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Platelet-Mimicking Nanosponges for Functional
Reversal of Antiplatelet Agents

Junchao Xu®", Na Yan", Chunling Wang, Chao Gao, Xuexiang Han, Chengzhi Yang, Jiagi Xu, Kun Wang, Michael J. Mitchell®,
Yinlong Zhang, Guangjun Nie

BACKGROUND: During long-term antiplatelet agents (APAs) administration, patients with thrombotic diseases take a fairly high
risk of life-threatening bleeding, especially when in need of urgent surgery. Rapid functional reversal of APAs remains an
issue yet to be efficiently resolved by far due to the lack of any specific reversal agent in the clinic, which greatly restricts
the use of APAs.

METHODS: Flow cytometry analysis was first applied to assess the dose-dependent reversal activity of platelet-mimicking
perfluorocarbon-based nanosponges (PLT-PFCs) toward ticagrelor. The tail bleeding time of mice treated with APAs followed
by PLT-PFCs was recorded at different time points, along with corresponding pharmacokinetic analysis of ticagrelor and
tirofiban. A hemorrhagic transformation model was established in experimental stroke mice with thrombolytic/antiplatelet
therapy. Magnetic resonance imaging was subsequently applied to observe hemorrhage and thrombosis in vivo. Further
evaluation of the spontaneous clot formation activity of PLT-PFCs was achieved by clot retraction assay in vitro.

RESULTS: PLT-PFCs potently reversed the antiplatelet effect of APAs by competitively binding with APAs. PLT-PFCs showed
high binding affinity comparable to fresh platelets in vitro with first-line APAs, ticagrelor and tirofiban, and efficiently reversed
their function in both tail bleeding and postischemic-reperfusion models. Moreover, the deficiency of platelet intrinsic
thrombotic activity diminished the risk of thrombogenesis.

CONCLUSIONS: This study demonstrated the safety and effectiveness of platelet-mimicking nanosponges in ameliorating the
bleeding risk of different APAs, which offers a promising strategy for the management of bleeding complications induced by
antiplatelet therapy.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: antiplatelet agents ® antithrombotic reversal agents ® bio-inspired engineering ® hemorrhage ® platelet transfusion ® theranostic
nanomedicine

Meet the First Author, see p 253

myocardial infarction, are the leading causes of death
worldwide, with growing morbidity and mortality coin-
ciding with the rapidly growing aging population.’? Due to
the dominant role of activated platelets in the formation
of pathological thrombosis, controllable platelet inhibition

Thrombotic events, mainly ischemic stroke and acute

is regarded as a central strategy against thrombogen-
esis.® To date, the clinical usage of antiplatelet agents
(APAs), mainly aspirin, P2Y , inhibitors (eg, clopidogrel,
ticagrelor, cangrelor, and prasugrel), GP (glycoprotein)
llb/Illa inhibitors (eg, tirofiban, eptifibatide, and abcix-
imab), and PAR (protease-activated receptor) inhibitors,
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Novelty and Significance

What Is Known?

* There is a need for functional reversal of antiplatelet
agents in patients with long-term usage to decrease
high bleeding risk particularly in cases of urgent need
of surgery.

+ Platelet transfusion is either inadequate to reverse
the effect of antiplatelet agents or excessive to cause
thrombus.

What New Information Does This Article

Contribute?

+ This study outlines a platelet-mimicking nanosponge
strategy for the functional reversal of antiplatelet
agents without thrombogenic potential.

* Unlike other prohemostatic strategies, nanosponges
achieved functional reversal by competitively binding
with antiplatelet drugs, thus avoid compromising urgent
revascularization.

* Unlike platelet transfusion, nanosponges cannot induce
clot retraction due to its inactive perfluorocarbon core.

Long-term antiplatelet administration can cause
increased bleeding risk. Patients with acute hemor-
rhage, or in need of invasive interventions, require
urgent reversal of antiplatelet drugs. Platelet transfu-
sion can be inadequate to reverse the effect of cer-
tain antiplatelet agents, or can be excessive to elicit
thrombogenesis. This study demonstrates the fea-
sibility of a platelet-mimicking nanosponge strategy
capable of functional reversal of antiplatelet drugs.
Unlike other prohemostatic strategies, nanosponges
achieved functional reversal by competitively bind-
ing with antiplatelet drugs, thus not compromising
urgent revascularization. Moreover, nanosponges
themselves do not induce clot retraction like normal
platelets due to the inactive perfluorocarbon core,
while their adhesion behavior was conserved. In the
future, the nanosponges may serve as a broad-spec-
trum reversal agent for platelet membrane receptor
inhibitors.

Nonstandard Abbreviations and Acronyms

APA antiplatelet agent

AUC area under the curve

PLT-PFC  platelet-mimicking perfluorocarbon-
based nanosponge

PNV platelet nanovesicles

has become one of the main strategies in the treatment
of thrombosis-associated diseases.* During the medica-
tion period, life-threatening bleeding events, in particular
intracranial hemorrhage, stand a fair chance of occur-
rence.*® The effective maintenance of platelet inhibition
by APAs, so as to prevent fatal thrombotic events while
maintaining adequate hemostatic activity, remains an
unmet medical challenge®” Patients in urgent need of
surgery, such as coronary-artery bypass graft, are usu-
ally instructed to stop medication for up to 3 to 10 days
until the APAs are fully cleared from the blood circula-
tion, allowing platelet function to gradually return to a
normal state.®° Standard platelet transfusion is expected
to restore platelet function in many clinical settings.’
However, only modest efficiency has been achieved in
the recovery of hemostatic function by platelet trans-
fusion, only to bring more unpredictable imbalance
between thrombotic and bleeding risk.""~"® Upon plate-
let transfusion, excessive free reversible APAs or their
active metabolites efficiently occupy their binding tar-
gets on the dose-limited fresh platelets, leading to inef-
fective platelet function reversal.’ In contrast, excessive
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doses of transfused platelets can bring more severe side
effects, including excessive platelet activation with an
enhanced thrombogenic milieu in vivo.'1215

Several alternatives have been attempted to solve
the bleeding issue. A highly specific antibody fragment,
Bentracimab, potently neutralizes ticagrelor and its active
metabolite in blood.”® Despite its great potency, its high
specificity for ticagrelor and high cost of antibody pro-
duction may limit its potential applicability for functional
reversal of antiplatelet therapy. Therefore, the develop-
ment of universal and accessible APA reversal agents is
greatly needed.

