
mediated clot collapse proceeds in this manner via a zipper-like Brownian wrench mechanism,
which results in areas of both dense and loose fibrin networks throughout the clot prior to the
achievement of total clot contraction (Figure 1d). This results in an initially heterogeneous clot
structure, which could be reflected in the heterogeneous force distribution obtained from the
micropost deflection model. These two populations may also be observed due to an inherent

limitation in the micropost model itself. Due to the nature of the micropost model design, force



generation is calculated from the change in post-to-post distance; however, if the PLP-mediated
“zipper-like” microcollapses in the network are not occurring in line with the direction in which
the posts can bend towards each other, low changes in post-to-post distance may be observed. In
this case, the quantified force generation would likewise be low in these samples, resulting in the
second, lower population of quantified forces observed both normal + PLP and hemophilia + PLP
groups in Figure 4b. Plasma itself contains inherent variability, which could also play a role in the
large distributions of data observed in both PLP groups. However, as seen in Figure 4, the mean
forces generated within hemophilia-like networks + PLPs allow recapitulation of forces generated
within normal, healthy PLP-laden clots, indicating that the presence of PLPs in hemophilia B-like
clots increases force generation within these clot networks despite the potential limitations brought
about by the micropost design or the innate heterogeneity of hemophilic clots.

Due to the pNIPAM-co-A Ac microgel composition, we expect that there may also be some
residual charge effects from the AAc groups on the microgel bodies. While it is possible that this
may impact PLP-fibrin interactions and dynamics, we have previously investigated the potential
for these charge-based interactions to bring about force generation by examining the effect of
incorporating uncoupled pNIPAM-co-AAc ULCs within fibrin networks [33]. No significant
forces were generated in the presence of these uncoupled control particles, indicating that effects
from charge interactions on PLP-mediated force generation are likely not playing a significant role
in this phenomenon.

Clots with deficient fibrin formation exhibit increased stiffness in the presence of PLPs

In addition to bringing about increased network density and generating forces within fibrin

networks during the process of clot retraction, native platelets also increase clot stiffness. We have

previously observed that PLP-containing clots formed from purified fibrinogen polymerized with



the addition of exogenous thrombin are stiffer than control clots [33]. Based on these observations,
we postulated that PLPs would increase matrix stiffness when incorporated into hemophilia-like
clots that exhibit structural deficiencies in their fibrin networks. AFM results obtained from force
mapping of hemophilia-like and normal clots in the presence and absence of PLPs revealed that
the elastic moduli of hemophilia-like clots increased significantly in the presence of PLPs relative
to normal (p < 0.01), normal + PLP (p < 0.05) and hemophilia-like (p < 0.01) conditions (Figure
5). The stiffness of normal PPP clots was also significantly increased in the presence of PLPs
relative to control normal PPP clots (p < 0.01).

As in the case of the micropost deflection model, force mapping of normal and hemophilia-
like clots revealed a significant increase in elastic moduli of hemophilia + PLP clots relative to
controls, although a wide distribution of values is likewise observed in these measurements. We
again postulate that this is likely due to a combination of the inherent heterogeneity of hemophilic
fibrin network structure and the Brownian wrench mechanism by which PLPs induce clot
contraction; since hemophilia-like clot networks are highly porous, PLPs incorporated into these
networks have more room to spread and collapse than they do in normal clots, which could increase
the effect of these network microcollapses on the overall stiffness of the clot. This, combined with
the heterogeneity of hemophilic clot structure, could result in the wide modulus distribution and
relatively higher stiffness values seen in the hemophilia + PLP clots relative to normal clots (+/-
PLPs).

Confocal microscopy and AFM were utilized here to characterize clot density and stiffness.
Additional characterization of clot strength using thromboelastography (TEG) would provide
useful clinically relevant measures of hemophilic clot strength in the presence of PLPs and thus

will be utilized and investigated in future works.



