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Abstract

Severe hemorrhage associated with trauma, surgery, and congenital or drug-induced 

coagulopathies can be life-threatening and requires rapid hemostatic management via topical, 

intracavitary, or intravenous routes. For injuries that are not easily accessible externally, 

intravenous hemostatic approaches are needed. The clinical gold standard for this is transfusion 

of blood products, but due to donor dependence, specialized storage requirements, high risk of 

contamination, and short shelf life, blood product use faces significant challenges. Consequently, 

recent research efforts are being focused on designing biosynthetic intravenous hemostats, using 
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intravenous nanoparticles and polymer systems. Here we report on the design and evaluation of 

thrombin-loaded injury-site-targeted lipid nanoparticles (t-TLNPs) that can specifically localize at 

an injury site via platelet-mimetic anchorage to the von Willebrand factor (vWF) and collagen 

and directly release thrombin via diffusion and phospholipase-triggered particle destabilization, 

which can locally augment fibrin generation from fibrinogen for hemostatic action. We evaluated 

t-TLNPs in vitro in human blood and plasma, where hemostatic defects were created by 

platelet depletion and anticoagulation. Spectrophotometric studies of fibrin generation, rotational 

thromboelastometry (ROTEM)-based studies of clot viscoelasticity, and BioFlux-based real-time 

imaging of fibrin generation under simulated vascular flow conditions confirmed that t-TLNPs 

can restore fibrin in hemostatic dysfunction settings. Finally, the in vivo feasibility of t-TLNPs 

was tested by prophylactic administration in a tail-clip model and emergency administration in 

a liver-laceration model in mice with induced hemostatic defects. Treatment with t-TLNPs was 

able to significantly reduce bleeding in both models. Our studies demonstrate an intravenous 

nanomedicine approach for injury-site-targeted direct delivery of thrombin to augment hemostasis.

Graphical Abstract
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Noncompressible uncontrolled hemorrhage remains a major cause of mortality from 

traumatic injuries.1–4 Additionally, patients with congenital, disease-associated, and drug-

induced hemostatic dysfunctions may often be at risk of excessive bleeding.5–8 Therefore, 

technologies that enable the rapid stoppage of bleeding (hemostasis) are clinically 

significant in stabilizing hemorrhaging patients and potentially saving lives. To this 

end, externally accessible injuries can be effectively managed by topical or externally 

administered hemostatic agents, e.g. tourniquets, pressure dressings, foams, QuikClot, 

self-expanding sponges, tissue-adhesive glues, etc., many of which are already in 

clinical and field use.9 Several additional technologies are in preclinical development, 

e.g. hemostatic-drug-loaded self-propelled calcium carbonate (CaCO3) microparticles, 

self-assembling hemostatic peptide nanofibers, polyethylenimine (PEI)-based charged 

hemostatic nanoparticles, multimaterial composite hemostatic gels, etc.10–16 However, 

for noncompressible hemorrhages and systemic bleeding dysfunctions (e.g., polytrauma, 

internal bleeding, platelet and coagulation factor defects, etc.), such technologies are 

unsuitable and intravenous hemostasis approaches are required.9,17,18

Girish et al. Page 4

ACS Nano. Author manuscript; available in PMC 2023 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The clinical gold standard for such an approach is the transfusion of whole blood (WB) 

or blood components (e.g., controlled ratios of platelets, RBCs, and plasma), as evidenced 

by several robust clinical studies (e.g., PROPPR, PROMMTT, and PAMPer).19–22 However, 

such blood products have limited availability due to their donor dependence, and their 

portability and shelf life is limited due to contamination risks.23–26 Extensive preclinical 

and clinical research efforts are currently focused on improving the logistics of blood 

product availability and use, both within hospitals and prehospital (e.g., civilian accidents, 

battlefield injuries, etc.), including blood processing by pathogen reduction technologies 

(PRT), cold-stored WB, low titer group O whole blood (LTOWB), cold-stored platelets 

(CSP), freeze-dried platelets (e.g., Thrombosome by Cell-Phire), and freeze-dried plasma 

(e.g., FDP by Teleflex).27–34 While these approaches may improve blood transfusion 

logistics, these products are still donor dependent and continue to face challenges 

regarding portability, storage, and timely availability. Therefore, a parallel research focus 

has emerged in designing nanomaterial-based intravenously administrable technologies 

(nanoparticles, polymers, etc.) that can provide specific functional attributes of hemostasis 

while allowing donor-independent manufacturing, scale-up, and on-demand availability 

for bleeding management. Prominent recent examples of these are (i) “synthetic platelet” 

(SynthoPlate) nanoparticles that recapitulate platelets’ hemostatically relevant binding 

interactions with von Willebrand factor (vWF), collagen, and active platelet integrin GPIIb-

IIIa, (ii) platelet-like particles (PLPs) that bind fibrin to recapitulate platelets’ hemostatically 

important biomechanical property of clot contraction, (iii) fibrinogen-function-mimicking 

nanoparticles that improve the aggregation of active platelets, (iv) tissue factor targeted 

injectable peptide amphiphiles, (v) a PolySTAT polymer that recapitulates factor FXIIIa 

function of fibrin stabilization and (vi) a HAPPI polymer that can accumulate at sites of high 

vWF and collagen exposure.35–45

In this framework, here we report on the investigation of intravenously administered, 

injury-site-targeted, enzyme-responsive direct delivery of thrombin using platelet-inspired 

nanoparticles to site-specifically augment hemostasis. Our design inspiration stems from 

platelets’ critical mechanisms of hemostasis by (i) rapidly adhering and aggregating at 

the injury site to form a plug (primary hemostasis) and (ii) serving as a coagulation 
amplifier via presenting an anionic phospholipid such as phosphatidylserine (PS) on the 

activated platelet surface to render coagulation factor assemblies forming tenase and 

prothrombinase complexes leading to thrombin (FIIa) burst, which then locally converts 

fibrinogen (Fg) to fibrin for hemostatic action (Figure 1A).46–48 Without platelets, only a 

modest amount of thrombin is created by the tissue factor (TF)-FVIIa pathway, which is 

responsible for initiation of the hemostatic process but not sufficient to rapidly amplify fibrin 

formation for a stable clot.49,50 This is possibly why clinical studies have indicated major 

survival benefits of early platelet transfusion in trauma.22 However, there are tremendous 

challenges for platelet usage, due to the limited donor availability, portability, special storage 

requirements, high risks of bacterial contamination, and very short shelf life (∼5 days at 

room temperature).25 Platelet cooling and freeze-drying may allow a slightly increased shelf 

life while partially conserving hemostatic functions, but due to their dependence on donors 

they cannot be the standalone solutions to address the “platelet need”. This essentially is the 

translational premise of our research design. On the basis of the platelet mechanisms shown 
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in Figure 1A, we hypothesized that a lipid nanoparticle (LNP) system that can specifically 
accumulate at the injury site and directly deliver thrombin can site-specifically augment 

fibrin independent of native platelet and coagulation status or therapeutic availability of 

blood products. Thrombin delivery to augment hemostasis is clinically well accepted, as 

exemplified by products such as Tisseel, Surgiflo, Floseal, etc., where thrombin is delivered 

via a syringe device directly at the wound site to form fibrin in situ. Research has 

also been dedicated toward loading thrombin into hemostatic bandages/dressings, as well 

as topically administering thrombin-loaded particles to mitigate bleeding.51,52 However, 

these systems are only suitable for external administration scenarios and cannot be used 

intravenously. Interestingly, a recent research explored the possibility of encapsulating 

thrombin-loaded liposomes inside actual platelets with the idea of the thrombin being 

released (analogous to platelet granule secretion) upon platelet activation.53 However, this 

was only demonstrated in vitro because there are logistical challenges regarding collecting 

platelets, loading drug-carrying nanoparticles in them with reproducible quality, ensuring 

their consistent release kinetics upon platelet activation in vivo, and optimizing this complex 

strategy for consistent function. Our approach efficiently addresses these challenges by 

(i) loading a consistent amount of thrombin in LNPs, (ii) directly targeting LNPs to the 

injury site via specific binding to vWF and collagen, and (iii) releasing the thrombin with 

reproducible kinetics triggered by the injury-site-specific enzyme secretory phospholipase 

A2 (sPLA2) for site-localized fibrin production (Figure 1B). Here we report the evaluation 

of these injury-site-targeted thrombin-loaded LNPs (t-TLNPs) in vitro in human blood 

and plasma, where hemostatic defects were created by platelet depletion and anticoagulant 

treatment. Spectrophotometric studies of fibrin generation, rotational thromboelastometry 

(ROTEM) based studies of clot characteristics, and BioFlux microfluidics based real-time 

imaging of fibrin generation under simulated vascular flow confirmed the ability of t-TLNPs 

to restore fibrin in hemostatic dysfunction settings. Finally, the in vivo feasibility of t-

TLNPs was tested in a mouse tail-bleed model, where a combination of antibody-induced 

thrombocytopenia plus heparin-induced anticoagulation was used to render significant 

hemostatic defects and treatment with t-TLNPs was able to effectively reduce bleeding. The 

t-TLNPs were also evaluated in a traumatic liver injury bleeding model in anticoagulated 

(with heparin) mice and here treatment with t-TLNPs post-injury significantly reduced 

bleeding while maintaining systemic safety.

RESULTS

Targeted Thrombin-Loaded Lipid Nanoparticle (t-TLNP) Manufacture and Characterization.

For targeting to an injury site via platelet-inspired mechanisms, the liposomal LNPs 

were surface-decorated with vWF-binding peptides (VBPs) and collagen-binding peptides 

(CBPs). The VBP sequence TRYLRIHPQSWVHQI was chosen from a peptide library 

reported by Nogami et al. that mimicd FVIII C2 domain sequences with binding specificity 

to the D′-D3 domain of vWF.54 The CBP sequence [GPO]7 was chosen on the basis 

of reports of high helicogenic affinity of this sequence to fibrillar collagen, and such 

sequences have been used for molecular imaging of collagen fibers.55,56 Both VBP and CBP 

sequences were cysteinylated to enable thiol-mediated conjugation to maleimide-terminated 

lipid molecules for subsequent incorporation into liposomal LNPs. Figure 2A depicts the 
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chemical structures of lipid–peptide conjugation reactions for t-TLNP manufacturing, and 

Figure 2B depicts the molecular components used in t-TLNP assembly. In current studies 

the total “DSPE-PEG-VBP + DSPE-PEG-CBP” composition in t-TLNPs was kept at 2.5 

mol % of total lipid per batch of particle manufacture, with a 1:1 ratio (1.25 mol % of each).

Figure S1 in the Supporting Information shows the maleimide–thiol chemistry and 

representative mass spectroscopy characterization data for the DSPE–PEG–peptide 

conjugates. Figure 2C shows dynamic light scattering (DLS) data of size distribution 

over five representative batches of “VBP + CBP”-decorated LNPs, and Figure S2 in the 

Supporting Information shows a representative DLS analysis data for such an LNP size. 

Figure 2D showsa representative cryo-transmission electron microscopy (Cryo-TEM) image 

of “VBP + CBP”-decorated LNPs. As is evident from these analyses, the nanoparticles 

could be manufactured reproducibly with a consistent particle diameter of approximately 

175 nm. The nanoparticles thus manufactured were evaluated for their specific adhesion 

capability on the injury-site-relevant “vWF + collagen” surface under a hemodynamically 

relevant flow environment using a BioFlux microfluidic setup. For these studies, Rhodamine 

B (RhB, red fluorescence) labeled control nanoparticles (undecorated liposomes) and 

targeted nanoparticles were suspended in saline and flowed over “vWF + collagen”-coated 

microfluidic channels at 25 dyn/cm2 shear stress. Additionally, the targeted nanoparticles 

in saline were also flowed over a “negative control” surface, namely albumin-coated 

microchannels, since VBP and CBP are not expected to have any adhesion specificity to 

albumin. The experimental setup is shown in Figure S3A in the Supporting Information. 

