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ABSTRACT: Thrombosis-related cardiovascular diseases remain
the leading global cause of mortality and morbidity. In this study,
we present a pioneering approach in the field of nanobiotechnol-
ogy, with a focus on clinical translation, aimed at advancing early
diagnosis and enhancing treatment options for thrombotic
disorders. We introduce the fabrication of Platelet Membrane-
Derived Bubbles (PMBs), which exhibit distinctive characteristics
compared to conventional nanoparticles. These PMBs possess an
average diameter of 700 nm and a negative ζ-potential, mirroring
the attributes of parent platelet membranes. Utilizing diagnostic
ultrasound imaging, we demonstrated the ability to visualize PMBs
as hyperechogenic entities in agarose phantoms in vitro and in live mice in vivo. Furthermore, through confocal laser microscopy, we
verified the retention of crucial transmembrane proteins, such as CD41 (GPIIb) and CD42 (GPIb), pivotal in conferring platelet-
specific targeting functions. Importantly, our platelet aggregation studies confirmed that PMBs do not induce platelet aggregation
but instead adhere to preformed platelet-rich in vitro thrombi. Overall, our work showcases the safe and precise utilization of PMBs
to directly target acute thrombosis induced by laser injury in murine mesenteric veins in vivo, as visualized through intravital
microscopy. In conclusion, we have successfully developed a rapid method for generating PMBs with unique ultrasound-directed and
thrombus-targeting properties. These exceptional attributes of PMBs hold significant promise for advancing the field of ultrasound
diagnostic thrombus imaging and clot-targeted therapy in the clinical context.
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1. INTRODUCTION
Cardiovascular diseases, particularly thrombosis, remain the
leading causes of mortality and morbidity worldwide. Thrombi
are formed by crossbridging interactions between platelets and
fibrin(ogen), which can result in vascular occlusion leading to
tissue ischemia with potentially life-threatening consequences.
Invasive interventional techniques, such as percutaneous
coronary interventions or thrombectomy (manual clot
retrieval), are the gold standard treatment for restoring blood
flow, while fibrinolytic drugs are typically used to dissolve
thrombi when interventional techniques are not feasible or
available.1 However, pharmacological thrombolysis is associ-
ated with a limited success rate (∼50%) and a high risk of
potentially deadly bleeding complications. In addition to
challenges in regard to effectivity and adverse effects in relation
to thrombosis treatments, current diagnostic detection
techniques for thrombi, such as ultrasound and computed
tomography (CT), have inherent limitations as they rely on
identifying the absence of a signal indicating reduced or
occluded blood flow and, hence, may not be sensitive enough
for small or microthrombi such as those seen in small arteries

in cardiac ischemia reperfusion injury.2−4 Therefore, imaging
strategies that target epitopes which are thrombus-specific,
such as those present on activated platelets and fibrin, are
highly sought after for direct visualization of thrombi in
patients.
To overcome the limitations associated with pharmaco-

logical thrombolysis,5 several strategies have been employed:
direct functionalization of drug molecules with targeting
moieties; genetic engineering to create antibody−drug fusion
constructs for active drug delivery; and development of
nanobiotechnology for dual diagnostic and therapeutic
approaches.6,7 Colloidal materials, encompassing micro- and
nanoparticles, emulsion nanodroplets, and microbubbles,
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present themselves as versatile candidates for targeting and
therapeutic applications in thrombosis and beyond.
A groundbreaking approach to enhancing colloidal materials

involves biointerfacing, utilizing cell membranes to imbue
colloids with surface functionalities akin to native cells. Diverse
cell-derived membranes have been employed, facilitating
applications across various nanoparticle systems (such as
metal/metal oxides and polymeric nanomaterials), emulsions,
microbubbles, and bioactive molecules. Because of the
diversity of cell membranes, in combination with possible
payloads, biointerfaced colloids boast a wide range of
applications, ranging from immune suppression and targeted
drug delivery to toxin removal, sensing, diagnostics, and
theranostics.8−13 The multitude of cell membrane options also
offer versatility in functionalization and targeted applications
across various disease areas.
In a recent advance, our research team successfully