Inspired by the mechanisms of action of APAs and
the successful application of platelet-based biomimetic
nanoparticles,'”'® we hypothesized that platelet mem-
brane nanosponges may prove to be advantageous as
a broad-spectrum APA reversal agent. To this end, we
constructed a platelet-mimicking perfluorocarbon-based
nanosponge (PLT-PFC) consisting of a platelet membrane
as the shell and biocompatible perfluorocarbon (PFC) as
the inner core. Herein, we demonstrated this formulation’s
feasibility as a reversal agent for binding and neutralizing
different APAs (ie, ticagrelor and tirofiban), via a high affin-
ity competition for the specific interaction of APAs with
their corresponding receptors. By displaying platelet mem-
brane receptors, such as P2Y,, and GPIIb/llla receptors,
on their surface, the platelet nanosponge is expected to
mimic natural platelets and thus binds with APAs target-
ing various platelet receptors that would otherwise inhibit
circulating endogenous platelets (Figure 1). We found that
PLT-PFCs significantly decreased the concentration of free
APAs in the plasma and recovered platelet aggregation

Circulation Research. 2023;132:339-354. DOI: 10.1161/CIRCRESAHA.122.321034



€20z /T Arenige4 uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Xu et al

Reversal of Antiplatelet Agents

coc@ccogﬁ N

QNI . i rﬁ‘\,‘c )

! 4 i O
HOOEE 000 v{[ e
SO ' 000 A

< [ u'\:‘(;(%

f —
’ : P2Y, Ticagrelor
Antiplatelet agents, APAs % ‘ »
ros: & .
@&&O& allbB3 " Tirofiban
Re(;é";;‘.tors """"
X PLT-PFC on PLT-PFC APAs

3
9—o0

-~ — O

>—0

—

Effective reversal of APAs

No thrombotic risk

PFC:PLT (W/w)

Platelet
A B
1000 0 20
800 S -10
g A} 3 ~ 15
= 600 S -20- e
>
B 8 e 2 10-
400+ o -304 c
§ ®| S had ﬁar& g
D o —
| R . d (5} ~ _ 5_
2004 | © 40 &
O I N I I SO T T T 0
0 4|l|153060 0 4|7|153060 10" 102 102 10* 10°

PFC:PLT (wiw)

Size (nm)

Figure 1. Preparation and physicochemical characterization of platelet-mimicking perfluorocarbon-based nanosponges (PLT-

PFCs).

Schematic illustration of PLT-PFCs as universal reversal agents of antiplatelet agents (APAs). PLT-PFCs competitively bind to APAs at their
corresponding specific platelet membrane receptors to prevent the bleeding risk, while the substitution of the intraplatelet matrix with an inactive
PFC core diminishes the thrombotic risk. A, Diameter and zeta potential of PLT-PFCs at the indicated PFC to platelet membrane ratios 7:1
(PFC:platelet, w/w) was the optimal ratio (indicated by the red frame), with an appropriate size and zeta potential (n=3). B, Average hydrodynamic
size of PLT-PFCs at around 150 nm (n=3) and their morphology (transmission electron microscopy). Scale bar = 200 nm.

in the ticagrelor-spiked human plasma, thereby potently
restoring platelet function and normalizing hemostasis
both in binding affinity assays and in animal models of
tail bleeding and stroke, as well as an experimental stroke
model followed by hemorrhagic transformation induced by
thrombolysis and antiplatelet therapy in vivo. Clot retrac-
tion assays and coagulation tests suggest that PLT-PFC
transfusion presents a low risk of thrombosis induction in
comparison with its 20% equivalent dosage of traditional
platelet transfusion. All these results demonstrate that
PLT-PFC transfusion may be used as a broad-spectrum
reversal strategy of APAs with acceptable biosafety. PLT-
PFC transfusion may provide a practical strategy to satisfy
the urgent need for APA reversal agents, thus overcom-
ing the obstacles encountered by the current practice of
platelet transfusion.

Circulation Research. 2023;132:339-364. DOI: 10.1161/CIRCRESAHA.122.321034

METHODS

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

A detailed methods section is provided in the Supplemental
Material. Please see the Major Resources Table in the
Supplemental Material.

RESULTS

Preparation and Physicochemical
Characterization of PLT-PFCs

First, we applied PFC as the biocompatible core material
to stabilize cellular membranes, as described in previous
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reports.??" Platelet membrane was coated onto the sur-
face of PFC to form uniform biomimetic nanosponges
(PLT-PFCs) by ultrasonic emulsification and coextru-
sion. To optimize the coating efficiency, different volumes
of core nanoparticles with the fixed concentration of 1
mg/mL and platelet membranes from 1x10% platelets
were co-incubated. As shown in Table S1, we obtained
~3.12+1.11 mg platelet membranes per 1x108® plate-
lets. We next evaluated the size distribution and zeta
potential of PLT-PFCs fabricated with different ratios of
PFC and platelet membrane. As PFC increased, the par-
ticle size increased accordingly, while the zeta potential
decreased, which is similar to the observations in previ-
ous studies on cell membrane-derived nanoparticles.
At a ratio of ~7:1 (PFC:platelet, w/w), the zeta potential
of PLT-PFCs became close to the platelet membrane
at ~34 mV, indicating that the platelet membrane was
almost completely coated onto the PFC core (Figure 1A).
In this case, the average hydrodynamic size of PLT-PFCs
was ~150 nm (Figure 1B), which has been reported to
be a suitable size for the desired pharmacokinetic prop-
erties, including the prevention of rapid renal clearance
or reticuloendothelial system capture.?? Under transmis-
sion electron microscopy, PLT-PFCs presented a typical
core-shell nanostructure morphology, with a diameter of
~150 nm. The size distribution profile of the resulting
PLT-PFCs remained highly stable, while the pharmaco-
logical effects were also retained after 6 months of stor-
age at —80 °C (Figure S1). We also characterized the
size and zeta potential of all the drug formulations used
in this study by dynamic laser scattering (Table S2).