As shown in representative images in Figure 2E, control nanoparticles were unable to bind 

to the “vWF + collagen”-coated surface while the “VBP + CBP”-decorated nanoparticles 

showed a high degree of adhesion on this surface. Additionally, these targeted nanoparticles 

did not show any adhesion to the albumin-coated surface. Representative Movies M1, M2, 

and M3 in the Supporting Information show minimal binding of control (undecorated) 

nanoparticles on the “vWF + collagen”-coated surface, substantial binding of targeted 

nanoparticles on the “WF + collagen”-coated surface, and minimal binding of the targeted 

nanoparticles on the albumin-coated surface, respectively, in the BioFlux setup. The results 

in Figure 2G as well as in these movies clearly indicate that the t-TLNPs have specific 

binding ability to vWF and collagen via VBP- and CBP-mediated interactions, respectively.

Additional studies were done to assess whether the thiol–maleimide reaction mediated 

conjugation of VBP and CBP on t-TLNPs remains stable in plasma. This is because, 

although the thiol–maleimide mediated bioconjugation is an established approach in the 

pharmaceutical field, it has been reported that in vivo some instability may occur in such 

bioconjugated molecules due to retro-Michael reactions with serum thiols.57,58 For these 

studies, control nanoparticles and “VBP + CBP”-decorated nanoparticles were incubated 

in human platelet-free plasma (PFP) for 60 min, and then these particles in the plasma 

suspension were flowed over the “vWF + collagen”-coated surface in the BioFlux channels. 

Figure S3B in the Supporting Information shows representative images from these studies, 

indicating that the control nanoparticles were unable to bind to the “vWF + collagen”-coated 

surface irrespective of plasma incubation, while the targeted nanoparticles retained their 

ability to bind to such surface even after incubation with plasma. Movies M4 and M5 

in the Supporting Information show binding of plasma-incubated control nanoparticles 
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and targeted nanoparticles to the “vWF + collagen”-coated channel surface. These results 

indicate that the thiol–maleimide reaction mediated VBP and CBP decorations on the 

targeted nanoparticle surface remain mostly stable in plasma and retain their specific binding 

ability to vWF and collagen, respectively.

Figure 2F shows thrombin-loading data for three representative batches of t-TLNPs, 

demonstrating that thrombin could be loaded at an average concentration of 114.3 ±14.2 

nM. Figure 2G shows the thrombin release profile from t-TLNPs in PBS at 37 °C, in the 

absence versus the presence of sPLA2 over the course of 2 h. The diffusive release of 

thrombin from the t-TLNPs was slow (only ∼20% released over 2 h, magenta line), while 

in the presence of sPLA2 the release was significantly enhanced (∼60% released over 2 h, 

green line). The release rate of thrombin from t-TLNPs was also increased in the presence 

of sPLA2. These data strongly suggest that sPLA2 can accelerate the release of thrombin 

from t-TLNPs and that this property can be advantageous for enhanced thrombin release 

from injury-site-anchored t-TLNPs, since activated platelets and macrophages upregulate 

sPLA2 secretion at a vascular injury site.59,60 Additionally, we studied whether shear 

forces relevant to the circulation environment could destabilize the t-TLNPs, resulting in 

increased payload release, because this can be a potential systemic prothrombotic risk 

from off-target thrombin release in vivo. For this, we loaded carboxyfluorescein (CF) as 

a model payload in the targeted LNPs. Of note, CF loaded at a high concentration in 

the particle core remains self-quenched, giving a low fluorescence signal, but as CF is 

released it gets diluted and the fluorescence signal is enhanced, providing a way to use 

fluorescence spectrometry to measure payload release. For comparison studies, first the 

CF-loaded targeted LNPs were added to saline in a well plate and CF fluorescence was 

monitored for diffusive release, release triggered by sPLA2 added to a well, and exhaustive 

release due to complete destabilization of the particles by incubating with 1/1 methanol/

chloroform mixture. Subsequently, the CF-loaded targeted LNPs were incubated on “vWF 

+ collagen”-coated microchannels, the resultant bound CF-loaded LNPs were exposed to 

flow of saline at low to high shear (5–50 dyn/cm2) for 20 min in the BioFlux system, and 

the effluent from such experiments in the outlet well of the BioFlux setup was analyzed 

for “released” CF fluorescence. As shown in the data in Figure S4 in the Supporting 

Information, in comparison to sPLA2-triggered release and chloroform/methanol-induced 

exhaustive release, exposure to shear caused very minimal CF release, indicating that the 

particles are quite stable even under high shear (50 dyn/ cm2). On consideration that 

physiological shear forces in venous and arterial circulation are usually in the range of 

5–30 dyn/cm2, it can be rationalized that thrombin loaded in such LNPs will have minimal 

release under physiological shear in circulation and will not pose a high systemic thrombotic 

risk. Once the particles bind to the target injury site, the thrombin release is expected to 

occur by diffusion and sPLA2-triggered destabilization, and if higher shear at the injury site 

induces more thrombin release, that could be further beneficial to site-specific hemostatic 

augmentation.

Evaluation of Biosafety Characteristics of Peptide-Decorated Nanoparticles.

The “VBP + CBP”-decorated nanoparticles were evaluated for biosafety characteristics 

using four complementary assays. In the first assay, it was evaluated whether these 
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nanoparticles activate healthy endothelial cells, because this would indicate potential safety 

concerns toward healthy vasculature in vivo. For these experiments, human pulmonary 

microvascular endothelial cells (HPMEC) were cultured in custom-made microfluidic 

channels coated with 0.2 mg/mL of fibronectin for 1 h at 37 °C and maintained with 

5% CO2 at 37 °C under 100 μL/min media flow for 48–72 h until a confluent monolayer 

was formed. As a “positive control” for EC activation, this EC monolayer was exposed 

to TNF-α (20 μM) and immunostaining of vWF expression on these stimulated ECs was 

used as an activation marker.61 In analogous experiments, similar EC monolayers were 

exposed to incubation of “VBP + CBP”-decorated particles or control undecorated particles 

(4.54 × 1012 particles/mL for 2 h at 37 °C), and the vWF expression was similarly 

imaged. As shown in Figure 3A, in comparison to TNF-α treatment, neither the peptide-

decorated particles nor the control particles were found to activate ECs (minimal vWF 

staining). This indicates that the nanoparticles do not interact with and activate healthy 

ECs. In another assay, the VBP and CBP peptides as well as “VBP + CBP”-decorated 

nanoparticles were evaluated using platelet lumi-aggregometry to assess whether they 

activate and aggregate resting platelets, because this would indicate the risk of systemic 

thrombosis. As a positive control, adenosine diphosphate (ADP) was used as a platelet 

agonist which causes substantial platelet activation and aggregation.62 The results from these 

studies are shown in Figure 3B, with raw aggregometry profiles being shown in Figure 

S5A,B in the Supporting Information. As is evident from these data, neither the free VBP 

and CBP peptides nor the “VBP + CBP”-decorated nanoparticles (labeled as targeted LNPs 

or t-LNPs) were found to cause any platelet activation and aggregation in PRP (aggregation 

percent similar to that of PRP without ADP). In a third assay, the “VBP + CBP”-decorated 

nanoparticles (t-LNPs) were evaluated via ELISA for their ability to activate complement 

C3 to C3a, as this would indicate a systemic complement-mediated immunological risk.63 

As is shown is Figure 3C, the C3a/C3 ratio in plasma remained similar to the baseline 

(saline), on incubation with control nanoparticles or t-LNPs, indicating that in vivo these 

particles would have minimal complement activation risks. In a fourth assay, the control 

particles as well as t-LNPs were evaluated for their ability to activate neutrophils, because 

this would indicate an unwanted stimulation of the innate immune defense mechanism. 

Neutrophils, when they are stimulated, exhibit a specific mechanism of deconvoluting their 

DNA via histone citrullination and extruding the DNA as neutrophil extracellular traps 

(NETs) which can be stained by Sytox Green.64 Therefore, for these studies, the calcium 

ionophore A23187 was used as a positive control, as it is well-known to induce NET 

formation.65 As shown in representative images (DAPI, blue nuclei of neutrophils; Sytox 

Green, NETs) and quantitative data shown in Figure S5C in the Supporting Information, 

in comparison to A23187 neither control nanoparticles nor t-LNPs were found to stimulate 

neutrophils, indicating potential safety toward the innate immune system. Altogether, results 

from these four complementary bioassays strongly suggest that the “VBP + CBP”-decorated 

nanoparticles are expected to have an inherently safe profile in circulation.

t-TLNPs Restore Fibrin Generation Capability in Anticoagulant-Treated and Platelet-
Depleted Human Plasma.

Since our in vitro characterization studies demonstrated that t-TLNPs can release thrombin 

diffusively as well as at enhanced levels triggered by sPLA2, we investigated whether such 
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thrombin release from t-TLNPs can restore fibrin generation in human plasma in settings 

of a clinically relevant “hemostatic defect”. On the basis of the hemostatic mechanism 

of thrombin generation depicted in Figure 1, either inhibition of coagulation factor (e.g., 

FXa) or depletion of platelets as a whole (hence reducing the availability of the PS-rich 

procoagulant platelet surface) is expected to reduce overall thrombin production and thereby 

reduce the corresponding fibrin generation. Therefore, these are the two characteristic 

“hemostatic defects” that were induced in human plasma (Figure 4A) and t-TLNPs 

were evaluated for their ability to rescue/restore fibrin generation via direct release of 

thrombin. The fibrin generation kinetics in plasma was studied using spectrophotometric 

measurements (absorbance at 405 nm) of the optical density (OD) change in plasma 

due to fibrin generation and polymerization and thus monitoring the overall coagulation 

potential (OCP), onset of fibrin generation (OFG), and maximum hemostatic potential 

(MHP) parameters.66 The raw data showing fibrin generation curves and changes in these 

parameters due to anticoagulant effect and platelet depletion effect are shown in Figure 

S6 and S7 in the Supporting Information. Additionally, in vitro data in Figure S8 in 

the Supporting Information show that, in such anticoagulated or platelet-depleted plasma, 

directly adding thrombin (positive control) is able to restore fibrin generation, but such 

a direct administration of thrombin cannot be used intravenously in vivo due to systemic 

coagulation risks. For the various defects and t-TLNP treatment effects we present the 

parametric results in Figure 4B,C as percent (%) deviations from the healthy plasma 

baseline, since the goal was to evaluate whether t-TLNP treatment could restore the OCP, 

OFG, and MHP parameters in defective plasma to be closer to the healthy plasma baseline 

values. Treatment with empty (unloaded) nanoparticles (UNPs) was used as a control. As 

shown in Figure 4B1–B3, treatment of human plasma with Apixaban (an FXa inhibitor) 

induced a substantial debilitation (negative percent deviation for OCP and MHP, positive 

percent deviation for OFG) of fibrin generation/polymerization (a black curve for healthy 

plasma vs a blue curve for Apixaban-treated plasma are shown in representative OD curves 

and corresponding values in Figure S6 in the Supporting Information). Treatment with 

t-TLNPs, but without sPLA2 addition, resulted in partial restoration of OCP and MHP 

parameters toward healthy (i.e., Apixaban-free) plasma baselines but not as much of an 

improvement in OFG, indicating some recovery in fibrin generation/polymerization over the 

60 min assay period due to diffusive release of thrombin over this time. When the Apixaban-

treated plasma was treated with “t-TLNP + sPLA2” to simulate “enzyme-triggered thrombin 

release”, the OCP, OFG, and MHP parameters were all significantly restored toward the 

“healthy plasma” baseline. Treatment with UNPs was unable to achieve such a restoration 

of fibrin generation/polymerization parameters. Representative raw OD data in Figure S6A 

in the Supporting Information clearly show the improvement of fibrin generation when 

anticoagulated plasma (deep blue curve) is treated with t-TLNP (cyan curve), which have 

shifted toward the black curve (healthy plasma) and purple curve (t-TLNP + sPLA2 

treatment) performing better than the black curve (healthy plasma). This demonstrates 

rescue of fibrin generation in comparison to the deep blue curve (Apixaban-treated plasma) 

and red curve (UNP treatment). Overall, these studies indicate that t-TLNPs can potentially 

restore fibrin generation kinetics as well as amount, in scenarios where coagulation factor 

dysfunction (simulated by FXa inhibition here) induces a hemostatic defect.
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Figure 4C1–C3 (and corresponding raw OD data and quantitative comparison in Figure S7 

in the Supporting Information) show the detrimental effect of extreme platelet depletion 

(going from platelet-rich plasma or PRP to platelet-free plasma or PFP) on fibrin OCP, OFG, 

and MHP parameters and to what extent t-TLNPs are able to restore them. In comparison 

to the PRP baseline, PFP showed substantial debilitation (negative percent deviation for 

OCP and MHP parameters, positive percent deviation for OFG parameter) of fibrin (black 

curve for PRP vs deep blue curve for PFP in Figure S7 in the Supporting Information). 