Cell migration is enhanced in the presence of PLPs within an in vitro model of deficient clot
formation

The observed increases in clot density and accompanying increases in intra-clot force
generation and stiffness led to investigations into how these structural and mechanical changes in
the fibrin network would influence subsequent wound healing responses. Due to the results of
numerous studies that have indicated that matrix stiffness impacts cell migration [47-49], we
posited that the hemophilia-like clots containing PLPs would better facilitate fibroblast migration
in an in vitro hemophilic wound healing model than hemophilia-like clots would alone due to the
increased stiffness observed in PLP-laden hemophilia B-like clots. We investigated this by seeding
dermal fibroblasts within a three-dimensional collagen/fibrinogen matrix, inducing an “injury”
into the matrix via a biopsy punch, filling the “injury” defect with healthy or hemophilia-like PPP
clots in the presence or absence of PLPs, and observing cell migration into the defect area over
time to model the role of fibroblasts in early wound healing (post-wounding and inflammation, but
before new tissue formation or tissue remodeling). Polymerization of the clots occurred via
recalcification of the plasma and via the tissue factor present in the collagen/fibrinogen matrix,
which allowed for a more physiologically relevant coagulation cascade to be implemented into
this model. Quantification of cell migration into the defect area revealed that migration was
significantly increased in the presence of PLPs under both normal (p < 0.05) and hemophilia-like
(p <0.0001) conditions relative to the no treatment conditions; furthermore, cell migration under
hemophilia B-like conditions in the presence of PLPs showed no statistically significant
differences in cell migration compared to healthy conditions in the presence of PLPs (p = 0.83),

indicating that the incorporation of PLPs into hemophilia B-like clot matrices allows for



recapitulation of normal cell migration behaviors in this model of in vitro hemophilic cell
migration (Figure 6).

Average cell counts obtained from random representative areas of blinded in vitro wound
model images demonstrated that the presence of PLPs within clot matrices enhanced fibroblast
migration in vitro in models of both healthy (normal) and hemophilia B-like conditions;
additionally, no significant difference was observed between fibroblast migration within normal
and hemophilia-like clots both containing PLPs, indicating that incorporation of PLPs into
hemophilia B-like clots allows the clot to act as a provisional matrix supporting cellular infiltration
in a manner similar to that seen under healthy wound healing conditions. These effects were
observed despite the previously observed heterogeneity in force generation within hemophilia-like
clots, indicating that even the heterogeneous increase in PLP-mediated force generation was
sufficient to bring about increased matrix stiffness and fibroblast migration. In addition to an
increased matrix stiffness, the PLP-containing hemophilia-like clots exhibited increased matrix
density and decreased pore size compared to untreated hemophilia-like clots, providing a more
favorable structure to support migration, which likely also contributed to the observed increased
in migration. An important limitation that must be considered when drawing conclusions from
this data is that we do not distinguish between migration and proliferation; however, initial
controlling of the defect size may limit variability across groups in fibroblast proliferation that
may arise due to sensation of free space. Further experimentation to better understand the
migration vs. proliferation processes that are occurring within this model will be conducted in
future studies and will allow for more conclusive determination of the cellular processes that may

be affected by incorporation of PLPs within normal and hemophilic clot matrices.



Clot density and fibroblast migration are enhanced in the presence of PLPs within a platelet-rich
environment

While the experiments previously outlined in this study were all performed using platelet-
poor plasma to determine the ability of PLPs alone to enhance clotting and cell migration responses
without the presence of native platelets, under in vivo conditions, native platelets would provide
additional contractile forces to induce the retraction of a fibrin clot matrix. In some cases of fibrin
structural defects, platelets can become depleted; however, in other cases, including hemophilia,
platelet levels may be within normal range. Therefore, to test the influence of PLPs on clot
structure and in vitro fibroblast migration in the presence of platelets, we analyzed responses in
clots formed from platelet-rich plasma (PRP) rather than platelet-poor plasma.

Confocal microscopy of clots formed from recalcified PRP revealed that the addition of
PLPs significantly increased clot density within structurally deficient hemophilia-like clots relative
to hemophilia clots formed in the absence of PLPs (p < 0.01) (Figure 7). However, structural
differences are apparent between these clots and the PPP clots imaged previously. Whereas the
PPP clots displayed network structures with thicker and longer fibers, the PRP clots instead display
dense centers with several thin fibers attached. This is likely due to the platelets pulling on the
fibrin fibers via their actin-myosin contractile mechanism and the dense clusters we observed in
these images are presumably areas in which platelet-induced microcollapses have occurred
throughout the clot network. Although these dense centers are visible in all PRP conditions, the
overall density of the clots formed is noticeably higher in the hemophilia + PLP group relative to
the hemophilia group in the absence of PLPs, indicating that PLPs presence augments clot network
structure even in the presence of native platelets. It should be noted that there were no significant