developed a bubble system incorporating red blood cell
membranes with enhanced ultrasound properties.14 In order to
extend our capability to target thrombosis, we are motivated to
expand our repertoire to encompass other types of blood cell
membranes. Platelet membranes present an ideal biointerfac-
ing component for targeting cardiovascular diseases given their
innate capability to interact with activated platelets, activated
vascular endothelium, foam cells, and collagen.15 These
interactions are achieved through the adhesive proteins
expressed on the platelet surface, such as GPIIb/IIIa (the
major ligand for fibrin(ogen) and platelet−platelet inter-
actions),16 GPIb (the main ligand for von Willebrand factor
[vWF] and collagen),17 and GPVI (the major ligand for
collagen),18 which allow platelets to bind to thrombi, activated
endothelium, and “injured” vascular walls. While there have
been reports on thrombus-targeting capabilities of platelet
membrane−functionalized materials in the literature,19 most of
these systems are either supersmall nanobubbles or nano-
colloids, which in comparison to microbubbles are generally
unstable (Laplace pressure bubble catastrophe) and poorly
echogenic (higher resonance frequency with smaller diame-
ter),20−22 limiting their utility as contrast agents for
fundamental ultrasound imaging.23

Ultrasound imaging has emerged as a compelling choice in
medical research and clinical practice alike due to its cost-
effectiveness, noninvasiveness, relatively high resolution, real-
time capabilities, and portability compared to more complex
imaging modalities like CT and magnetic resonance imaging
(MRI).24,25 To leverage these advantages further, acoustically
active, lipid-shelled bubbles that offer ultrasound tracking
capabilities have been developed. This innovative combination
has opened up exciting possibilities, mainly for cancer
detection and treatment and with emerging utility in
cardiovascular diseases, where it finds diverse applications
and holds promising potential for advancing medical
diagnostics and treatments.8,26 Notable applications include:
Nox2 siRNA-loaded lipid nanobubbles with platelet membrane
coating for atherosclerosis treatment utilizing the natural
ability of platelets to bind to atherosclerotic plaques, mixed
with targeted ultrasound-induced cavitation;27 acoustically
active platelet membrane−liposome bubbles for detection of
damaged endothelium in sepsis-induced kidney injury;28 and
platelet membrane nanobubbles, which target acute ischemic
stroke lesions.29

Here, we report the fabrication of platelet membrane−
interfaced microbubbles (PMBs) as a dual functionality

colloidal material, functioning as both an ultrasound contrast
agent and a thrombus-targeting colloid. The functionalities of
the platelet membrane surface proteins confer the targeting
function, while the gas load confers strong ultrasound
backscattering properties. This work also features a quick
and gentle fabrication method allowing production of platelet
membrane−interfaced bubbles at meso- to microscales which
result in strong ultrasound contrast enhancement at relatively
low concentrations.

2. RESULTS AND DISCUSSION
2.1. Fabrication and Structural Characterization of

PMBs. Human platelets were isolated from whole blood
through differential centrifugation (see Section 4.2 in the
Experimental Section). Platelets were then subjected to three
freeze−thaw cycles with centrifugation and redispersion in
fresh buffer solution to free and wash away the intercellular
contents and obtain empty platelet membranes. This step
ensured that the membranes did not undergo irreversible
morphological changes due to activation, which may result in
the loss of the desired spheroidal morphology of the
membranes and alteration of the membrane components,
structures, and functions that are important in clot-targeting.
PMBs were fabricated utilizing sonication with optimized

parameters according to our prior publication14 and patented
process.30 Sonication at the gas−liquid interface serves two
roles in this method: (1) dispersing the gas molecules from the
headspace into the liquid phase; and (2) inducing acoustic
cavitation of dispersed gas bubbles, triggering various physical
effects that partially disrupt the platelet cell membranes. This
method allows gas bubbles to be entrapped within the platelet
membranes, followed by spontaneous resealing of the
membranes. Entrapment of the gas is ensured by utilizing
glycerol as a viscous continuous medium and a perfluorohex-
ane (PFH)−air mixture as the headspace component based on
previously optimized parameters.14 Highly viscous glycerol
prevents coalescence of the dispersed gas molecules, allowing
these molecules sufficient time to be captured and stabilized
within the lipid shell. PFH is an ideal gas load since
perfluorocarbon (PFC) gases have lower water solubility
than air, which effectively delays gas diffusion.31,32 Further-
more, PFH molecules are expected to have a strong affinity for
the hydrophobic tails of platelet membrane phospholipids33

and are reported to intercalate between the hydrophobic tail
groups of phospholipid molecules.34