Treatment of PFP with t-TLNPs significantly restored OFG closer to the PRP baseline and 

led to significant recovery in OCP and MHP toward PRP levels (raw OD data as the cyan 

curve in Figure S7A in the Supporting Information). Adding sPLA2 to t-TLNP treatment 

in PFP led to a further improvement in OFG, OCP, and MHP parameters (raw OD data 

as the purple curve in Figure S7A in the Supporting Information). UNPs were unable to 

recover any such parameters in PFP (raw OD data as the red curve in Figure S7A in the 

Supporting Information). Additional in vitro studies were carried out to assess whether 

t-TLNPs can have a dose response effect on fibrin generation in Apixaban-treated (i.e., 

anticoagulated) or platelet-depleted plasma. For these studies, the same fibrin generation 

assay in anticoagulated plasma or PFP was carried out with various doses of t-TLNPs that 

correspond to various doses of encapsulated thrombin (0.25–5 nM). Representative results 

from these studies are shown in Figure S9 in the Supporting Information, which indicate that 

indeed the modulation of t-TLNP dose (and hence encapsulated thrombin dose) can allow 

for modulation of fibrin restoration response, in both anticoagulated plasma and platelet-

depleted plasma. Overall, these studies indicate, that even in an extreme platelet-depleted 

scenario (e.g., severe hemorrhage, severe thrombocytopenia, etc.), t-TLNPs can directly 

deliver thrombin to potentially rescue fibrin kinetics and restore hemostasis.

t-TLNPs Enhance Viscoelastometric Characteristics of Clots in Anticoagulant-Treated and 
Platelet-Depleted Human Whole Blood.

On the basis of the finding that t-TLNPs can restore fibrin generation and polymerization 

in anticoagulant-treated as well as platelet-depleted human plasma, we studied whether 

this capability of t-TLNPs can enhance the viscoelastometric properties of clots in human 

whole blood with similar anticoagulation-induced as well as platelet depletioninduced 

defects. For these studies the rotational thromboelastometry (ROTEM) methodology was 

used (Figure 5A), since ROTEM-based diagnostics have become clinically significant in 

the assessment of hemostatic defects in trauma and surgery.67 To induce an anticoagulation 

effect, human whole blood was directly pretreated with Apixaban (FXa inhibitor). To create 

platelet-depleted (thrombocytopenic, TC) blood, the whole blood was first fractionated 

into its components (RBC, leukocytes, platelets, plasma) and then reconstituted with a 

low (<20000/μL) platelet count. The resultant blood samples were subjected to ROTEM 

analysis in NATEM mode (CaCl2-induced clotting), and the clot formation time (CFT), 

clot formation rate (alpha angle), and early amplitude at 10 min (A10) were recorded. 

The rationale was that debilitation in thrombin generation due to an anticoagulant effect as 

well as a platelet depletion effect is expected to reduce the early kinetics of clot formation 

and also possibly affect the firmness (amplitude) of the growing clot. Treatment of such 

anticoagulated or platelet-depleted blood samples with t-TLNPs or “t-TLNPs + sPLA2” 

was studied to see whether this restores the clot kinetics and amplitude. Treatment with 
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unloaded (empty) nanoparticles (UNPs) was used as a negative control. As before for fibrin 

generation studies in plasma, for the ROTEM studies on the various defects and t-TLNP 

treatment effects on whole blood we present the ROTEM parametric results in Figure 5B,C 

as percent (%) deviations from the healthy whole blood (WB) baseline, since the goal was to 

evaluate how close to the healthy WB baseline values the parameters could be restored upon 

t-TLNP treatment. As is evident from Figure 4B1–B3 (corresponding raw TEM-ograms and 

quantitative comparison are shown in Figure S10 in the Supporting Information) Apixaban-

treated WB showed significantly prolonged CFT, reduced alpha angle, and reduced A10 in 

comparison to healthy WB, indicating slower clot formation and clot growth, as well as 

weaker clot quality.

Treatment of this anticoagulated blood with t-TLNPs but without sPLA2 significantly 

improved these parameters, reducing CFT and increasing alpha angle as well as A10 values 

toward WB baseline levels. These parameter improvements were further amplified when t-

TLNPs and sPLA2 were added together, suggesting that diffusive as well as sPAL2-triggered 

release of thrombin from t-TLNPs could directly generate fibrin from fibrinogen to restore 

clot kinetics and clot robustness, even when the native prothrombinase activity is inhibited 

in the blood (e.g., by FXa inhibition here). UNP treatment did not indicate any such 

improvement and in fact worsened the parameters further, possibly due to a dilution effect. 

Figure 5C1–C3 (and corresponding raw data in Figure S11 in the Supporting Information) 

show the detrimental effects of the aforementioned ROTEM parameters in thrombocytopenic 

blood (TC blood). The mean CFT of TC blood was higher, and the mean alpha angle and 

A10 of TC blood were lower than those of healthy WB, suggesting an impairment in clot 

kinetics and robustness. Treatment of the TC blood with t-TLNPs as well as “t-TLNPs + 

sPLA2” was found to partially improve the CFT, alpha angle and A10 characteristics, but 

not at statistically significant levels in comparison to TC blood parameters. Treatment with 

UNPs did not show any such improvement trend. These results indicate that severe depletion 

of platelets (reducing the count from the normal ∼200000/μL to <20000/ μL) creates more 

severe debilitation of clot characteristics in comparison to coagulation factor inhibition, and 

while the t-TLNPs are highly efficient in restoring clot viscoelastometric characteristics in 

a “coagulation inhibition” setting, in a “severe platelet depletion” setting the t-TLNPs can 

only partially restore these characteristics.

t-TLNPs Enhance Fibrin Generation under Simulated Vascular Flow Environment Imaged in 
Real-Time Using BioFlux Microfluidic Setup.

The BioFlux microfluidic setup (Fluxion Biosciences, California, USA) allows a simulation 

of blood or plasma flow at physiological and pathological shear rates over bioactive-

molecule-coated microchannels, using a customized flow controller system, and the 

channels can be imaged in real time using a fluorescence microscope to assess specific 

cellular and molecular processes (Figure 6A). This system was previously described in 

the assessment of “VBP + CBP”-decorated (i.e., targeted) vs control particle adhesion 

under a 25 dyn/cm2 shear stress flow on “vWF + collagen”-coated microchannels. Since 

t-TLNPs showed enhanced binding on the “vWF + collagen”-coated surface and also 

showed the capability of restoring/improving fibrin generation as well as ROTEM-based 

clot characteristics in anticoagulant-treated and platelet-depleted plasma and blood samples 
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(results from Figures 4 and 5), we sought to study whether these capabilities of t-TLNPs 

enable enhanced fibrin generation/ restoration in hemostatically defective plasma under a 

simulated vascular flow environment on “VWF + collagen”-coated microchannels in the 

BioFlux setup. For these studies, the hemostatic defect was induced by a combination of 

“Apixaban anticoagulation + platelet depletion” in plasma, to render a drastic debilitation 

in endogenous thrombin generation capability of the plasma, which in turn would render a 

drastic reduction in fibrin. The treatment comparison was done between “t-TLNP + sPLA2” 

vs “UNP + sPLA2” to simulate the injury-site-relevant enzyme-triggered payload release.

The platelets in the plasma were prestained with calcein, and the plasma was also spiked 

with AlexaFluor-647-labeled fluorescent fibrinogen, such that the platelet accumulation and 

fibrin formation on the “vWF + collagen”-coated microchannel surface can be imaged under 

a fluorescence microscope. The flow experiments were maintained for 12 min, and the 

end point surface-averaged fibrin fluorescence intensity was analyzed. Following this the 

plasma flow was stopped, the channels were washed with a flow of saline, and the fibrin 

that formed within the channels was digested with plasmin to be quantified by a D-Dimer 

assay. Figure 6B shows representative images of fibrin fluorescence (pseudocolored green) 

in the channels over 0–12 min for healthy platelet-rich plasma (PRP), “Apixaban-treated + 

platelet-depleted” plasma (Defect plasma), and treatment effect of this “Defect plasma” with 

t-TLNPs vs UNPs in the presence of sPLA2. Representative movies of these four conditions 

are shown in Movie M6 in the Supporting Information (PRP), Movie M7 in the Supporting 

Information (Defect plasma), Movie M8 in the Supporting Information (Defect Plasma + 

t-TLNPs + sPLA2), and Movie M9 in the Supporting Information(Defect Plasma + UNPs + 

sPLA2), while the representative end point dual-fluorescence (platelets, blue; fibrin, green) 

images for each of the conditions at the completion of the experiment are shown in Figure 

6C. As is evident from these movies and images, healthy PRP resulted in significant fibrin 

generation and the end point image showed substantial platelet accumulation within the 

fibrin mesh. In contrast, “anticoagulation + platelet depletion” resulted in drastic debilitation 

of fibrin formation in the channel and the end point image showed the accumulation of 

a small number of platelets and almost no fibrin. When “t-TLNPs + sPLA2” was added 

in this drastic defect condition, the fibrin fluorescence was restored over time and the 

end point image showed significant fibrin formation even though the platelet presence was 

low. Adding “UNPs + sPLA2” was unable to have any such fibrin restoration effect, and 

the images looked similar to those obtained for the defective plasma itself. Figure 6D 

shows surface-averaged fluorescence intensity based “net fibrin” quantification data at the 

experiment end point for each condition tested, and these results emphasized the capability 

of the “t-TLNPs + sPLA2” treatment group to significantly restore/ improve fibrin formation 

in the defective plasma. Figure 6E shows the D-Dimer ELISA based quantification of 

digested fibrin from the various experiment channel conditions. The D-Dimer concentration 

is a surrogate measurement for cross-linked fibrin concentration, and these data further 

corroborated that treatment of defective plasma with “t-TLNPs + sPLA2” was able to 

restore fibrin amounts comparable to those of PRP. The D-Dimer concentration for healthy 

platelet-rich plasma (PRP) was 120000 ± 15900 pg/mL, while that for “Defect plasma” was 

16500 ± 7100 pg/mL, indicating a drastic reduction of fibrin generation when endogenous 

platelet-mediated and FXa-mediated mechanisms of thrombin amplification were reduced. 
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These analyses also indicated that small amounts of fibrin might have formed in the “Defect 

plasma” channels but were too dispersed and not discernible by fluorescence imaging. In 

contrast, the D-Dimer concentration for defective plasma channels treated with “t-TLNPs + 

sPLA2” was 161000 ± 17800 pg/mL, while that for defective plasma channels treated with 

“UNPs + sPLA2” was 45000 ± 23300 pg/mL. This further confirms that sPLA2-triggered 

direct release of thrombin from “vWF + collagen” surface-adhered t-TLNPs was able to 

significantly restore fibrin formation from fibrinogen in “hemostatic defect” settings where 

endogenous abilities for thrombin generation (and hence fibrin formation) are debilitated 

due to combined anticoagulation and platelet depletion.