differences in clot density observed under normal clotting conditions + PLPs in the presence of



platelets, but it is likely that any differences in clot formation are occurring early and are thus no
longer discernable in the confocal images obtained 16 hours after initial clot formation. It is also
possible that the effect of adding PLPs under this condition are less pronounced than in the
hemophilia-like condition due to the vastly greater force exerted by native platelets within a clot
matrix relative to those exerted by PLPs [33, 46]. Nonetheless, in our previous studies investigating
the role of PLPs on wound healing outcomes in vivo in a rodent full thickness dermal, we observed
significant enhancement when PLPs were applied to the wound, even though this was a healthy
model [33, 50] with functional platelets, which is likely due to the early influence that PLPs have
on network. In these experiments, we found PLPs did not significantly increase clot density in the
presence of platelets under normal, healthy conditions; this is likely due to the fact that native
platelets act on a faster time scale than PLPs do within fibrin networks [33, 46]. Because of the
robust fibrin formation under normal conditions, it is expected that native platelets would exert
their action prior to the PLPs and are thus the primary driving force behind clot network contraction
in these healthy cases. Despite the increased physiological relevance of performing these studies
in the presence of platelets, the physiological relevance of this model is still limited by the absence
of other blood components, such as erythrocytes, which have an effect on clot structure and
mechanics in native clotting. Although the purpose of these studies was to observe PLP effects
within simplified in vitro models of hemophilic coagulation, observing PLP effects within whole
blood (both normal and hemophilic) will be necessary to better understand PLP efficacy in
enhancing clot structure within a physiologically relevant environment.

We next evaluated fibroblast migration through platelet rich clots in the presence or
absence of PLPs. Incorporation of recalcified PRP clots into the in vitro fibroblast migration model

revealed enhanced fibroblast migration into hemophilia-like clots containing PLPs relative to



control hemophilia-like clots (p < 0.05) three days after initial injury (Figure 8). Furthermore, in
this in vitro model, the presence of PLPs within the structurally deficient hemophilia-like clots
allowed for fibroblast migration on par with that seen in normal PRP clots that do not contain
structural abnormalities within their fibrin networks (p = 0.35). As in the confocal microscopy
results of PRP clots, we again did not observe significant differences between fibroblast migration
in the presence or absence of PLPs under normal conditions, despite the differences observed in
hemophilic clots in the presence of PLPs. We posit again that this is likely tied to the greater
contractile forces exerted by platelets within a fibrin network in comparison to PLPs within a fibrin
network. Estimates of force exerted by a single platelet have been found to be between 1.5 and 79
nN [46], whereas force exerted by a single PLP has been found to be approximately 6 pN [33]. It
should be noted that while these results indicate that in vitro fibroblast migration responses are
improved in platelet-rich hemophilic plasma clots in the presence of PLPs, there are additional
considerations that must be taken into account when assessing PLP efficacy within physiologically
relevant models; one significant consideration is the effect of PLPs on other blood cells. Studies
into the hemolysis ratio of the PLPs when incubated with whole blood would provide critical
information as to the safety of applying these particles within more complex physiological
systems, both in vitro and in vivo, prior to drawing conclusions as to the overall safety and efficacy
of applying PLPs to hemophilic clot networks within these systems.

An additional consideration for translation of PLPs to clinical use is gaining a robust
understanding of in vivo fate of the particles. Previous studies have shown that, when incorporated
into in vivo wounds, PLPs incorporate with native fibrin forming at wound sites [33]. In a separate
set of studies investigating nanosilver composite PLPs in an infected wound model, we did not

observe particles in histological sections 9 days post-injury [50], indicating that PLPs are cleared



when applied topically; however, detailed studies into the eventual clearance mechanism of PLPs
in this application have not yet been performed. Therefore, in addition to the aforementioned
hemolysis studies, evaluation of the clearance mechanism of these particles after application to
external wounds is a key future experiment that will allow better understanding of the potential
that PLPs may hold for improving clinical treatments for patients suffering from conditions

involving dysfunctional clotting, such as hemophilia.