Functional Protein Characterization of PLT-PFCs

Next, we conducted nano-flow cytometry to identify the
key functional receptors, PQYQ and allb/B3 (ie, GPIlIb/
llla) receptors (Figure 2A) with a gating strategy as
shown in Figure S2. Apart from P2Y and allbB3 recep-
tors, we next identified the existence of other main plate-
let membrane receptors including GPVI, GPlba, and
CD49b receptors on the surface of PLT-PFCs (Figure
S3). Meanwhile, the intracellular domain of CD49b was
not readily labeled as its extracellular domain by corre-
sponding antibodies, indicating the right-side-out orien-
tation of the PLT-PFCs. Next, we tested the functionality
of these receptors by incubating Cyb-labeled PLT-PFCs
with fibrinogen, von Willebrand factor, or collagen pre-
coated microplates (Figure S4). In parallel, excessive
antibodies were also preincubated with PLT-PFCs to
block CD61, GPIba, or GPVI. All these antibodies could
partially, instead of completely, inhibit the binding affin-
ity of PLT-PFCs to fibrinogen, von Willebrand factor, or
collagen. In addition, we used the PAR4 N-terminal anti-
body to characterize the conformational change of the
PARA4 receptor after its N-terminal cleavage by thrombin.
These characterization results indicated that PLT-PFCs
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retained most of the important receptors expressed on
platelets and their functions. We next examined the over-
all protein distribution of PLT-PFCs, platelet nanovesicles
(PNV), and whole platelet protein lysates by SDS-PAGE.
No statistical differences in protein profile were observed
between the PLT-PFC and PNV groups (Figure 2B). To
characterize the overall surface receptors retained on
PLT-PFCs, we carried out differential analysis of protein
expression between PLT-PFCs and platelets, according
to the proteomics results. Volcano plots (Figure 2C and
2D) visualized the significant changes in cytoplasmic and
membrane proteins of PLT-PFCs and platelets. In general,
up to 86.2% of platelet cytoplasmic proteins decreased
in PLT-PFCs, while 82.3% of platelet membrane pro-
teins were retained in the PLT-PFC group. These results
further demonstrated the retention and enrichment of
platelet membrane proteins, which was consistent with
previous studies on biomimetic membrane-cloaking
nanoparticles." However, PLT-PFCs neither cleared all
cytoplasmic proteins nor retained all membrane proteins.

Western blot analysis further confirmed the preser-
vation of key surface receptors, including CD41, CD61,
and P2Y.,, together with the loss of the intracellular
housekeeping protein, GAPDH (glyceraldehyde phos-
phate dehydrogenase) in the PLT-PFC and PNV protein
lanes (Figure 2E) semiquantified and analyzed from the
gel blots (Figure Sb). These results together demon-
strate the preservation of membrane receptors on the
synthetic PLT-PFCs and the removal of intracellular
proteins. Nano-flow cytometry results indicated the PLT-
PFC surface has a small proportion of phosphatidylser-
ine (Figure S6). Although the PS surface is thought to
provide a thrombogenic surface in local thrombosis,?
the proportion of PS surface was limited with negligible
thrombotic potential, which was proven by further results
of platelet aggregation rate, bleeding time, and coagula-
tion indicators.

In Vitro Binding Affinity of PLT-PFCs to APAs
and Platelet Function Reversal

To evaluate the binding affinity of PLT-PFCs to APAs, we
determined the equilibrium association constant (Ka) and
equilibrium dissociation constant (Kd) by isothermal titra-
tion calorimetry and microscale thermophoresis analysis,
respectively (Figure 3A). The binding affinity of PLT-PFCs
with ticagrelor was first assessed by isothermal titra-
tion calorimetry assay (Figure 3B). As a control, we also
assessed the binding affinity of BSA-PFC nanoparticles
with ticagrelor and tirofiban. Each drop into BSA-PFC
nanoparticles released only modest heat, especially in the
tirofiban group (Figure S7). The calculated Ka values of
ticagrelor (P2Y, inhibitor) and tirofiban (GPIIb/Illa inhibi-
tor) to BSA-PFCs were ~835x10* M~ and ~6.76x 108
M-, respectively (Table S3). We next evaluated the bind-
ing affinity of PLT-PFC nanoparticles with ticagrelor and

Circulation Research. 2023;132:339-354. DOI: 10.1161/CIRCRESAHA.122.321034
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Figure 2. Functional protein characterization of platelet-mimicking perfluorocarbon-based nanosponges (PLT-PFCs).

A, Nano-flow cytometry validation of key platelet receptors presented on the surface of the PLT-PFC nanoparticles, including allb3 and P2Y,
receptors. B, Protein profiles of PLT-PFC, platelet nanovesicles (PNV), and platelet lysates, as analyzed by SDS-PAGE. € and D, Differential
analysis of cytoplasmic (C) and membrane (D) proteins between platelets and PLT-PFCs (n=3). E, Semiquantitative western blot results showed

the preservation of membrane surface receptors, CD41, CD61, and P2Y

together with the loss of the platelet intracellular protein marker

GAPDH, analyzed by Imaged software (n=3). GAPDH indicates glyceraldehyde phosphate dehydrogenase.

tirofiban. The Ka value of ticagrelor to PLT-PFC nanopar-
ticles was ~2.09x10° M~' which was greater than
that of the BSA-PFC nanoparticles in vitro. Moreover,
PLT-PFCs showed a greater binding affinity to tirofiban
(Ka=2.31x10° M~'; Figures S8 and S9) than BSA-PFCs.
This result corresponds with tirofiban’s low plasma pro-
tein binding rate of ~65% in whole blood compared with
ticagrelor® All these results suggest that PLT-PFCs
were likely to exhibit a higher potency in reversing the