Prophylactic Dose of t-TLNPs Improve Hemostatic Efficacy in Tail-Clip Bleeding Model in 
Mice Suffering from Combined Effect of Platelet Depletion and Anticoagulation.

The in vivo feasibility of t-TLNPs was tested in mice using a tail-clip model, where 

the significant fibrin detriment caused by the combination of platelet depletion and 

anticoagulation, evident in the in vitro BioFlux studies, was induced in vivo (Figure 

7A). Systemic administration of anti-CD42b (anti-GPIb) antibody can cause transient 

platelet clearance in mice, leading to a temporary thrombocytopenic state and impaired 

hemostatic ability.68 The tail-clip bleeding model in mice is also a standardized model 

to study the efficacy of hemostatic agents, where the tail is cut at 1–3 mm from the 

tip and the time for bleeding to stop as well as the total blood loss in that time is 

measured.69 Usually, bleeding from a clipped tail in thrombocytopenic (TC) mice is 

substantially prolonged in comparison to normal mice but ultimately stops (2–5 min in 

normal mice vs 15–20 min in thrombocytopenic mice; representative data are shown 

in Figure S12 in the Supporting Information). Since our BioFlux studies indicated that 

combining anticoagulation with platelet depletion drastically reduces fibrin formation, we 

hypothesized that this “combination effect” would lead to a hemostatic defect in mice 

more severe than that caused by thrombocytopenia alone and possibly lead to uncontrolled 
hemorrhage (bleeding does not stop). Before the experiments in mouse tail-clip model 

were conducted, studies were done to assess the circulation lifetime and biodistribution 

of t-TLNPs in mice. For this, Rhodamine B (RhB) labeled t-TLNPs were injected retro-

orbitally in mice (125 μL injection volume per mouse at 1.14 × 1012 particles/ mL) and 

at various time points over 24 h (1, 6, 12, and 24 h) the blood was harvested from 

the inferior vena cava (IVC), the mouse was sacrificed, and the clearance organs (heart, 

lung, kidney, spleen, liver) were also harvested and homogenized. The RhB signal in 

harvested blood as well as the harvested clearance organ homogenate were measured via 

fluorescence spectrometry and quantified to particle concentration by utilizing a calibration 

curve of RhB-labeled t-TLNP particle concentrations against the corresponding fluorescence 

intensity. This enabled the quantification of percent (%) injected dose in blood and clearance 

organs over the 24 h period. As shown in Figure S13 in the Supporting Information, 

the circulation lifetime of the particles in mice was about 24 h, with low accumulation 

in the clearance organs over time. Of note, the t-TLNP-injected mice did not show any 

sign of systemic distress, further indicating that the particles are potentially safe in vivo. 

This allowed subsequent prophylactic administration in the mouse tail-clip model. When 

mice were administered with anti-CD42b antibody (platelet-depleting antibody) plus low-

molecular-weight heparin (LMWH Enoxaparin, anticoagulant), the combined coagulopathic 
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effect led to drastic impairment of hemostasis such that bleeding from clipped tail did not 

stop at all even beyond 15 min. Therefore, we rationalized that bleeding for 15 min in these 

“thrombocytopenic + coagulopathic” mice could be considered as the experiment end point 
to euthanize the mice and the treatment effect of t-TLNPs vs UNPs in restoring hemostatic 

capability in such mice could be expressed as “percent (%) of 15 min” for which bleeding 

occurred. Blood loss from the tail clip at 15 min (or earlier if hemostasis occurred) was 

measured by a spectrophotometric assessment of hemoglobin. Figure 7B shows the bleeding 

time (as a percent of 15 min), and Figure 7C shows blood loss results from these studies.

As isevident from Figure 7B, normal mice stopped bleeding in 3.11 ± 0.44 min, whereas 

mice administered with anti-CD42b plus Enoxaparin (labeled as “Defect”) continued 

bleeding at 15 min (and beyond, thus designated as 100% bleeding at 15 min). Treatment 

with t-TLNPs was able to significantly reduce this bleeding, restoring bleeding cessation 

at 6.18 ± 3.19 min, whereas treatment with UNPs had no effect (bleeding continued at 

15 min and beyond). The bleeding time data for the 15 min time window is shown as 

a Kaplan–Meier curve in Figure S14 in the Supporting Information, where the ability of 

t-TLNPs to significantly reduce bleeding time (the purple line shifting left toward the blue 

line) is evident. The corresponding blood loss data at the 15 min time point (Figure 7C) 

showed that normal mice had a blood loss of 18.06 ± 4.13 μL, whereas mice with a severe 

hemostatic defect had a significantly increased blood loss of 77 ± 10.41 μL (monitoring 

stopped at 15 min). Treatment of such “defect” mice with t-TLNPs reduced blood loss to 

16.61 ± 7.82 μL, which was comparable to that in normal mice. Interestingly, the treatment 

of “defect” mice with UNPs further worsened blood loss (177.5 ± 29.47 μL), and this 

is possibly due to the dilution effect of the administered UNP injection volume which 

exacerbates coagulopathy without providing any hemostatic benefit. Altogether, these data 

indicate that in a setting of drastic coagulopathy and hemorrhage where the endogenous 

thrombin generation (hence fibrin formation) capability is considerably impaired, treatment 

with t-TLNPs can potentially restore hemostatic capability and reduce bleeding.

Emergency Dose of t-TLNPs Improve Hemostatic Efficacy in Liver Laceration Bleeding 
Model in Mice Suffering from Effect of Anticoagulation.

On consideration of the fact that a technology such as t-TLNPs could be potentially used 

not only for prophylactic management of bleeding risks but also for emergency management 

of acute hemorrhage (e.g., in trauma), studies were performed in a traumatic liver laceration 

injury model in mice where the particles were administered intravenously postinjury.70 

In this model, 30 min prior to injury, mice were dosed intravenously with 1 U/g of 

unfractionated heparin (UFH) to induce a coagulation defect. At the 30 min time point, a 

midline laparotomy incision was made, preweighed gauze absorption triangles were inserted 

inside the abdominal cavity of the mouse without touching the liver, and then the right 

middle lobe of the liver was lacerated and resected, resulting in heavy bleeding in the 

abdominal cavity. Treatment (sham saline, control UNP, or t-TLNP) was administered via 

the femoral vein 1 min postinjury (125 μL of injection volume). The abdominal cavity was 

then stapled close, and the mean arterial pressure (MAP) of the mice was monitored for 20 

min. At this 20 min time point the cavity was reopened to retrieve absorption triangles, and 

the difference between the preinjury and postinjury weight of the absorption triangles was 
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recorded to assess blood loss in grams. Figure 8A shows the schematic of this experimental 

setup, with a representative anatomic image of the liver injury site. Following retrieval 

of the absorption triangles, the abdominal cavity was stapled close again and the mice 

were kept under observation for 3 h from the time of liver injury. At the 3 h time point 

the mice were sacrificed, and their clearance organs (uninjured part of liver, heart, lung, 

kidney, spleen) were harvested for histological staining and imaging with Carstair’s stain 

to assess the off-target clotting risk.71 Figure 8B shows the blood loss data from these 

experiments (n = 10 per group). As is evident from the data, heparin treatment resulted in 

a significant increase in blood loss from the liver injury (normal vs defect) and treatment 

with UNPs was unable to reduce blood loss in the “defect” mice, whereas treatment with 

t-TLNPs significantly reduced blood loss in the “defect” mice. Figure S15 in the Supporting 

Information shows the MAP data in “defect” mice from these studies, while Figure S16 in 

the Supporting Information shows representative histology images (Carstair’s staining) of 

the harvested organs postsacrifice. The MAP data show that administration of the UNPs or 

t-TLNPs did not cause any drastic fluctuation of arterial pressure in comparison to sham 

(saline treatment), which is indicative of the systemic safety of the particles. The histology 

data of the organs did not show any sign of clotting in clearance organs, since a fibrin stain 

(usually bright red in Carstair’s stain) was not visible in any of the organs for UNP-treated 

or t-TLNP-treated mice (histological staining similar to that for saline-treated sham mice). 

Altogether these results suggest that postinjury emergency administration of t-TLNPs can 

render targeted hemostatic efficacy while maintaining systemic safety, in an acute traumatic 

hemorrhage model.

DISCUSSION

Severe hemorrhage associated with trauma, surgery, congenital or drug-induced 

coagulopathies, etc. can be life-threatening and necessitates rapid hemostatic management 

via external/topical, intracavitary, and intravenous routes to reduce mortality risks. While 

bleeding from accessible and external injuries can be efficiently mitigated by tourniquets, 

bandages, pressure dressings, foams, and glues, options to manage internal and diffuse 

bleeding are limited to the transfusion of blood products (whole blood, blood components, 

concentrated are recombinant coagulation factors, etc.). The major hemostatic players in 

blood are platelets and coagulation factors, which through a complex concert of interactions 

and reactions localized at the injury site generate thrombin, which then converts fibrinogen 

to fibrin for hemostatic action. Therefore, the transfusion of platelets and coagulation factors 

(as plasma, prothrombin complex concentrate, cryoprecipitate, or individual recombinant 

factors) has become clinically significant in hemorrhage management. However, such 

products are donor dependent, are highly expensive, and often have a short shelf life due to 

contamination risks, which effect on-demand availability. Pathogen reduction technologies 

(PRTs) as well as reduced temperature processing and storage (cooling, freeze-drying, 

cryopreservation, etc.) are currently being studied for these products to improve their 

availability, portability, and transfusion logistics. In parallel, significant research interest 

has emerged regarding the design of donor-independent biosynthetic intravenous hemostatic 

technologies using distinct biomaterials and nanotechnology approaches.35–45
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To this end, one approach that has not been extensively explored is the direct delivery 

of thrombin to a vascular injury site using an intravenous route. It is well-recognized 

that thrombin-induced conversion of fibrinogen to fibrin is critical for hemostatic clot 

formation and stability, and this has led to several technologies (e.g., Tisseel and Floseal 

by Baxter, Surgiflo by Ethicon, etc.) that deliver thrombin topically to externally accessible 

wounds (e.g., localized use in surgery) to accelerate hemostasis. However, thrombin cannot 

be directly delivered via an intravenous route in systemic circulation because this will 

cause fibrin generation in circulation, leading to systemic clotting risks. In fact, circulating 

thrombin is short-lived and is promptly neutralized by circulating inhibitors such as 

antithrombin III (AT III), whereas at the vascular injury site the procoagulant platelet-

mediated “thrombin burst” results in locally amplified uninhibited thrombin concentrations 

that result in fibrin clot formation for hemostasis. Therefore, a targeted delivery strategy 

that can encapsulate thrombin to minimize its exposure in circulation while enabling active 

localization and release at the vascular injury site, can become a promising bioinspired 

approach for hemostatic applications. Interest in this strategy is evident from recent studies 

in loading thrombin in iron oxide nanoparticles, in liposomes which are then loaded within 

actual platelets, in chitosan nanoparticles, etc. These approaches have been predominantly 

evaluated in vitro for their ability to generate fibrin in normal plasma and in vivo in 

some cases for topical/external applications. The thrombin-loaded chitosan nanoparticles 

have been tested in vivo in an intravenous delivery route, but only in a cancer model to 

induce tumor vasculature infarction.72 Also, none of the above particle designs has any 

active targeting capability to the vascular injury site and none of them has been tested in 

drastic coagulopathic and hemorrhagic settings regarding the recovery of hemostatic fibrin. 