Dynamic light scattering (DLS) size distribution plots in
Figure 1A,B show that ultrasonication changed the initial
narrow size distribution of platelet membranes in the
micrometer regime (mean diameter = 2 μm) to smaller
colloidal materials (PMBs) with a wide size range of 50 nm to
1.7 μm and a mean diameter of 700 nm. The observed change
in size distribution is associated with an unchanged ζ-potential
of the platelet membranes (−14 mV), indicating that the
resulting PMBs retain the negative surface charge of the parent
platelet membranes and are colloidally stable in dispersion.
Plots showing the changes in the mean diameter, polydisper-
sity, ζ-potential, and size distribution of platelet membranes at
different stages of the fabrication process are shown in Figure
S1 in the Supporting Information. The size distribution data
from DLS is supported by transmission electron microscopy
(TEM) and optical microscopy imaging (Figure S2 in the
Supporting Information). Characterizing PMBs presents
several challenges due to their inherent buoyancy, which
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causes uneven distribution and varying focal planes, making
consistent imaging and size measurements difficult. TEM was
used to examine the structure of PMBs which revealed PMBs
as spherical structures with high contrast regions representing
platelet membrane “shells” around a low-electron density core,
corresponding to the encapsulated gas (Figure 1C,D). This
method favors smaller particles and struggles with larger ones,
thus not fully representing the size distribution of PMBs. To
mitigate these issues, confocal microscopy was employed on
settled, unfixed PMBs to corroborate the DLS and TEM size
data, however, buoyancy still led to out-of-focus particles. A
brightfield binary contrast mask helped to accentuate in-focus
particles and exclude many out-of-focus particles prior to size
measurements, with results aligning with DLS measurements
(Figure S2 in the Supporting Information). Notably, DLS
offers a comprehensive portrayal of PMB size distribution,
capturing both smaller structures emphasized by TEM and
larger ones observed in optical microscopy, addressing
resolution and focusing challenges on imaging techniques.

2.2. Biological Properties of Platelet Membrane−
Interfaced Bubbles. 2.2.1. Platelet Receptor Expression
and Biological Properties of PMBs. Prior to testing the
acoustic response of the produced PMBs, the unique surface
functionalities of these materials were first explored. Confocal
microscopy revealed that the PMBs were spherical structures
which exhibited a large refractive index difference from the
surrounding aqueous medium producing a “lens” effect typical
of gas-filled bubbles (Figure 2A). During imaging, the PMBs
retained their spherical structures, unlike washed human
platelets that spread across the glass substrate (Figure 2B).
Fluorescent labeling of the PMBs revealed that they retained
two of the key platelet adhesion receptors: CD41 (the GPIIb
subunit of GPIIb/IIIa), which is required for platelet−platelet
interaction through its binding of fibrin(ogen) (Figure 2A, top
row), and CD42b (the GPIb subunit of the GPIb−IX−V
complex), which primarily binds vWF (Figure 2A, middle
row). Notably, GPVI was not detected on the PMBs using
immunofluorescence microscopy (Figure 2A, bottom row),

most likely because GPVI was shed during freeze−thawing.
GPVI shedding is a natural process contributing to platelet
function in thrombosis and hemostasis, although with its
precise regulation and functional consequence not yet fully
understood.35 The shedding of GPVI from the platelet
membrane is known to occur upon platelet activation,36 but
notably has also been observed following cryopreservation and
cold storage of human platelets, without necessarily being
associated with platelet activation.37,38 Expression of CD41,
CD42b, and GPVI was confirmed on human washed platelets
by immunofluorescence microscopy (Figure 2B). Receptor
expression was also investigated by flow cytometry (Figure
2C−F). As expected, PMBs were smaller and less granular
(low forward scatter and low side scatter, respectively)
compared to human washed platelets (Figure 2C,D). In line
with the confocal microscopy results, we were able to confirm
the expression of CD41, and CD42b, and a clear reduction of
GPVI expression (Figure 2C), whereas all three receptors were
detected at high expression levels on platelets (Figure 2D).
Furthermore, we also confirmed that CD61 (the GPIIIa
subunit of GPIIb/IIIa) is expressed on both PMBs and
platelets (Figure 2C,D). These findings are consistent with our
aim to use PMBs as tools for targeting thrombi. The central
receptor for binding/localizing to thrombi is primarily GPIIb/
IIIa and secondarily the GPIb−IX−V complex at high shear
stress, whereas GPVI is dispensable as PMBs are designed to
target thrombi directly and are not dependent on collagen
binding. As PMBs are heterogeneous in size (Figure 1B), we
have carefully gated the majority of our particles to ensure that
the measurements were representative and accurate. This is
because their heterogeneity could potentially confound flow
cytometry gating. In addition, we also performed flow
cytometry on isolated platelet membranes (PLT M), which
are the shells of PMBs prior to gas loading. We confirmed that
PLT M exhibits the same platelet expression profile as PMBs,
expressing CD41/CD61 and CD42b but not GPVI (Figure S3
in the Supporting Information).
As PMBs are derived from human platelets, it was important