Circulation Research. 2023;132:339-364. DOI: 10.1161/CIRCRESAHA.122.321034

antiplatelet activity of ticagrelor or tirofiban, which could
not be replaced by other nonspecific strategies whose
efficacy may become even more compromised in vivo.
In addition, the Kd values of PLT-PFCs with ticagrelor or
tirofiban, based on the binding curve of PLT-PFCs with
ticagrelor (Figure 3C) or tirofiban (Figures S10 and S11)
in microscale thermophoresis experiments, were mark-
edly <1x107% M (Table S4), further confirming the strong
adsorption characteristics of PLT-PFCs for APAs.
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Figure 3. In vitro binding affinity of platelet-mimicking perfluorocarbon-based nanospones (PLT-PFCs) to antiplatelet agents
(APAs) and the reversal of APA activity.

A, Ticagrelor inhibits the platelet P2Y, receptor, which can be competitively reversed by PLT-PFC supplementation. B, Isothermal titration
calorimetry (ITC) assay of the adsorbing affinity (Ka) of PLT-PFCs for ticagrelor. C, Microscale thermophoresis (MST) assay of the dissociation
ability (Kd) between PLT-PFCs and ticagrelor. D, Fitting analysis of flow cytometry results of ticagrelor inhibiting platelet P2Y , receptors in the
presence of a series of PLT-PFCs amounts. Experimental plots applied for the calculations originated from the flow cytometry results. E, PLT-
PFC supplementation restored platelet aggregation ability, which had been inhibited by ticagrelor. F, Human platelet aggregation rate with series
concentrations of ticagrelor and PLT-PFC supplementation was quantified. Low, medium, and high dose of PLT-PFCs indicated equivalent doses
of 6.7, 13.3, and 26.7x108 platelet counts/mL, respectively (n=6; P-values were assessed by Kruskal-Walllis tests followed by Dunn-Bonferroni
post hoc tests. For 4 independent groups comparison in O pM of ticagrelor, the overall ANOVA P-value=0.89; for 4 independent groups
comparison in 2.5 UM of ticagrelor, the overall ANOVA P-value = 7.9x107%; for 4 independent groups comparison in 5 uM of ticagrelor, the overall
ANOVA P-value=79x107®; for 4 independent groups comparison in 2.6 pM of ticagrelor, the overall ANOVA P-value=70x107°). NS, P>0.05, not
significant; *A<0.05; *A<0.01.
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The potential transfer of ticagrelor from the PLI-
PFCs to uninhibited platelets was due to the reversible
binding manner of ticagrelor. However, it does not nec-
essarily affect the overall binding rate of PLT-PFCs to
ticagrelor, as the whole transferring process is dynamic
and reversible (ie, ticagrelor could also transfer from the
temporarily inhibited platelets to PLT-PFCs). This could
be better explained by the results on the PLT-PFC dose-
dependent reversal of ticagrelor binding onto platelets.
Here, a bio-orthogonal chemistry strategy was applied
to measure the ticagrelor binding rate. Briefly, the azide
group was conjugated with ticagrelor to form ticagrelor-
N, at its terminal hydroxyl group, which does not affect
its pharmacological activity.'®* Once ticagrelor-N, bound
to platelets in the presence of a series of concentrations
of PLT-PFCs, dibenzocyclooctyne-Cyb was specifi-
cally attached to ticagrelor-N, via a click reaction.”” The
proportion of Cyb-labeled platelets was tested via flow
cytometry, and the ticagrelor binding rate was fitted into
a suggested quartic fitting model, as shown in Figure 3D
and Figure S12. We also conducted platelet aggrega-
tion experiments to demonstrate the reversal effect of
PLT-PFCs on ticagrelor or tirofiban activity in platelet-
rich plasma in vitro. As shown in Figure 3E and Figure
S13, ticagrelor and tirofiban both significantly inhibited
ADP-induced platelet aggregation. When PLT-PFCs
were added to the platelet-rich plasma, ADP-induced
platelet aggregation recovered from the ticagrelor or tiro-
fiban inhibition, indicating the successful reversal of APA
activity. We also used platelet-rich plasma from healthy
human volunteers to verify the efficacy of PLT-PFCs in
vitro (Figure 3F). In ticagrelor-spiked samples, PLT-PFCs
could effectively correct the ticagrelor-induced inhibition
of ADP-triggered platelet aggregation in a dose-depen-
dent manner® On the contrary, PLT-PFC supplementa-
tion did not alter the normal platelet aggregation rate as
shown in the control group without ticagrelor.

Pharmacokinetics and Biodistribution of PLT-
PFCs

To accurately assess the duration of the reversal effect
of PLT-PFC administration, we examined the pharmaco-
kinetics of PLT-PFCs in vivo. Healthy C57BL/6J male
mice were intravenously injected with different Cyb.5
fluorescence-labeled drug formulations, including PLT-
PFCs, PNVs, or BSA-PFCs. Tail vein blood withdrawn
at predetermined time points, within a 24-hour period,
was visualized by fluorescence imaging. Both the PLT-
PFC and PNV groups exhibited prolonged circulating
time in comparison with the BSA-PFC group, indicating
that the presence of platelet membranes mitigated the
efficient clearance of the nanoparticles from the blood,
which was consistent with a previous report.?° Compared
with the PNVs, the PLT-PFCs showed a longer circulat-
ing time, suggesting that the more uniform polydispersity
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by introduction of the PFC core further improved the
pharmacokinetic behavior (Figure 4A). Pharmacokinetic
parameters, calculated using a 1-compartment model,
indicated that the PLT-PFC group exhibited the longest
circulating half-life and the largest area under the curve
(AUC; Figure S14). The circulating half-life of PLT-PFC,
PNV, or BSA-PFC administration was about ~28, 9, and
2 hours, respectively (Figure S15).