Therefore, we sought to address these technological and functional gaps with our t-TLNP 

design and evaluation.

The t-TLNP system actively targets the vascular injury site via peptide-mediated anchorage 

to vWF and collagen, which mimics the injury site-specific binding mechanisms of our 

natural hemostatic cells, the platelets. Our microfluidic studies with fluorescently labeled 

“VBP + CBP”-decorated particles flowed over a “vWF + collagen”-coated surface vs 

albumin-coated surface confirmed this specific anchorage ability. Additionally, our biosafety 

assays confirmed that the “VBP + CBP”-decorated particles do not have unwanted activation 

of healthy endothelial cells, resting platelets, neutrophils, and complement C3, suggesting 

that the particles would be physiologically safe in vivo. Our studies also showed that the 

diffusive release of the particle-encapsulated payload was very low, and the shear-induced 

release of the payload was also very low, in comparison to the significantly higher release 

of the payload upon particle destabilization by the enzyme sPLA2 (predominantly due to 

hydrolysis of sn-2 ester bond of phospholipids in the liposome membrane lipids). Such 

phospholipase enzymes have been reported to be upregulated at vascular injury sites 

due to production from activated platelets, and therefore we rationalize that injury-site-

anchored t-TLNPs can be amenable to sPLA2-triggered enhanced release of encapsulated 

thrombin.59,60 For our in vitro and in vivo studies the t-TLNPs were used to render a 

thrombin concentration of 1–2.5 nM (please see Methods for dosage details), which is at the 

lower end of what is needed to render fibrin formation.73 In circulation there are thrombin 

inhibitors such as antithrombin and α-macroglobulin that can neutralize thrombin rapidly 

Girish et al. Page 17

ACS Nano. Author manuscript; available in PMC 2023 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in circulation, but thrombin is protected from such inhibition at the injury site when it 

associates with fibrin.74 Therefore, a low fraction of the 1–2.5 nM of thrombin that may 

leak out from the t-TLNPs by diffusion is expected to be quickly neutralized in circulation, 

but when the particle-encapsulated thrombin is released at higher amounts due to “diffusion 

+ sPLA2-triggered particle degradation” at the injury site from site-localized t-TLNPs, this 

thrombin will be protected from inhibition by the fibrin forming at the site and will continue 

to augment hemostasis.

Our in vitro studies utilizing a spectrophotometric assessment of fibrin generation in human 

plasma and a ROTEM-based assessment of clot kinetics and viscoelastic properties in 

human blood indicated that thrombin released from t-TLNPs can indeed restore fibrin 

generation and the corresponding clot characteristics when the endogenous thrombin (and 

hence fibrin) generation capability is drastically affected due to anticoagulation or platelet 

depletion. Therefore, we combined these two detrimental effects (anticoagulation + platelet 

depletion) to render a drastic coagulopathy condition in human plasma, and our BioFlux-

based in vitro microfluidic studies indicated that, even under such severe hemostatic 

impairment condition, t-TLNPs can restore fibrin generation and polymerization comparable 

to those of the positive control of healthy PRP. Subsequently, we created this severe 

hemostatic impairment in vivo in mice systemically administered with a combination of 

antiplatelet antibody and anticoagulant agent, and these mice showed incessant bleeding 

from a tail-clip injury for over 15 min. Intravenous treatment with t-TLNPs prophylactically 

administered in these mice was able to render improved hemostasis and significantly 

reduced blood loss. Additional in vivo studies using a liver laceration acute hemorrhage 

model in heparinized mice showed that postinjury intravenous administration of t-TLNPs 

could significantly reduce blood loss. In hemodynamic observations (e.g., of MAP) as well 

as posteuthanasia histology analyses of clearance organs, no indication of off-target clotting 

was found. Therefore, considering the fact that our studies showed a t-TLNP circulation 

lifetime of ∼24 h in mice, one can envision the translational advancement of such a 

technology in both prophylactic and emergency settings. Altogether, our in vitro and in vivo 
studies provide exciting evidence for t-TLNPs as an effective platelet-inspired intravenous 

hemostatic nanomedicine.

Our current studies have a few potential limitations that need to be addressed in continued 

and future phases of our studies. First, for all of our studies we have used only a 

single dose or concentration of t-TLNPs; future studies will be directed at a detailed 

evaluation of the pharmacology and toxicology profiles of these nanoparticles at escalating 

and recurrent doses, such that the therapeutic window and maximum tolerated dose can 

be determined. In association with this, we will also need to determine dose-dependent 

systemic thrombotic risks, if any. Our in vitro studies showed that fibrin kinetics and 

output levels could be modulated in a dose-dependent manner with t-TLNPs, and this 

provides a rationale to expand such dose modulation studies in vivo in the future to assess 

safety and efficacy. Second, an evaluation of escalating doses and recurrent doses will 

need to include a detailed immunogenicity assessment (complement activation, cytokine 

profile, etc.), especially in larger animal models. Third, the t-TLNP system will need to 

be evaluated in emergency applications in more complex trauma models of hemorrhagic 

shock, where such technologies could have the highest life-saving impact. Trauma-induced 
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coagulopathy (TIC) presents highly complex scenarios where a combination of platelet 

depletion and dysfunction, coagulation factor depletion, and maladaptive inflammatory 

responses result in significant hemostatic impairment.75–79 Future studies will need to 

evaluate whether in such complex hemorrhagic settings t-TLNPs can bypass all of the 

coagulatory dysfunctions and directly deliver sufficient thrombin at the bleeding injury site 

for rapid hemostasis and hemodynamic stabilization. Additionally, future studies can explore 

the potential of combining t-LNPs (a fibrin-generating system) with other hemostatic 

agents (e.g., tranexamic acid or TXA, a plasmin-inhibiting fibrin-stabilizing drug) to enable 

complementary hemostatic benefit.80 Such approaches for t-TLNPs can also be envisioned 

with regard to integration with other biomaterial-based fibrin-stabilizing hemostats (e.g., 

PLPs, PolySTAT, etc.) for combinatorial effects.

CONCLUSION

Drawing inspiration from the natural platelet’s hemostatic mechanisms of injury-site-

specific adhesion via binding to vWF and collagen and amplification of thrombin via 

membrane-surface-catalyzed procoagulant activity, we have designed a nanomedicine 

system, termed a targeted thrombin-loaded lipid nanoparticle (t-TLNP), that can undergo 

peptide-ligand-mediated adhesion to vWF and collagen and can release thrombin at 

its site of adhesion. The t-TLNP system demonstrated a promising ability to restore 

fibrin generation and clot characteristics in human plasma and blood when the natural 

hemostatic abilities were impaired by anticoagulation and platelet depletion. This ability 

of t-TLNPs was also demonstrated with real-time imaging under a simulated vascular 

flow environment in a microfluidic setup. The in vivo safety and hemostatic efficacy 

of t-TLNPs was established by their ability to significantly reduce bleeding in a tail-

clip injury model in coagulopathic mice with prophylactic (preinjury) administration, as 

well as in a liver-laceration acute hemorrhagic injury model in coagulopathic mice with 

emergency (postinjury) administration. In conclusion, our studies demonstrate the significant 

promise of t-TLNPs as an intravenous nanomedicine that can directly deliver thrombin 

in a vascular-injury-site-targeted fashion, to enable site-localized fibrin generation for 

hemorrhage control.

METHODS

Study Design.

The purpose of the study was to test the hypothesis that nanoparticles which mimic 

injury-site-targeted specific adhesion mechanisms of platelets via binding to vWF and 

collagen, and mimic the procoagulant thrombin amplification function of platelets by the 

site-localized direct delivery of thrombin, can locally generate fibrin from fibrinogen to 

augment hemostasis even when the native platelets are depleted and endogenous coagulation 

reactions are inhibited. Such an intravenous nanomedicine system enabling targeted direct 

delivery of thrombin can provide significant benefit in treating bleeding complications 

stemming from congenital, drug-related, disease-associated, and trauma-induced platelet and 

coagulation dysfunctions. To achieve platelet-mimetic vWF binding and collagen binding, 

small-molecular-weight peptides having vWF and collagen adhesion specificities were 
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synthesized and decorated on a liposomal nanoparticle surface. Liposomes were used as 

a model nanoparticle platform here because of their established clinical history and their 

capability to enable combinatorial peptide decorations via lipid–peptide self-assembly. The 

resultant “VBP + CBP”-decorated liposomes were loaded with thrombin. DSPC was used 

as one of the lipid components of these liposomal systems, since DSPC is amenable to 

degradation by injury-site-specific enzyme sPLA2, resulting in the destabilization of the 

injury-site-anchored liposomes for enhanced release of thrombin that can then generate 

fibrin locally at a rapid rate for hemostatic action. These targeted thrombin-loaded lipid 

nanoparticles (t-TLNPs) were characterized for their size using dynamic light scattering 

(DLS) and cryo-transmission electron microscopy (Cryo-TEM). The thrombin loading and 

release kinetics from t-TLNPs were characterized by spectrophotometric assays using an 

appropriate thrombin ELISA. The ability of t-TLNPs to undergo platelet-mimetic adhesion 

on an injury-site-relevant “vWF + collagen”-coated surface under flow was confirmed using 

BioFlux microfluidics imaged with inverted fluorescence microscopy. The physiologically 

relevant safety parameters of t-TLNPs were assessed by evaluating the t-TLNP incubation 

effect on healthy endothelial monolayer activation, resting platelet activation/aggregation, 

neutrophil activation/NET-osis, and plasma complement factor C3 activation. The ability 

of t-TLNPs (without and with sPLA2 trigger) to rescue fibrin generation in anticoagulant-

treated and platelet-depleted human plasma was established using an optical density (OD) 

based method to record fibrin kinetics. In these studies, normal plasma (no platelet 

depletion or anticoagulation-associated hemostatic defect) was used as a positive control. 

The effect of this t-TLNP-mediated fibrin rescue in restoring clot kinetics and robustness 

in anticoagulant-treated and platelet-depleted human blood was established by rotational 

thromboelsatometry (ROTEM). In these studies, normal whole blood (no platelet depletion 

or anticoagulation-associated hemostatic defect) was used as a positive control. Additionally, 

the ability of t-TLNPs to rescue fibrin in plasma with a severe hemostatic defect due to 

combined anticoagulation and platelet depletion was established using real-time imaging 

under simulated vascular flow conditions using BioFlux microfluidics imaged with inverted 

fluorescence microscopy. All human plasma and human blood studies described above 

were performed with human blood drawn from healthy donors using the Case Western 

Institutional Review Board (IRB) approved protocol. Finally, the hemostatic efficacy of 

t-TLNPs was evaluated in vivo using prophylactic administration in a tail-clip ableeding 

model in mice bearing a severe hemostatic defect due to combined anticoagulation and 

platelet depletion (n = 3 per group), as well as emergency administration in a liver-laceration 

acute bleeding model in mice bearing a severe hemostatic defect due to anticoagulation (n = 

10 per group). The tail-clip injury model in mouse was used under protocols approved by the 

Case Western Reserve University Institutional Animal Care and Use Committee (IACUC), 

and since the “anticoagulation + platelet depletion” induced combined hemostatic defect 

leads to uncontrolled incessant bleeding from the tail-clip injury for 15 min and beyond, the 

experiment end point was considered to be at 15 min, when mice were humanely euthanized. 