to assess if they can become activated by agonist stimulation,
and how they interact with platelets in solution. To achieve
this, we first performed flow cytometry to examine the
activation status of unstimulated and stimulated PMBs and
human platelets. Both were incubated with fluorescence-
labeled antibodies against CD62P (P-selectin is mobilized to
the platelet surface from platelet α granules upon activation)
and the active conformation of GPIIb/IIIa (detected by the
antibody PAC-1). In PMBs neither of these activation markers
were detected in unstimulated or stimulated (thrombin 1 U
mL−1) conditions (Figure 2E). In contrast, there was a clear
positive signal detected for both activation markers in
stimulated compared to unstimulated platelets (Figure 2F).
We next performed light transmission aggregometry (LTA) in
human platelet-rich plasma (PRP) to verify whether PMBs
promoted and/or contributed to platelet aggregation. PMBs,
platelet membranes, or vehicle (PBS−glycerol) were added to
human PRP prior to agonist stimulation. As shown in Figure
2G (region highlighted in blue), upon addition of the samples
to PRP no decrease in optical density (platelet aggregation)
was observed, indicating that the PMBs, PLT M, or vehicle
(PBS−glycerol) did not cause platelet aggregation. It can be
noted that upon addition of PMBs, there was an increase in
optical density, which followed a similar trend over time to the
other samples. This can be attributed to the refractive index

Figure 1. Structural characterization of PMBs. Dynamic light
scattering size distribution plots of: (A) platelet membranes after
three freeze−thaw cycles; and (B) PMBs produced via sonication. (C
and D) Representative transmission electron microscopy images
showing the structure of uranyl acetate−stained PMBs. Scale bars =
(C) 200 nm and (D) 100 nm.
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Figure 2. Platelet receptor expression and biological properties of PMBs. (A) Confocal photomicrographs showing expression of CD41, CD42b,
and GPVI on PMBs. Scale bar = 10 μm. (B) Confocal photomicrographs showing expression of CD41, CD42b, and GPVI on human washed
platelets. Scale bar = 10 μm. (C) Flow cytometry data of PMBs showing forward vs side scatter (FSC vs SSC) dot plots and histograms of CD41,
CD61, CD42b, and GPVI expression on PMBs (blue) compared to isotype control antibodies (fluorescently labeled mouse IgG; black). (D) Flow
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difference between the PRP and the PMBs, which were in a
turbid dispersion (Figure S4 in the Supporting Information).
This was confirmed through the addition of PMBs to platelet-
poor plasma (PPP), whereby the same increase in optical
density was observed in the absence of platelets (Figure S5 in
the Supporting Information). After 5 min, all of the samples
were treated with thrombin receptor-activating peptide

(TRAP) to stimulate platelets and thereby induce platelet
aggregation (Figure 2G, region highlighted in red). Following
TRAP treatment, all samples showed reduced optical densities,
denoting platelet aggregation, with no difference in their final
optical density and therefore no inhibition of platelet
aggregation at the end point (Figure 2H). Taken together,
the flow cytometry and LTA data suggests that PMBs neither