In addition to improving the circulation half-life through
surface features, the hydrophilic platelet membrane was
used to strengthen the colloidal stability of its nanostruc-
ture, as reflected in the markedly smaller polydispersity
of PLT-PFCs (Table S2). These properties could prevent
the rapid renal excretion upon PLT-PFC collapse, result-
ing in the prolongation of the circulating time. Morpho-
logical differences may also underlie the differential
biodistribution between PNVs and PLT-PFCs. Remark-
ably, the self-assembled PNVs with a larger particle size
and polydispersity tended to accumulate in the lung 8
hours post injection, indicating a potential aggregation
risk of these PNVs in circulation. Meanwhile, PLT-PFCs,
with their more uniform and narrower size distribution,
were mainly sequestered by the liver and excreted via the
kidney within 24 hours (Figure 4B and 4C).

In Vivo Blood Elimination and APA Activity
Reversal by PLT-PFCs

We next evaluated the plasma pharmacokinetic profiles
of ticagrelor or tirofiban with the treatment of saline,
PLT-PFC (equivalent dose of 1x10° platelet counts/
kg), high-dose platelet (1x10° counts/kg), or standard-
dose platelet (2x 108 counts/kg) injections, respectively
(the equivalent dose of 1x10° platelet counts/kg means
that the injected dose of PLT-PFCs was prepared from
1x10° platelets/kg of mouse weight). We calculated the
standard dose from the recommended dose in clinical
guidelines on platelet transfusion.’® After a 20 mg/kg
ticagrelor intravenous injection, the plasma concentra-
tion of free ticagrelor in the absence of PLT-PFC (or
platelet) transfusion reached a plateau of 8.8+2.1 pM
within 10 minutes (Figure 5A). The plasma concentra-
tion of ticagrelor then gradually decreased to ~1 uM at
8 hours post injection. Ticagrelor showed an estimated
half-life of ~13.4%1.1 hours and an estimated AUC
of 144.5£31.0 uM-hours in C57BL/6 male mice (Fig-
ure 5B). To investigate ticagrelor activity reversal, the
standard or high doses of platelets, or PLT-PFC transfu-
sion, were administered when the plasma ticagrelor con-
centration reached its highest level. At subsequent time
points, both high-dose platelet and PLT-PFC transfusion
effectively decreased the ticagrelor concentration (Table
S7). The half-life of ticagrelor in the high-dose platelet
transfusion group was 14.7+1.9 hours and the AUC was
35.1£12.2 uMhours. Meanwhile, the half-life of ticagre-
lor in the PLT-PFC treated group was 13.4%1.1 hours
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Figure 4. Blood pharmacokinetics and biodistribution of platelet-mimicking perfluorocarbon-based nanosponges (PLT-PFCs).
A, Representative fluorescence images (left) and quantification (right) of blood samples derived from mice treated with Cyb.5-labeled PLT-
PFCs, platelet nanovesicles (PVNs), or BSA-PFCs administered at predetermined time points (n=6). B and C, Representative images (left) and
quantification (right) of the biodistribution of PLT-PFC (B) and PNV (C) nanoparticles in the major organs, including heart, brain, spleen, lung,
liver, and kidney, at the indicated time points. Quantitative results were presented in Figure S27.
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Figure 5. In vivo blood elimination and reversal of ticagrelor activity by platelet-mimicking perfluorocarbon-based nanosponges
(PLT-PFCs).

A, High performance liquid chromatography (HPLC) quantification of ticagrelor in plasma derived from mice treated with ticagrelor,
ticagrelor+PLT-PFC transfusion, ticagrelor + high-dose platelet transfusion, or ticagrelor+standard-dose platelet transfusion at predetermined
time points post ticagrelor injection. B, The pharmacokinetic behavior of ticagrelor was analyzed, including its half-life and area under the curve
(AUC), calculated using a linear 1-compartment model. High dose (HD), 1x10° platelet counts/kg; standard dose (SD), 2x 10 platelet counts/
kg (n=6; P-values were assessed by Kruskal-Walllis tests [multiple groups] followed by Dunn-Bonferroni post hoc tests. For 4 independent
groups comparison in the left, the overall ANOVA P-value=0.12; for 4 independent groups comparison in the right, the overall ANOVA -
value=0.0012.). C, Tail bleeding time of mice treated with saline, ticagrelor, ticagrelor+PLT-PFC transfusion, ticagrelor+high-dose platelet
transfusion, or ticagrelor+standard-dose platelet transfusion at the indicated time points. The antiplatelet effect was immediately realized upon
ticagrelor reinfusion. (n=6); NS, P>0.05, not significant; *A<0.05; *F<0.01.
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and the AUC was 32.81£5.9 pM-hours. However, platelet
transfusion at the standard dose induced an inadequate
decrease in plasma ticagrelor, as manifested by the simi-
lar AUC (563.1£25.3 pMhours). This dose-dependent
ticagrelor elimination from blood by platelet transfusion
corresponds to previous reports,’" indicating the limited
ability of platelet transfusion to reverse the activity of
platelet inhibitors due to the limited transfusion dose.

In parallel, we also investigated the plasma pharma-
cokinetic profiles of tirofiban under the same conditions
we used for ticagrelor. PLT-PFC or platelet transfusion
elicited a similar reversal trend in the pharmacokinetic
behavior of tirofiban as that of ticagrelor (Figure S16 and
Table S8). Interestingly, in both the tirofiban- and ticagre-
lor-treated groups, the changes in the overall AUC were
more statistically significant than changes in the half-
lives (Figure 5B; Figure S16B). One possible explana-
tion for the inconsistent significance between AUC and
half-life was that the PLT-PFCs, with its longer circulation
time (half-life=~1 day; Figure S15), acted as a ticagre-
lor (or tirofiban)—specific nanosponge in the plasma and,
through sequestration, had less effect on accelerating
the excretion of the APAs (Figure 4A and 4B; Figures
S14 and S15). This feature of PLT-PFCs made it pos-
sible to use a single injection, avoiding a prolonged intra-
venous drip.