The liver-laceration injury model in mouse was used under protocols approved by University 

of Pittsburgh IACUC, and here the blood loss was measured at the 20 min time point 

following injury and the mice were observed for an additional time (up to 3 h following 

injury) followed by euthanasia, organ harvesting, and histology.
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Materials.

Human alpha thrombin and plasmin were obtained from Haematologic 

Technologies (Essex Junction, VT, USA). 1,2-Distearoyl-sn-glycero-3-phosphocholine 

(DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 

glycol)1000] (DSPE-mPEG1000), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)2000] maleimide (DSPE-PEG2K-Mal), and cholesterol were 

purchased from Avanti Polar Lipids (Alabaster, AL, USA). Rhodamine B dihexadecanoyl-

sn-glycero-3-phosphoethanolamine (DHPE-RhB) was purchased from Invitrogen (Carlsbad, 

CA, USA). The peptides C(GPO)7 (CBP) and CTRYL-RIHPQSWVHQI (VBP) were 

purchased from Bachem (Torrance, CA, USA). Sterile saline (0.9% NaCl) was purchased 

from Baxter (Deerfield, IL, USA). Cellulose dialysis tubing (MWCO 100 K), calcium 

chloride, chloroform, methanol, dimethyl sulfoxide, apixaban, 4% paraformaldehyde, 

BeadBug homogenizing tubes, AlexaFluor 647 conjugated fibrinogen, calcein, collagen 

(equine Type I), von Willebrand factor and D-Simer Human ELISA Kits were purchased 

from Fisher Scientific (Pittsburgh, PA, USA). Cholesterol, calcium ionophore A23187, 

fibrinogen, phospholipase A2 (bovine pancreas), and enoxaparin sodium were purchased 

from MilliPore Sigma (Burlington, MA, USA). Human Thrombin ELISA Kits were 

purchased from Abcam (Cambridge, MA, USA). The Complement C3 and Complement 

C3a des Arg ELISA kit was purchased from Promega Corporation (Madison, WI, USA). 

Econo-Column Chromatography columns were purchased from Bio-Rad (Hercules, CA, 

USA). G-100 Sephadex beads were purchased from GE Healthcare (Chicago, IL, USA). For 

ROTEM studies, all reagents were purchased from Werfen USA (Bedford, MA, USA). For 

platelet lumi-aggregometry studies, cuvets, stir bars, and adenosine diphosphate (ADP) were 

purchased from Bio/Data (Horsham, PA, USA). For BioFlux studies, the flow controller, 

tubings, and microfluidic plates were purchased from Fluxion Biosciences (Alameda, 

CA, USA). Sytox Green and glass slides were purchased from Themo Fisher Scientific 

(Waltham, MA). VECTASHIELD Antifade Mounting containing DAPI was purchased from 

Vector Laboratories (Newark, CA). The EasySep direct human neutrophil isolation kit was 

purchased form STEMCELL Technologies (Vancouver, Canada). For in vivo studies with 

mice, C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME). Mouse 

platelet depleting anti-CD42b antibodies were obtained from Emfret Analytics (Eibelstadt, 

Germany). Ketamine and xylazine were obtained from Patterson Veterinary (Greeley, CO, 

USA).

Manufacture and Characterization of t-TLNPs.

The cysteinylated VBP and CBP peptides were conjugated to DSPE-PEG2000-Mal via 

a maleimide–thiol reaction to obtain DSPE-PEG2K-VBP and DSPE-PEG2K-CBP. These 

conjugates were combined at 1.25 mol % each with DSPC (41.5 mol %), cholesterol 

(40 mol %), DSPE-mPEG1000 (15 mol %). and DHPE-RhB (1 mol %) in 1/1 chloroform/

methanol, and the solvent mixture was rotary-evaporated under vacuum. The resultant thin 

lipid film was rehydrated with a solution of 540 nM human alpha thrombin in Tris buffered 

saline (TBS), sonicated for 30 min, and then subsequently extruded five times through a 

200 nm pore size polycarbonate filter to yield thrombin-loaded “VBP + CBP”-decorated 

liposomal vesicles (t-TLNPs). These t-TLNPs were passed through a column packed with 

TBS-swelled G-100 Sephadex beads, to remove unencapsulated thrombin, and the isolated 
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t-TLNPs were characterized by DLS and Cryo-TEM to the measure size distribution. 

The “VBP + CBP”-decorated nanoparticles and control (undecorated) nanoparticles were 

evaluated for their specific adhesion capabilities utilizing a BioFlux 200 microfluidic system 

(Fluxion Biosciences) and observed under inverted fluorescence microscope imaging. This 

system allows simulation of a physiologically relevant vascular flow environment. Here, the 

microfluidic channels were incubated with either 0.3 wt % bovine serum albumin (BSA) 

in water or 40 μg/mL equine type 1 fibrillar collagen and 10 μg/mL vWF in 20 μM acetic 

acid for 1.5 h. Unbound albumin and collagen were removed with a saline rinse. Next, 

control nanoparticles (undecorated) or targeted nanoparticles (“VBP + CBP”-decorated) 

were flowed over the collagen- or albumin-coated channels under a shear stress of 25 

dyn/cm2 for 10 min. Additionally, for some experiments control and targeted nanoparticles 

were first incubated in platelet-free plasma (PFP) for 60 min and then flowed over the coated 

channels in PFP instead of saline. Fluorescence microscopy imaging of particle Rhodamine 

B label was used to quantify the extent of particle adhesion to the coated surfaces. Thrombin 

release kinetics was measured by sealing the column-separated t-TLNPs in a MWCO 

100 K dialysis bag, placing the bag in a TBS reservoir, and removing aliquots from the 

reservoir at predefined time points over the course of 6 h (fresh TBS was added back to the 

reservoir appropriately after each aliquot removal). In separate studies, similarly prepared 

t-TLNPs were mixed with 25 μg/mL sPLA2, sealed in dialysis tubing, and subjected to a 

similar analysis. Thrombin concentrations from the collected aliquots were evaluated using 

a human thrombin ELISA and plotted over time to determine the release profile. The total 

thrombin loading was determined by adding a 1/1 methanol/chloroform mixture to t-TLNPs 

to induce complete particle dissolution and exhaustive release of thrombin and determining 

this exhaustively released thrombin concentration with ELISA. In addition to t-TLNPs, 

control untargeted empty nanoparticles (UNPs) were manufactured using the same methods 

described above, but with the lipid film rehydration performed with buffer only (i.e., 

no thrombin). Additionally, to characterize the particle stability under shear, experiments 

were performed with targeted nanoparticles loaded with carboxyfluorescein (CF) instead 

of thrombin. Here, the targeted particles were first flowed over “vWF + collagen”-coated 

microchannel surfaces to allow them to bind and become immobilized and then subjected 

to a flow of fresh saline at a range of shear stresses (5–50 dyn/cm2) for 30 min. The 

effluent was collected and transferred to a black 96-well plate in a plate reader, and the 

fluorescence intensity of CF (excitation 485 nm, emission 528 nm) was measured in the 

effluent. These data were converted to CF concentration using a standard calibration curve 

generated using serial dilutions of CF. Shear-induced CF release was compared to diffusive, 

sPLA2-triggered, and exhaustive (induced by 1/1 methanol/chloroform) release of CF.

Evaluation of Peptide-Decorated Nanoparticles with Healthy Endothelial Cells, Resting 
Platelets, Resting Neutrophils, and Complement C3.

For endothelial incubation studies, microfluidic channels were fabricated by assembling 

three layers, including a glass slide as the bottom layer, a double-sided adhesive (DSA) 

film as the middle layer, and poly(methyl methacrylate) (PMMA) as the top layer. The 

microchannels were incubated with 0.2 mg/mL fibronectin for 1 h at 37 °C. Human 

pulmonary microvascular endothelial cells (HPMECs, from Lonza, Basel, Switzerland) 

were seeded onto the microchannels and cultured with 5% CO2 at 37 °C under a 100 
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μL/min flow of the medium for 48–72 h until a confluent monolayer was formed over 

the fibronectin-coated surface. Cultured confluent HPMEC monolayers were washed with 

fresh culture medium and then incubated with TNF-α at 20 μM or control nanoparticles 

(UNP) or targeted nanoparticles (t-LNP) particles at 4.54 × 1012 particles/mL for 2 h at 

37 °C. The HPMECs were then rinsed again with fresh culture medium and fixed with 

4% paraformaldehyde (PFA) for 15 min at room temperature. Fixed HPMECs were rinsed 

twice with PBS and blocked with 2% BSA for 1 h at room temperature. After washing 

with PBS, HPMECs were incubated with DAPI and sheep polyclonal antihuman vWF 

antibody (Abcam) conjugated with fluorescein isothiocyanate (FITC, 1/100 v/v dilution) for 

1 h at room temperature in the dark. Images were then acquired across the microchannel 

at 10× using a fluorescence microscope. For platelet lumi-aggregometry, human blood 

was centrifuged (150g, 15 min) to obtain platelet-rich plasma (PRP), 400 μL of PRP was 

added to cuvets with ADP or t-LNP, and platelet aggregation was monitored on a BioData 

platelet aggregometer. For neutrophil studies, neutrophils were isolated from human blood 

using immunomagnetic separation. Isolated neutrophils (1 × 106 cells/mL) were plated on 

fibrinogen-coated glass slides and allowed to adhere for 30 min. Control particles or t-LNPs 

were then added on the slides and incubated with the neutrophils for 1h. Following this, the 

neutrophils were gently washed with saline. Similarly isolated neutrophils treated with 25 

μM A23187 (calcium ionophore) were used as a positive control. The slides were then fixed 

with 4% PFA for 5 min, washed with saline, stained with 167 nM Sytox Green for 15 min, 

washed again with saline, mounted with a VectaShield mounting solution, secured with a 

coverslip, and imaged using a Leica HyVolution SP8 confocal microscope. The fluorescence 

intensity of the Sytox Green signal was quantified using ImageJ software, as a marker of 

neutrophil activation and NET-osis. A Complement C3 activation assay was carried out by 

incubating platelet-rich plasma with saline or control (undecorated) nanoparticles or targeted 

(“VBP + CBP”-decorated) nanoparticles (t-LNPs) and analyzing using ELISA kits for C3 

and C3a des Arg.

Fibrin Generation Assay with t-TLNPs in Human Plasma with Induced Hemostatic Defects.