Figure 2. continued

cytometry data of human washed platelets (PLTs) showing forward vs side scatter (FSC vs SSC) dot plots and histograms of CD41, CD61,
CD42b, and GPVI expression on platelets (gray) compared to isotype control antibodies (fluorescently labeled mouse IgG; black). (E) Flow
cytometry histograms showing unstimulated vs stimulated (thrombin 1 U mL−1) PMBs. PMBs were labeled with an antibody against CD62P (P-
selectin; left) or the antibody PAC-1 against activated GPIIb/IIIa (right). (F) Flow cytometry histograms showing unstimulated vs stimulated
(thrombin 1 U mL−1) human washed platelets. Platelets were labeled with an antibody against CD62P (P-selectin; left) or the antibody PAC-1
against activated GPIIb/IIIa (right). (G) Representative light transmission aggregometry curves. Platelet membrane bubbles (PMB), platelet
membranes (PLT M), or vehicle (PBS−glycerol) were added to human PRP and no aggregation was recorded (highlighted in blue). After 5 min
platelets were stimulated with TRAP (30 μM) and platelet aggregation was recorded. Platelet aggregation was not impacted (highlighted in red).
(H) Quantification of maximum platelet aggregometry compared to untreated PRP stimulated with TRAP (30 μM). Data presented as Mean ± SD
(n = 5).

Figure 3. In vitro biocompatibility of PMBs. (A) Hemolysis in human whole blood, induced by Triton X-100, PBS, vehicle (PBS containing
glycerol), and varying concentrations of PMBs (final concentrations of 0.1−16 × 109 PMB mL−1). Data presented as Mean ± SD normalized to
Triton X-100 (100% hemolysis) (n = 3). Cell counts of (B) white blood cells, (C) red blood cells, (D) platelets, (E) neutrophils, (F) lymphocytes,
(G) monocytes, and (H) eosinophils and (I) hematocrit obtained using an automated cell counter after treatment with PBS, Triton X-100, or
varying concentrations of PMBs (final concentration 0.1−16 × 109 PMB mL−1). Data presented as Mean ± SD (n = 3). **** p < 0.0001, one-way
analysis of variance (ANOVA) with multiple comparisons vs PBS. (J) MTT cell viability of human fibroblasts treated with PBS and varying
concentrations of PMBs (final concentrations of 0.1−16 × 109 PMB mL−1).
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respond to stimulation by platelet agonists, nor do they induce,
impair, or enhance platelet aggregation, and, hence, are
expected to be safe in regard to platelet interactions.

2.2.2. In Vitro Biocompatibility. As a potential in vivo
imaging and drug-delivery platform, the effect of PMBs on
human whole blood was assessed in vitro using a
hemocompatibility assay. Increasing concentrations of PMBs
were combined with human whole blood for 1 h, the plasma
was collected, and hemolysis was measured using 550 nm
absorbance compared to the positive control (Triton X-100).
No hemolysis was observed in blood combined with PMBs at
all tested concentrations, 0.25−16 × 109 PMB mL−1 (Figure
3A). Complete blood counts (Figure 3B−I) were also
performed on whole blood incubated with PMBs using an
automated cell counter (Sysmex). No differences were
observed between vehicle (PBS)- or PMB-treated samples.
Moreover, to demonstrate compatibility with human cells, we
conducted MTT cell viability assays with human fibroblasts
using varying concentrations of PMBs. The results in Figure 3J
revealed no significant alteration in cell viability within the
range of 0.1−1.0 × 109 bubbles per mL treatment. However, at
intentionally elevated, suprapharmacological doses, reduction
in cell viability was observed. It is crucial to emphasize that, in
a therapeutic context, upon injection into the bloodstream,
PMBs undergo immediate dilution, leading to lower systemic
concentrations. Furthermore, it is worth noting that this in
vitro model does not account for immediate clearance,
implementing an extended 24-h static incubation and exposure
period of the cells to the sample, portraying a more extreme
scenario in an in vivo experimental setup. From these results
and those from the platelet aggregation data, it can be
concluded that PMBs are biocompatible and suitable for
targeting thrombi in vivo. This observation is in concordance
with PFCs being used previously as artificial blood substitutes