We next recorded the tail bleeding time of mice treated
with the different regimens at predetermined time points
(Figure 5C). Compared with saline-treated mice, the
bleeding time of tirofiban- or ticagrelor-treated mice
rapidly increased post injection for 0.5 hours and gradu-
ally returned to the normal level within 24 hours. Both
high-dose platelet transfusion and standard-dose plate-
let transfusion had negligible effects on the increased
bleeding time posttreatment with ticagrelor. In contrast,
PLT-PFC treatment significantly reversed the elevated
bleeding time, more rapidly returning it to normal levels
seen in the control group (Table S9). Upon re-injection
of ticagrelor or tirofiban after 24 hours in the PLT-PFC
treated group, the bleeding time increased within 0.5
hours, indicating the APAs could function again in the
PLT-PFC treated mice after 1 day, which was desirable
in clinical practice. When PLT-PFCs were administered at
a lower dose (equivalent dose of 2x 108 platelet counts/
kg) compared to the effective dose described above
(equivalent dose of 1x10° platelet counts/kg), the rever-
sal effect against ticagrelor was compromised accord-
ingly, but still effective compared to the no treatment
group. Conversely, a high dose of PLT-PFCs (equivalent
dose of 5x10° platelet counts/kg) did not contribute to a
more significant change in bleeding time. Taken together,
the dose-response relationship showed a positive cor-
relation between the dose of PLT-PFC administration
and the corresponding pharmacological activity under
therapeutic dosage (Figure S17). These results dem-
onstrate that PLT-PFC injection can effectively reverse

348  February 3, 2023

Reversal of Antiplatelet Agents

APA activity in vivo without eliciting a rebound in platelet
activity.

To explore the potency of PLT-PFC in reversing irre-
versible antiplatelet drugs, we investigated the bleeding
time in aspirin-administered mice with or without PLT-
PFC treatment. Interestingly, the bleeding time showed
no statistical difference in the presence of PLT-PFCs.
This result indicated that the reversal effect of PLT-PFCs
may not be useful to reverse the irreversible antiplatelet
drug aspirin. On the contrary, this result also ruled out the
potential off-target pro-hemostatic effect of PLT-PFC
treatment that may otherwise interfere the bleeding time
test in ticagrelor and tirofiban reversal studies (Figure
S18).

In Vivo Functional Reversal of APAs in a
Hemorrhagic Transformation Mouse Model

Long-term antiplatelet therapy has been shown to
increase the perioperative risk of intracranial hemorrhage
after thrombolytic therapy in ischemic stroke patients .20
Therefore, an immediate cease of APA usage before
thrombolysis was suggested.32®® With this scenario in
mind, we investigated whether PLT-PFC treatment had
the potential to mitigate the bleeding risk of thrombo-
lytic therapy in an experimental stroke model in which
the animals were pretreated with undesirable antiplate-
let therapy. The experimental timeline was presented in
Figure 6A. Magnetic resonance imaging was applied to
each model mouse to simultaneously observe any hemor-
rhage and thrombosis in susceptibility weighted imaging
and T2-weighted imaging mode, respectively (Figure 6B).
According to the magnetic resonance imaging results,
PLT-PFC treatment before thrombolysis significantly
decreased the hemorrhagic area (Figure S19). Meanwhile,
the thrombotic area did not expand within a week after
the treatment (Figure S20). The hemorrhage site corre-
lated with the infarction site, and few hemorrhagic spots
were observed in the contralateral hemisphere (Figures
S19 through S21). The hemorrhagic area was also visu-
alized by Evans blue staining and fluorescence imaging.
Consistent with a previous study as well as our magnetic
resonance imaging results, both tirofiban and ticagrelor
treatment exacerbated hemorrhage after thrombolytic
therapy in the stroke model? Tirofiban (5 mg/kg) elic-
ited a relatively more severe bleeding risk compared with
ticagrelor (20 mg/kg; Figure 6C and 6D). The fluores-
cence intensity ratio of the right brain to the left brain in
the PLT-PFC-treated group was much smaller than that
in the saline group, indicating a decreased hemorrhagic
risk due to PLT-PFC treatment. Furthermore, we used tri-
phenyl tetrazolium chloride staining to identify the infarct
area in the different treatment groups (Figure 6E). Similar
infarct areas were observed among all groups, indicating
that the progression of lesion size was not (at least not
directly) responsible for the hemorrhagic transformation.
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Figure 6. In vivo reversal of antiplatelet agent (APA) activity in the hemorrhagic transformation mouse model.

A, Experimental timeline for the administration of various drug formulations in the middle cerebral artery occlusion (MCAQO) mouse

model pretreated with APA and rt-PA. B, Magnetic resonance imaging of hemorrhage and thrombosis in brains from platelet-mimicking
perfluorocarbonbased nanosponge (PLT-PFC)-treated mice (n=6 for N group; n=4 for Tr group; n=5 for Tc group; n=6 for Tr/P group; n=5 for
Tc/P group, respectively, as shown in Figures S13 and S14; Scale bar = 5 mm). Susceptibility weighted imaging (SWI) was applied to identify the
hemorrhagic spots (red arrows); T2-weighted imaging was applied to identify infarctions (green arrows). C, Evans blue (EB) extravasation in brains
from PLT-PFC-treated mice (n=3; Scale bar = 2 cm). D, Bilateral comparison of EB extravasation in brains from PLT-PFC-treated mice (n=18).
P-values between 2 groups were assessed by Kruskal-Wallis test followed by Dunn-Bonferroni post hoc tests. For multiple-group comparison, the
overall ANOVA P-value=3.8x107°. E, Triphenyl tetrazolium chloride (TTC) staining of (Continued)
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All these results suggested that long-term administration
of antiplatelet therapy at high dosage before thrombolysis
therapy significantly increased bleeding risk while offer-
ing limited improvement in the ischemic stroke model.
Significantly, PLT-PFC pretreatment effectively eliminated
the bleeding risk caused by antiplatelet therapy, enabling
urgent vascular recanalization without delay due to inad-
equate APA usage. To evaluate the benefits gained by
PLT-PFC treatment on behavior, we attained neurological
scores for the mice in the different treatment groups. The
improved neurological scores and movement frequency
in the PLT-PFC group again revealed functional reversal
in the activity of APAs before thrombolytic therapy in the
mice model (Figure 6F and 6G).