Conclusions

Overall, these studies show that our synthetic PLPs are capable of interacting with
structurally deficient fibrin clot networks to enhance clot structure, generate forces within clot
matrices, increase matrix stiffness, and promote cell migration under conditions of abnormal
network and fibrillar structure. These findings support our overarching hypothesis that PLP-
mediated clot retraction leads to increased matrix stiffness that facilitates enhanced cell migration.
Previous studies performed under normal clot formation conditions indicated that PLP-mediated
clot contraction plays an important role in wound healing through the promotion of fibroblast
migration into the wound site, allowing for subsequent matrix repair and remodeling [33].
However, in many clinical coagulation cases, fibrin clot formation is disrupted or dysfunctional;
therefore, evaluation of fibrin-binding PLPs within a model of deficient fibrin clot formation was
necessary to gain a better understanding of the translational potential of PLPs. The ability of PLPs
to augment clot stability and facilitate cell migration into structurally deficient clot networks in
vitro as demonstrated in fibroblast migration experiments indicates that application of PLPs could
also provide a biomimetic material for improving overall wound healing events in models of

diseases that result in deficient clot formation, such as hemophilia or von Willebrand’s disease, or



with antithrombotic therapies that interfere with clot formation [15-17]. Patients with such
conditions could greatly benefit from adjunct therapy strategies to enhance current treatment
modalities, and PLPs could address these limitations of current therapies.

Furthermore, artificial cell constructs made from synthetic materials pose an intriguing
option for developing a hemostatic technology capable of augmenting clotting and improving
healing outcomes without generating the risk of inhibitor development associated with clotting
factor treatments. Synthetic material-based strategies can be advantageous alternatives to purely
biological treatments due to their relatively low cost of manufacturing and ease of tunability, which
allows for the recapitulation of desired biological functions via surface modifications and/or
changes in material properties. Indeed, the PLPs described in these works are easily manufactured
and have been shown to possess desirable size, mechanical properties, and fibrin-binding abilities
that allow them to mimic the hemostatic and clot retraction abilities of native platelets. Critical
future works are necessary to further evaluate the translational potential of PLPs for treatment of
hemophilia and/or other conditions involving deficient clot formation; evaluation of PLP safety in
vitro and in vivo through hemolysis and clearance studies, as well as animal models of hemophilic
wound healing in the presence of PLPs, will be important next steps in evaluating the efficacy of

this technology.
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Figure 1: Overview of PLP design and clot retraction action. A) Overview of pNIPAM-co-

AAc ULC microgel synthesis reaction. B) PLPs are synthesized by coupling a fibrin-targeting



antibody to an ultralow crosslinked highly deformable pNIPAM-co-AAc microgel body (ULC).
C) Atomic force microscopy reveals that ULCs deform upon a glass coverslip to flatten to an
average height of 27 + 22 nm and a diameter of 1.22 = 0.11 um. n = 30 particles. A representative
AFM scan and height trace are shown. D) Once ULCs are coupled to a fibrin-targeting antibody
to form PLPs, the PLPs are able to bind fibrin fibers forming at a site of injury. PLPs become
spread as they stretch between bound fibers, and then collapse inward to return to a more
energetically favorable spherical conformation. When this occurs, PLPs exert strain upon the
bound fibers, inducing microcollapses in the clot network that sum via a Brownian wrench

mechanism to bring about bulk clot contraction.
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Figure 2: Thrombin generation assay demonstrates that PLPs alone are not thrombogenic.
Plasma was incubated with tissue factor and lipids (left) or PLPs (right). Thrombin generation was
measured indirectly based on the fluorescence of the samples after incubation. Lipids served as a
positive control, with thrombin generation increasing as lipid concentration increases.

Incorporation of PLPs into plasma resulted in curves similar to that seen for the negative plasma-



only control, indicating that PLPs are not inherently thrombogenic and require the presence of

fibrin in order to induce clotting.
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Figure 3: Clot density is significantly increased in the presence of PLPs under a hemophilia-
like condition of deficient fibrin network formation. Clots were formed from recalcified platelet
poor plasma (PPP) in the absence (normal conditions) or presence of an anti-factor IX (fIX)
antibody (hemophilia conditions) +/- the addition of 0.5 mg/mL PLPs. Clots were imaged using
confocal microscopy 16 hours after initial clot formation. Clot density was determined using Image
J and is represented as total black pixels (fibrin fibers) over total pixels present within each image.
n = 3 clots/group; 3 locations imaged/clot. Plots show individual data points and mean + standard