The optical density (OD) based fibrin generation assay (FGA) was adapted from methods 

described by Curnow et al.66 In this assay, coagulation in plasma is initiated by CaCl2 

and the temporal OD change of the plasma due to formation and polymerization of fibrin 

(from plasma fibrinogen) is monitored by measuring the absorbance at 405 nm. Citrated 

human whole blood (WB) was centrifuged at 150g for 15 min at room temperature to obtain 

platelet-rich plasma (PRP), which was further centrifuged at 2000g for 20 min to obtain 

platelet-poor plasma (PPP, platelet count <50000/ μL) and at 13000g for 5 min to obtain 

platelet-free plasma (PFP, platelet count <5000/μL). An assay-specific coagulation buffer 

consisting of CaCl2 (35 mM) and s trace amount of thrombin (1 U/ ml) in TBS (66 mM Tris 

and 130 mM NaCl, pH 7) was prepared. In a 96-well plate, 60 μL of PPP was combined 

with 40 μL of buffer. Using a plate reader, absorbance values at 405 nm were recorded every 

1 min for 1 h to construct the OD-based fibrin generation curves. The coagulation defect in 

PPP was induced by preincubating PPP with Apixaban (FXa inhibitor) at a concentration 

of 120 nM for 5 min before commencing the assay. We rationalized that, since FXa is a 

major component of the prothrombinase complex, inhibition of FXa would reduce thrombin 

generation and hence reduce fibrin formation. Fibrin generation curves in Apixaban-treated 
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PPP were compared to those of PPP alone. In separate experiments, a variation of this fibrin 

generation assay was performed directly with PFP without Apixaban treatment. Treatments 

of t-TLNP, “t-TLNP + sPLA2”, or UNP (concentration of 5.675 × 1011 particles/mL) were 

added to “PPP + Apixaban” or PFP, and the resultant fibrin generations were compared 

to those in PPP and in PRP. This t-TLNP dose concentration was to achieve a 2.5 nM 

“exogenously delivered” thrombin concentration for each test condition in the assay. In both 

variations of the fibrin generation assay, the parameters of overall coagulation potential 

(OCP), onset of fibrin generation (OFG), and maximum hemostatic potential (MHP) were 

monitored. OCP is the total area under the OD curve and represents the total amount of 

fibrin formed during the experiment duration. OFG is the time at which fibrin generation 

begins, and MHP is the maximum absorbance value of the curve that reflects the maximum 

steady-state level of fibrin formed. For studies involving treatment of “PPP + Apixaban” 

with t-TLNP, “t-TLNP + sPLA2” or UNP, data were presented as percent (%) deviations 

from PPP plasma baseline values of OCP, OFG, and MHP. For studies involving treatment 

of PFP with t-TLNP, “t-TLNP + sPLA2” or UNP, data were presented as percent (%) 

deviations from PRP baseline values of OCP, OFG, and MHP.

ROTEM Studies with t-TLNPs in Human Blood with Induced Hemostatic Defects.

Rotational thromboelastometry (ROTEM) is a clinically established method for real-time 

monitoring of whole blood clotting kinetics and clot mechanical properties. In this method, 

340 μL of “blood + reagents” is held in a cup and a pin suspended on a ball-bearing 

mechanism is lowered into the cup to rotationally oscillate through 4°75′ every 6 s with a 

constant force. As the blood clot forms and grows in strength, it impedes the rotation of 

the pin and this mechanical impedance is detected optically using a charge-coupled-device 

image sensor system.67 The CaCl2-induced blood clotting modality (termed NATEM in 

ROTEM) allows real-time monitoring of this process as “endogenous clotting capability”, 

and any defect in the clotting mechanism (e.g., coagulation factor deficiency, platelet 

deficiency, etc.) results in a delay of clot formation, clot growth rate, and reduction in 

mechanical impedance. Therefore, this method enabled the investigation of the effect of 

t-TLNPs, “t-TLNPs + sPLA2”, and UNPs on CaCl2-induced blood clotting in human whole 

blood (WB) with either a coagulation defect or a platelet depletion (thrombocytopenic, 

TC) defect. Since the defects in thrombin generation and hence fibrin formation drastically 

affect the initial phases of clot growth, we monitored the clot formation time (CFT), clot 

growth rate (alpha angle), and clot amplitude at 10 min (A10) parameters in the ROTEM 

profile. Human WB was obtained from healthy donors with consent using an IRB-approved 

protocol. The coagulation defect was induced by preincubating WB with Apixaban (FXa 

inhibitor) at a concentration of 120 nM for 5 min before commencing the assay. The 

platelet-depleted TC Blood was made by (1) first centrifuging WB to isolating RBCs, 

PRP, and PFP, (2) then diluting PRP with PFP to form TC plasma containing <20000/μL 

of platelets, and (3) finally reconstituting the RBCs with TC plasma. The two defects 

(FXa inhibition and platelet depletion) were studied independently. Similarly to the fibrin 

generation assay, the nanoparticles (t-TLNPs and UNPs) were added at concentration of 

5.67 × 1011 particles/mL to the blood samples to achieve a 2.5 nM “exogenously delivered” 

thrombin concentration in each ROTEM cup. For the “t-TLNP + sPLA2” group the sPLA2 

was added with the t-TLNPs at a concentration of 25 μg/mL, and this mixture was added 
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to the blood sample to commence the ROTEM assay. For studies involving the treatment 

of “WB + Apixaban” and TC Blood with t-TLNP, “t-TLNP + sPLA2”, or UNP, data were 

presented as percent (%) deviations from WB baseline values of CFT, alpha angle, and A10 

parameters on the ROTEM NATEM modality.

BioFlux Microfluidic Studies of t-TLNP Effect on Fibrin Generation under Flow in 
Coagulopathic Plasma.

The BioFlux 200 microfluidic system observed under inverted fluorescence imaging was 

used to simulate a physiologically relevant vascular flow environment to study injury-site-

targeted fibrin formation by t-TLNPs in coagulopathic plasma. To simulate an injury-site-

relevant subendothelial matrix surface presenting vWF and collagen, microchannels in a 

24-well BioFlux plate were coated by incubating with a solution of type I equine collagen 

(40 μg/mL) and vWF (10 μg/mL) in 20 μM acetic acid for 1.5 h and subsequently washing 

off with saline. Highly coagulopathic plasma was made by combining the Apixaban-induced 

anticoagulation effect with the platelet depletion effect by first creating TC plasma from 

PRP and then incubating it with 120 nM Apixaban. We rationalized that, since in our FGA 

studies with human plasma as well as ROTEM studies with human blood, both Apixaban-

induced FXa inhibition and platelet depletion individually led to a drastic detriment in 

fibrin formation that could be rescued by t-TLNPs, therefore combining these two scenarios 

(platelet defect + coagulation defect) would enable evaluation of the “fibrin rescue” ability 

of t-TLNPs in a more severe coagulopathy setting. For each channel, 500 μL of plasma 

(PRP or defective) with calcein-stained platelets and AlexaFluor-647 stained fibrinogen 

was introduced into the inlet well and then flowed over the coated channel surface at a 

shear stress of 25 dyn/cm2 for 12 min, and “platelet accumulation + fibrin formation” was 

imaged under a Zeiss AxioObserver inverted fluorescence microscope with images being 

automatically captured every 15 s. The effect of “t-TLNPs + sPLA2” vs “UNPs + sPLA2” 

on fibrin formation in the defective plasma was studied by adding the nanoparticles (5.67 

× 1011 particles/mL concentration) with sPLA2 (25 μg/mL) in the flow volume. After 

completion of the time-lapse experiments, the channels were washed with a saline flow 

and end point images taken. The surface-averaged fibrin fluorescence intensity (SAFI) was 

determined in these end-point images to be presented as “net fibrin generation” fluorescence 

data. Clots were then digested/lysed by flowing plasmin over them, and the lysis product 

was analyzed by D-Dimer ELISA to quantify the amount of cross-linked fibrin that had 

formed in each channel. Each condition (PRP vs defect plasma vs defect plasma with 

t-TLNP treatment vs defect plasma with UNP treatment) was studied for both SAFI and 

D-Dimer analyses in triplicate.

Evaluation of Circulation Lifetime and Organ Biodistribution Studies of t-TLNPs in Mice.

Mice were anesthetized (using 2% isoflurane gas) and retro-orbitally injected with 125 μL 

of Rhodamine B-labeled nanoparticles (NPs) at a concentration of 1.14 × 1012 particles/mL 

and allowed to recover. After 1, 6, 12, or 24 h, the mice were anesthetized and underwent 

a midline laparotomy, and blood was collected from the inferior vena cava (IVC). Livers, 

lungs, kidneys, spleens, and hearts were excised and placed in preweighed homogenizing 

tubes. The samples were then freeze-dried and their dry weights recorded. The dry organs 

were homogenized with a BeadBug Microtube Homogenizer. The blood and homogenized 
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organs were then mixed vigorously with 1/1 methanol/chloroform to disassemble the 

Rhodamine B labeled lipids of nanoparticles in the samples. The samples were then 

centrifuged (20 min, 12000g) to separate the organ tissue from the supernatant containing 

Rhodamine B labeled lipids. The supernatant was analyzed using a Biotek Synergy H1 

Plate Reader (λex = 560 nm, λem = 580 nm) to assess Rhodamine B fluorescence. 

The biodistribution of the nanoparticles was determined by calculating the percentage of 

injected dose per organ utilizing an appropriate calibration curve that correlated the RhB 

fluorescence intensity with the particle concentration.

Evaluation of t-TLNPs in Tail-Clip Bleeding Model in Severely Coagulopathic Mouse.

All experiments were carried out in accordance with protocols approved by the CWRU 

IACUC. Wild-type C57/BL6 mice (average weight 20 g) were injected intraperitoneally 

with anti-CD42b (anti-GPIbα) antibody at a dose of 0.5 μg/kg. The normal platelet count 

is mice is approximately 1500/nL and upon a platelet-depleting anti-CD42b antibody dose, 

thrombocytopenia TC (<500 platelets/nL) was confirmed 18–24 h later, by drawing blood 

retro-orbitally and measuring the platelet count using a Heska HemaTrue system. After 

the confirmation of TC mice, these mice were further dosed with low-molecular-weight 

heparin (LMWH or Enoxaparin at 12.3 mg/kg) to induce an additional anticoagulant effect. 

After 1 h, a tail-clip was done on normal (no TC and anticoagulation) and defect (TC + 

anticoagulation) mice by transecting 3 mm from the tail tip with a surgical scalpel and the 

clipped tail was immediately immersed in warm (37 °C) saline. Bleeding was monitored 

over time, and if bleeding did not stop beyond 15 min, then the 15 min time point was 

considered as the experiment end point. In separate experiments, t-TLNPs or UNPs (stock 

concentration of 1.14 × 1012 particles/mL) were administered retro-orbitally in “defect 

mice” 15 min before tail-clip and bleeding was similarly monitored by immersing the 

injured tail in warm saline. In all mice experimental groups, the bleeding time (time for 

bleeding to stop) was recorded as a percentage (%) of 15 min. At the 15 min time point, 

the collected blood was analyzed for hemoglobin by the sodium lauryl sulfate method using 

UV spectrometry measurements at 550 nm, and these data were used to calculate blood loss. 

The t-TLNP particle administration volume was calculated to achieve an initial encapsulated 

circulating concentration of 1 nM thrombin or an exogenous thrombin dose of 0.031 mg/kg 

per animal.

Evaluation of t-TLNPs in Traumatic Liver Injury Model in Severely Coagulopathic Mouse.

C57BL/6J mice, 8–9 weeks old, were anesthetized using 70 mg/kg of sodium pentobarbital 

via an intraperitoneal injection. The femoral artery and vein were cannulated for 

hemodynamic monitoring and administration of intravenous treatment, respectively. Thirty 

(30) minutes prior to injury, mice were treated intravenously with 1 U/g of unfractionated 

heparin (UFH), followed by a flush of normal saline of equal volume to ensure complete 

infusion, through a catheter placed in the femoral vein. Then, mice were subjected to 

a previously validated model of uncontrolled hemorrhage that utilizes liver laceration.70 

Briefly, following a midline laparotomy incision, preweighed absorption triangles were 

inserted inside the abdominal cavity against the abdominal wall without touching the liver, 

then the right middle lobe of the liver was lacerated. The resected liver weight was recorded 

in g immediately after. Treatment (sham saline or UNP or t-TLNP) was administered via 
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a femoral vein catheter, 1 min after the liver laceration. The abdominal cavity was stapled 

close. Twenty (20) min following the injury and postinjury treatment, the abdomen was 

reopened and the absorption triangles were retrieved and weighed. Blood loss was calculated 

as the difference between the pre- and postliver laceration weights of the absorption triangles 

and recorded in grams (g). The abdominal cavity was then closed, and the mice were 

observed for 3 h from the time of liver laceration. At the 3 h time point, the mice were 

sacrificed, and their organs were harvested for histological staining and imaging.

Statistical Analysis.