Loss of Thrombogenic Potential of PLT-PFCs
Due to its Inert Core Compared to Living
Platelets

Although platelet transfusion shows the potential to
reverse the antiplatelet effects of P2Y ., inhibitors in a
dose-dependent manner similar to PLT-PFC transfu-
sion, overdose platelet transfusion often carries serious
thrombotic risks, including thrombosis events induced by
thrombogenic substances, such as plasminogen activator
inhibitors, platelet-activating factors, and thrombospon-
din, released from activated platelets.''®1%34 |n our work,
the thrombotic triggers within platelets were removed dur-
ing the preparation of the PLT-PFC nanoparticles; there-
fore, PLT-PFCs were no longer activable (Figure 7A).%°
To investigate the difference in aggregation behavior
between normal platelets and PLT-PFCs, FITC-labeled
fibrinogen was precoated onto glass slides, followed by
incubation of the slides with Rho6G-labeled platelets,
PLT-PFCs, or BSA-PFCs suspended in ADP containing
modified Tyrode’s buffer. As shown in Figure 7B, con-
focal microscopy revealed clustered aggregates in the
Rho6G-labeled platelet group. In comparison, almost no
fluorescence-labeled BSA-PFCs were observed due to
the absence of any fibrinogen-binding receptors. Exces-
sive platelet activation causes clot retraction, which fur-
ther consolidates the integrity of blood clots by squeezing
circulating blood cells®® Therefore, we next examined
whether PLT-PFCs could induce the clot retraction pro-
cess, which is directly driven by the intrinsic thrombotic
activity in live platelets. Red blood cells were added to
track the blood clot supported by the fibrin network. As
shown in Figure 7C, platelet-rich plasma elicited a major

Reversal of Antiplatelet Agents

conformational change in the shape of the blood clots.
In contrast, platelet poor plasma did not retract the fibrin
network, even in the presence of PLT-PFCs, indicating
a potential lack of thrombogenic outside-in signaling. In
addition, after treatment with PLT-PFCs, there was no
statistically significant change in the major blood coagu-
lation parameters, including activated partial thrombo-
plastin time, prothrombin time, fibrinogen concentration,
and thrombin time. Compared with other groups, high-
dose platelet transfusion led to a significantly elevated
hypercoagulable state (Figure 7D through 7G). Corre-
spondingly, platelet transfusion also increased the plate-
let number (platelet counts, Figure S22A) and plateletcrit
(Figure S22D), while the mean platelet volume (Figure
S29B) and platelet distribution width (Figure S22C)
did not show statistical difference. In contrast, PLT-PFC
administration did not show any effect on platelet count
and plateletcrit in vivo. We further examined the possible
immunogenicity of PLT-PFC administration by ELISA. As
shown in Figure S23, no apparent statistical difference
was detected in the levels of serum TNF (tumor necrosis
factor)-a and IFN (interferon)-vy in mice treated with PLT-
PFCs within 7 days post injection. Collectively, safety
tests of PLT-PFCs were carried out in mice where no
or few side effects were observed, including inflamma-
tory responses (Figure S23), neutropenia (Figure S24),
thrombocytopenia (Figure S22), hypotension/tachycar-
dia responses (Figure S25), flu-like symptoms, or any
histological changes in major organs (Figure S26) under
therapeutic dosage of PLT-PFCs, as reported in previous
studies on PFC-based nanoparticles.®”

DISCUSSION

In the present study, we developed an antiplatelet rever-
sal agent by coating platelet membrane onto the surface
of PFC cores to form PLT-PFCs. The key platelet surface
receptors are retained on PLT-PFCs, which can selec-
tively bind the APAs to achieve effective functional rever-
sal. Unlike platelet transfusion, the absence of intrinsic
thrombotic activity in the PLT-PFCs did not introduce
thrombotic risk. PLT-PFCs also significantly ameliorated
the severity of hemorrhagic transformation in ischemic
mice treated with antiplatelet and thrombolytic agents,
improving neurological scores without bringing additional
thrombotic risk. Taken together, our results demonstrate
that PLT-PFCs possess both high binding affinity with
APAs in vitro and functional reversal of APAs in vivo.

Figure 6 Continued. brains from mice treated with the indicated drug formulations to identify the infarct area (n=3; Scale bar =1 cm). F,
Neurological scores in the different groups of mice (in percentage of mice per group; n=6 for rt-PA, rt-PA+ticagrelor+PLT-PFC, rt-PA+tirofiban,
rt-PA-+tirofiban+PLT-PFC group; n=9 for rt-PA-+ticagrelor group). P-value among all groups was assessed by Kruskal-Wallis test; P-values
between 2 groups were assessed by Mann-Whitney U tests. For multiple-group comparison, the overall ANOVA P-value=0.0019. G, Completion
time of cylinder test in the different groups (n=4). P-value among all groups was assessed by Kruskal-Wallis test; P-values between 2 groups
were assessed by Dunn’s post hoc tests. For multiple-group comparison, the overall ANOVA P-value=0.0049. In (B) through (E) and (G), the
group numbers indicate the following: N, MCAO model; Tr, tirofiban-treated group; Tc, ticagrelor-treated group; Tr/P, tirofiban+PLT-PFC-treated