deviation of each group. **p <0.01; ****p <0.0001.
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Figure 4: Forces generated within fibrin networks were quantified using a micropost
deflection model. A) Clots formed from recalcified platelet poor plasma (PPP) in the absence
(normal conditions) or presence of an anti-factor IX (fIX) antibody (hemophilia conditions) +/-
the addition of 0.5 mg/mL PLPs were seeded around PDMS microposts, and post-to-post distance
(represented in white) was obtained using ImagelJ. B) Approximate force generation within
structurally deficient hemophilia fibrin networks is significantly increased in the presence of PLPs.
A minimum of 9 clots were analyzed per group, and individual data points as well as means +

standard deviations are represented for each group. *p <0.05.
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Figure 5: Atomic force microscopy nanoindentation of platelet poor plasma (PPP) clots
reveals increased clot stiffness in clots incorporated with PLPs. Clots formed from recalcified
PPP in the absence (normal conditions) or presence of an anti-factor IX (fIX) antibody (hemophilia
conditions) +/- the addition of 0.5 mg/mL PLPs were analyzed via AFM nanoindentation to
determine clot stiffness 16 hours after initial clot polymerization. Both normal and structurally
deficient hemophilia-like clots exhibit significantly greater stiffness in the presence of PLPs when
compared to normal or hemophilia-like control clots, respectively. n = 3-4 clots per group; 3
locations imaged per clot; 256 forcemaps per location. Individual data and means + standard

deviations are represented for each group. *p <0.05; **p <0.01; ****p <0.0001.
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Figure 6: Analysis of cell migration in an in vitro injury model. A) Schematic of in vitro
fibroblast migration model. Fibroblasts are seeded into a collagen/fibrinogen matrix containing
tissue factor, which then undergoes an “injury” via a biopsy punch. The injured area is filled with
a clot formed from recalcified platelet poor plasma (PPP), and fibroblast migration into the
wounded area is observed over time. B) Average fibroblast counts within representative 300 px”
areas of images obtained 3 days after initial injury. Fibroblast migration was significantly
increased into both normal and structurally deficient hemophilia-like clots in the presence of PLPs.
Incorporation of PLPs into hemophilia-like clots allowed for recapitulation of fibroblast migration
back to levels seen in normal PPP clots formed in the presence of PLPs. Three independent
experiments were conducted, with n = 3-4 per group per experiment. Individual data points as

well as means + standard deviations are shown for each group. *p < 0.05; ****p <0.0001.
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Figure 7: Confocal microscopy of clots formed from recalcified platelet rich plasma (PRP)
reveals significantly enhanced clot density in structurally deficient hemophilia-like clots
containing PLPs relative to control hemophilia-like clots. Clots were formed from recalcified
platelet rich plasma (PRP) in the absence (normal conditions) or presence of an anti-factor IX (fIX)
antibody (hemophilia conditions) +/- the addition of 0.5 mg/mL PLPs. Clots were imaged using
confocal microscopy 16 hours after initial clot formation. Clot density was determined using Image
J and is represented as total black pixels (fibrin fibers) over total pixels present within each image.
Clots formed from recalcified PRP display thinner fiber structure when viewed at a 5.06 pm? scan
at 63X, and closer inspection of these clots, as seen in the area outlined in red, reveals clot
structures comprising distinct thin fibers clustered around dense fibrin pockets. n = 3 clots per
group; 3 locations imaged per clot. Individual data points and mean + standard deviation are

represented for each group. *p < 0.05; **p <0.01.
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Figure 8: In vitro assessment of fibroblast migration within recalcified platelet rich plasma
(PRP) clots. Fibroblasts were seeded into a collagen/fibrinogen matrix containing tissue factor,
which then undergoes an “injury” via a biopsy punch. The injured area is filled with a clot formed
from recalcified PRP, and fibroblast migration into the wounded area is observed over time.
Average fibroblast counts within representative 300 px* areas of images obtained 3 days after
initial injury. Hemophilia-like structurally deficient PRP clots were able to support similar levels
of fibroblast migration as normal clots after incorporation of PLPs and significantly greater
fibroblast migration than control hemophilia-like PRP clots. Three independent experiments were
conducted; n =4-5 per group per experiment. Individual data points and mean =+ standard deviation

are represented for each group. *p <0.05; ***p <0.001; ****p <0.0001.