All data from the in vitro fibrin generation, ROTEM, and BioFlux microfluidic assays, 

as well as blood loss data from the in vivo tail-clip and liver-laceration injury studies, 

were analyzed using one-way ANOVA with Tukey’s multiple comparisons test. For tail-clip 

studies, the bleeding time was assessed with a Log-rank (Mantel–Cox) test and Gehan–

Breslow–Wilcoxon test. In all analyses, significance was considered to be p < 0.05. For all 

data shown, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.
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Figure 1. 
Platelet-mediated hemostatic mechanism and platelet-inspired t-TLNP design. (A) Platelets 

rapidly adhere at a vascular injury site by binding to von Willebrand factor (vWF, via 

platelet surface GPIbα) and collagen (via platelet surface GPIa/IIa and GPVI) exposed at 

the site and present high amounts of an anionic phospholipid such as phosphatidylserine 

(PS) on the activated platelet procoagulant membrane surface to enable the assembly of 

coagulation factors to form tenase (FVIIa + FIXa + FX) and prothrombinase (FXa + FVa + 

FII) complexes, ultimately leading to the amplified generation of thrombin (thrombin burst); 

the thrombin locally converts fibrinogen (Fg) to fibrin that gets cross-linked by FXIIIa 

for hemostatic clot formation. (B) t-TLNPs can undergo platelet-mimetic adhesion at the 

vascular injury site by anchoring to vWF via vWF-binding peptide (VBP) and collagen 

via collagen-binding peptide (CBP) and release thrombin at the site via diffusion as well 

as injury site secreted phospholipase A2 (sPLA2) triggered particle destabilization; this 

thrombin can locally convert fibrinogen (Fg) to fibrin for hemostatic action.
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Figure 2. 
Manufacture and characterization of t-TLNPs. (A) Bioconjugation schematics of 

reacting cysteine-terminated peptides to maleimide-terminated DSPE-PEG2K utilizing 

thiol–maleimide chemistry to synthesize DSPE-PEG2K-peptide molecules. (B) Molecular 

components of t-TLNP manufacture. (C) Dynamic light scattering (DLS) analysis of 

five representative t-TLNP batches showing nanoparticle size reproducibility. (D) Cryo-

transmission electron microscopy (Cryo-TEM) images of t-TLNPs (scale bar: 100 nm) 

showing a particle diameter of ∼175 nm. (E) Representative images from BioFlux 

experiments where Rhodamine B labeled control (undecorated) vs targeted nanoparticles 

(“VBP + CBP”-decorated) were flowed at 25 dyn/cm2 over “vWF + collagen”-coated 
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channels and targeted nanoparticles were also flowed over albumin-coated channels, 

showing substantially high adhesion of targeted nanoparticles to “vWF + collagen”-

coated surface but not of control particles to the “vWF + collagen”-coated surface or 

targeted nanoparticles to the albumin-coated surface. (F) Spectrometric analysis of three 

representative t-TLNP batches showing a mean thrombin loading of 114.3 ±14.2 nM. 

(G) Thrombin release analysis showing that t-TLNPs can slowly release low amounts of 

thrombin by diffusion, whereas exposure to sPLA2 significantly enhances thrombin release. 

*p≤ 0.05, **p≤ 0.01.
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Figure 3. 
Evaluation of biosafety characteristics of peptide-decorated nanoparticles. (A) Monolayers 

of healthy human pulmonary microvascular endothelial cells (HPMEC, nuclei stained with 

blue DAPI) were exposed to TNF-α (a known endothelial activator), media only, control 

(undecorated) nanoparticles or targeted (“VBP + CBP”-decorated) nanoparticles and vWF 

expression on endothelium was stained (green vWF antibody) as a marker for endothelial 

activation. In comparison to TNF-α-induced stimulation (high vWF staining), neither 

control particles nor targeted particles showed endothelial activation (low vWF staining, 

similar to that of the “media only” group). (B) Platelet lumi-aggregometry studies with 

human platelet-rich plasma (PRP) showed that addition of ADP (platelet agonist) induced 

significant platelet aggregation but addition of the targeted nanoparticles (t-LNPs) did not 

induce such aggregation (aggregation percent similar to that of the “no ADP” group); (C) 

ELISA-based complement C3 activation assay studies using human plasma incubated with 
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control nanoparticles or targeted nanoparticles (t-LNPs) indicated that neither control nor 

targeted nanoparticles activate C3 (C3a/C3 ratio similar to the baseline of saline-incubated 

plasma).
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Figure 4. 
Evaluation of t-TLNPs in restoring fibrin generation in anticoagulated and platelet-depleted 

human plasma. (A) Schematic of the experimental design where human whole blood (WB) 

was centrifuged to obtain platelet-rich plasma (PRP) and the PRP was further centrifuged to 

obtain either platelet-poor plasma (PPP) or platelet-free plasma (PFP); The PPP was treated 

with anticoagulant Apixaban (FXa inhibitor). PFP and Apixaban-treated PPP were both 

subjected to spectrophotometric monitoring of fibrin generation (measuring optical density 

of formed/polymerized fibrin over time at 405 nm) and the onset of fibrin generation (OFG), 
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maximum optical density (also called maximum hemostatic potential or MHP) and area 

under the curve (also called overall coagulation potential or OCP) was recorded. (B1–B3) 

Effect of adding t-TLNP vs UNP in Apixaban-treated PPP, demonstrating that thrombin 

released by t-TLNP can restore OCP, OFG, and MHP parameters closer to the normal 

plasma baseline (increased OCP, reduced OFG, increased MHP) and this effect is enhanced 

when sPLA2 is added to accelerate thrombin release. (C1–C3) Effect of adding t-TLNP vs 

UNP in PFP, demonstrating that thrombin released by t-TLNP can restore OCP, OFG, and 

MHP parameters closer to the normal plasma baseline and this effect is enhanced when 

sPLA2 is added to accelerate thrombin release. * p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and 

****p ≤ 0.0001.
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Figure 5. 
Evaluation of t-TLNPs in restoring clot viscoelastic parameters as measured by rotational 

thromboelastometry (ROTEM). (A) Schematic of the experimental design where human 

whole blood (WB) was directly treated with the anticoagulant Apixaban (FXa inhibitor) 

or was fractionated into blood components (RBC, platelets, leukocytes, plasma) and 

then reconstituted with a reduced number of platelets to create thrombocytopenic whole 

blood (TC Blood). Anticoagulated blood and thrombocytopenic blood were analyzed in 

ROTEM in NATEM mode (CaCl2-induced blood clotting resisting pin rotation), and the 
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clot formation time (CFT), clot formation rate (also called alpha angle), and early clot 

amplitude at 10 min (also called A10) were monitored. (B1–B3) Effect of adding t-TLNP 

vs UNP in Apixaban-treated WB, demonstrating that thrombin released by t-TLNP can 

significantly restore CFT, alpha angle, and A10 parameters closer to the normal WB 

baseline (reduced CFT, increased alpha angle, increased A10) and this effect is enhanced 

when sPLA2 is added to accelerate thrombin release. (C1–C3) Effect of adding t-TLNP 

vs UNP in thrombocytopenic blood (TC Blood) demonstrating that thrombin released by 

t-TLNP can partially restore CFT, alpha angle, and A10 parameters closer to the normal WB 

baseline, but no statistical significance was observed in this improvement without or with 

sPLA2. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001.
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Figure 6. 
Evaluation of t-TLNPs in restoring fibrin generation under a simulated vascular flow 

environment in human plasma containing the combined hemostatic defect of platelet 

depletion plus anticoagulation. (A) Schematic of the BioFlux microfluidic setup and 

experimental design where human plasma containing fluorescently labeled platelets 

and fibrinogen (by Calcein and AlexaFluor647, respectively) were flowed over “vWF 

+ collagen”-coated microchannel and fibrin formation was imaged in real time. (B) 

Representative fluorescence images of fibrin formation over time (0–12 min) in the 
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microchannel with flows of platelet-rich plasma (PRP), platelet-depleted plus anticoagulated 

(Defective) plasma, Defective plasma treated with “t-TLNPs + sPLA2” and Defective 

plasma treated with “UNPs + sPLA2” showing that the combined defect of platelet depletion 

plus anticoagulation in plasma drastically reduces fibrin formation in comparison to that in 

PRP and treatment with “t-TLNPs + sPLA2” is able to restore fibrin generation even when 

platelet numbers were low. Treatment with “UNP + sPLA2” was unable to restore fibrin. (C) 

Representative dual-fluorescence images of the full microchannel surface at the experiment 

end point (12 min) showing a substantial number of blue platelets enmeshed in green fibrin 

in the channel containing PRP flow. In comparison, the channel with Defective plasma 

showed sparse platelets and minimal fibrin and Defective plasma treated with “t-TLNPs + 

sPLA2” showed fibrin recovery even though the platelets were sparse, while treatment with 

“UNPs + sPLA2” showed no such recovery. (D) Surface-averaged fluorescence intensity 

quantification of fibrin corroborating that treatment of Defective plasma with “t-TLNP + 

sPLA2” restores fibrin generation comparably to that of PRP. (E) D-dimer ELISA based 

quantification of digested fibrin from the microchannels further confirming that treatment of 

Defective plasma with “t-TLNP + sPLA2” restores the formation of cross-linked fibrin at 

concentrations comparable to those of PRP. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Figure 7. 
Evaluation of prophylactic administration of t-TLNPs in restoring hemostatic efficacy in 

the tail-clip model in mice with significant bleeding due to the combined effect of platelet 

depletion and anticoagulation. (A) Schematic of the experimental design where mice were 

first made thrombocytopenic (TC Mouse) by anti-CD42b dose induced platelet clearance 

and then further dosed with anticoagulant (Enoxaparin) to induce combine a hemostatic 

defect (“Defect” mouse). t-TLNP or UNP treatment was administered in the “Defect” mice 

via an intravenous (retroorbital) route and allowed to circulate for 15 min, and then a tail-

clip injury was performed to measure the bleeding time and blood loss. (B) Bleeding time 

data as a percent of 15 min time period showing that normal mice stopped bleeding in 3.11 

± 0.44 min while the combined effect of thrombocytopenia and anticoagulation in “Defect” 
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mice resulted in continuous bleeding for 15 min (and beyond). Treatment of t-TLNPs in 

defect mice significantly restores the hemostatic capability, with the mice stopping bleeding 

in 6.18 ± 3.19 min, while treatment with UNPs has no such effect (mice continue bleeding 

for 15 min and beyond). (C) Blood loss analysis via a spectrophotometric measurement 

of hemoglobin in shed blood indicating that the combined effect of thrombocytopenia and 

anticoagulation in “Defect” mice results in significantly increased blood loss over the 15 

min time period in comparison to normal mice. Treatment of “Defect” mice with t-TLNPs 

significantly reduces blood loss. In contrast, treatment with UNPs did not reduce blood loss 

but rather exacerbated it, possibly due to a dilution effect. *≤ 0.05, **p≤ 0.01, ***p ≤ 0.001.
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Figure 8. 
Evaluation of emergency administration of t-TLNPs in restoring hemostatic efficacy in 

liver laceration bleeding model in anticoagulated mice. (A) Schematic and representative 

anatomic picture of liver laceration model in mice where treatment (sham saline, UNP, or t-

TLNP) was administered post-injury and blood loss from the injured liver was measured by 

preweighed gauze. (B) Blood loss data (in grams, g) from mouse liver injury model studies 

showing a significant increase in bleeding from an injured liver in defect (heparinized) mice 

in comparison to normal (nonheparinized) mice. Treatment with UNPs was unable to reduce 

blood loss, but treatment with t-TLNPs was able to significantly reduce blood loss. *p ≤ 

0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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