group; Tc/P, ticagrelor+PLT-PFC-treated group. *A<0.05; *A<0.01.
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A, Schematic illustration of the differential aggregation behavior of platelets and PLT-PFCs. Upon attachment to the damaged endothelium,
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In the current work, we observed that PLT-PFCs could
bind to collagen, fibrinogen, and von Willebrand factor
partially by their corresponding receptors. The specific
binding process is similar to platelet adhesion, which
is indispensable for the physiological platelet activa-
tion process. Therefore, a prohemostatic hypothesis of
action brought on by PLT-PFC incorporation into a form-
ing hemostatic plug or thrombus may seem reasonable.
Recent studies have focused on synthetic nanoparticles
decorated with motifs such as specific peptides that can
selectively bind to collagen,®® GPIIb-1l1a,*® or von Wil-
lebrand factor,*® to achieve hemostatically relevant out-
puts. While these strategies based on platelet adhesion
mechanisms could serve as potent hemostats, the overall
hemostatic effect was still limited in vivo compared to
platelets.’ Instead, the synthetic platelet technologies
(ie, SynthoPlate) are making exciting advances. The het-
eromultivalent modification strategy taking advantage of
more combinatorial platelet activation processes (includ-
ing adhesion, aggregation, thrombin amplification, secre-
tion, and clot retraction) has become a critical principle in
hemostats development, especially the phosphatidylser-
ine exposure process.*? PLT-PFC only retained platelet
surface proteins with limited phosphatidylserine expo-
sure, thus the prohemostatic effect was negligible. On the
contrary, PLT-PFC may act as a sink for ligands including
adenosine diphosphate and fibrinogen especially in anti-
platelet drug-free blood, which may counteract its pro-
hemostatic potential. Compared to the mechanisms of
action of other platelet-inspired hemostatic technologies,
such as the synthetic platelets and thrombosomes,*
PLT-PFCs were designed to focus on functional rever-
sal of APAs in specialized clinical scenarios where the
therapeutic effects of alternative vascular recanalization
strategies should not be compromised. Existing platelet-
inspired technologies mainly focus on reducing contami-
nation risks and increasing platelet shelf-life in vivo and
storage in vitro.*?

PFC is a type of fluorine-abundant material often
employed to create low-adhesive surfaces in vivo, due to
its inertness and biocompatibility within blood vessels.**
PFC has most commonly been utilized as a surface coat-
ing material in coronary drug eluting stents to prevent
stent thrombogenicity.® In our study, the utilization of
PFC as the inactive core effectively enhanced the sta-
bility of membrane-based nanoparticles, affording them
a prolonged circulating time in comparison with PNV
without PFC core. Although we demonstrated effective
functional reversal of APAs in human blood, additional
preclinical studies are still required, for example, opti-
mization of the pharmacokinetic or pharmacodynamic

Reversal of Antiplatelet Agents

behavior of PLT-PFCs and a fine tuning of the ratio of
platelet membranes and PFC according to the variable
pharmacokinetics of different APAs. Moreover, PFC has
been shown to serve as an oxygen-carrying material.?
Thus, PLT-PFCs may be used for targeted delivery of oxy-
gen to ischemic tissue to alleviate necrosis in myocardial
infarction or stroke. The efficacy of PLT-PFCs against
irreversible inhibitors (eg, clopidogrel), cytoplasmic inhibi-
tors (eg, aspirin), and their relative active metabolites also
needs to be explored.

The major challenge of clinical usage of PLT-PFCs
may be the difficulty in its purification process. In clini-
cal platelet transfusion, if few leukocytes contaminate
the platelet products, the recipients may acquire alloim-
munization reactions to cause rapid removal of trans-
fused platelets, especially in the repeatedly transfused
patients, which is termed as platelet refractoriness.’
The incidence rate of platelet refractoriness can be
minimized by purifying platelet products, such as filter
leukoreduction, UV-B irradiation, or pathogen inactiva-
tion.*® A further approach to eradicate this problem may
be the development of mass production techniques from
precursor cells (eg, megakaryocytes) or induced plu-
ripotent stem cells.***8 Another concern for the purifica-
tion process may be the flipping of phosphatidylserine
to the outer surface of the isolated membrane, which
raises the potential of coagulation. Although the PS-
positive percentage of PLT-PFCs was limited, as shown
above (Figure S6), we still consider the retention of PS
on the surface of the nanomedicine as a major concern
in regard to future clinical translation. In this design, we
mainly used the combined methods of freeze—thawing
and coextrusion. Although platelet membrane-cloaked
nanoparticles have been proven to show a right-side-out
membrane orientation,*® additional efforts may be still
required to discover the exact dynamic change of plate-
lets during these unnaturally occurring processes. Future
studies may focus on the potential biosafety profiles of
the retained platelet cytoplasmic proteins on PLT-PFCs.
To date, we have not observed any obvious side effects
on PLT-PFC-treated mice under the current therapeu-
tic dosage. In terms of storage, platelet products cannot
be lyophilized. This is because platelets are living cells
that are sensitive to the culturing and storing conditions.
However, the functional motifs of PLT-PFCs are their
platelet receptors with proper conformation. Therefore,
the PLT-PFC nano-formulation can be lyophilized and
has been proven to maintain its pharmacological activity
after 6 months of storage (Figure S1).

Despite those challenges for PLT-PFC mass produc-
tion, we still consider that the demand for antiplatelet

Figure 7 Continued. drug formulations (n=6; all groups passed Shapiro-Wilks normality tests [a=0.05]. For comparisons among multiple
groups, 1-way ANOVA tests followed by Bonferroni post hoc tests were carried out). D, For multiple-group comparison, the overall ANOVA P-
value=1.1x107". E, For multiple-group comparison, the overall ANOVA P-value=2.0x1078. F, For multiple-group comparison, the overall ANOVA
P-value=8.8x10""". G, For multiple-group comparison, the overall ANOVA P-value=5.0x10"".
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reversal treatment outweighs the manufacturing difficul-
ties and cost. Hopefully, further comprehensive insights
into the role of platelets will facilitate the development
of platelet-inspired nanomedicine applied in more clinical
scenarios.*? Overall, our strategy holds great promise for
prophylactically and therapeutically improving the clinical
benefits of antiplatelet therapy.
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