and oxygen-carrying agents for multimodal imaging and
therapies.39,40

2.3. Visualization of PMBs Using Ultrasound Imaging
In Vitro and In Vivo. Ultrasound imaging is a noninvasive and
real-time diagnostic imaging technique with a broad
application range and practical advantages including cost-
effectiveness, easy accessibility, and portability. This imaging
modality can be used alone for effective diagnostics and
evaluating pathological progression and efficacy of clinical
treatments, or to complement other structural and functional
imaging techniques. Colloids, especially bubbles, can be
introduced into the bloodstream to enhance ultrasonograms
by providing superior visual contrast, particularly for organs
with limited vascularization or in differentiating tissues that
possess similar acoustic properties. Moreover, these colloidal
materials can be effectively monitored using ultrasound, which
serves as a tracking system with precise targeting capabilities.
To assess the feasibility and efficacy of utilizing PMBs as
contrast agents for ultrasound imaging, their ability to enhance
contrast was evaluated through in vitro and in vivo testing.

2.3.1. In Vitro Model�Tissue-Mimicking Phantoms. To
evaluate the ultrasound contrast enhancement by the PMBs,
freshly prepared bubble dispersions were imaged in agarose
phantoms that mimicked the acoustic properties or echoge-
nicity of human tissues. Figure 4A−C demonstrate the strong
ultrasound contrast enhancement in both brightness (B)-mode
and contrast-mode by the PMBs, in comparison to platelet
membranes and PBS (control). Figure 4D shows that the
PMBs exhibited a concentration-dependent increase in ultra-
sound contrast (in mean gray values) with around 80- to 4000-
fold and 2- to 200-fold increased contrast enhancement in B-
mode and contrast-mode, respectively, for the concentration
range of 4.0 × 108 to 6.0 × 1010 PMBs mL−1. Ultrasound
contrast enhancement by these materials can be attributed

Figure 4. In vitro ultrasound imaging with PMBs. Ultrasound contrast enhancement based on: (A) B-mode and (B) contrast-mode ultrasonograms
of tissue-mimicking phantoms with control (PBS), platelet membranes (PLT M), and PMBs (4.0 × 108 bubbles mL−1), relative to PBS. Each data
point represents Mean ± SD (n = 3); **** p < 0.0001 by one-way ANOVA. (C) Representative ultrasonograms with control, PLT M, and PMB.
Scale bar = 2 mm. Ultrasound contrast enhancement in B-mode and contrast-mode imaging of tissue-mimicking phantoms with (D) different
concentrations of PMB; and (E) with 4.0 × 108 bubbles mL−1 at different time points during a one-week storage stability study in concentrated
form at 4 °C.
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primarily to their strong backscattering property, arising from
the large acoustic impedance mismatch between the
surrounding PBS medium and the entrapped gas within the
platelet membranes, as well as the resonance frequency of the
bubbles potentially lying within the ultrasound transducer’s
operating frequency (19−25 MHz).
Short-term stability studies in static conditions (Figure S6A

in the Supporting Information) revealed that visual contrast
from the PMBs increased over the 1 h evaluation period. This
observation is attributable to gravitational sedimentation of the
bubbles due to the density of the entrapped glycerol within the
membranes and partially due to possible coalescence of the
bubbles which intensified the acoustic signal detected. To
evaluate the long-term stability of PMBs, freshly fabricated
bubbles were stored without dilution at 4 and 25 °C and then
sampled for dilution and imaging at different time points. As
shown in Figures 4E and S6B (in the Supporting Information),
the contrast enhancement of PMBs which were stored at 4 °C
and at 25 °C followed the same trends�a 10-fold increase in
enhancement within the first 2 days, followed by a decrease in
contrast enhancement from day 2. The former is attributable to
the coalescence of smaller bubbles into larger bubbles, which
intensified the acoustic signals detected. Large bubbles tend to
lose their gas content eventually via diffusion and dissolution
over time, as represented by the decrease in contrast
enhancement from day 2. The most notable difference was
the almost unchanged contrast enhancement of the sample
stored at 4 °C from day 3 to day 7, in comparison with that of
the sample at 25 °C. Overall, these observations indicate that a
lower storage temperature prevents gas diffusion from the
bubbles, thereby preserving the gas content and acoustic
backscattering properties of PMBs. Taken together, these
results also suggest that PMBs, like other ultrasound contrast
agents, should ideally be used immediately upon fabrication or
activation, but can be stored for a short period of time with
reduced ultrasound enhancement in later use.

2.3.2. In Vivo Model�Ultrasound Imaging in Mice. To
evaluate the ultrasound contrast enhancement by the PMBs in
a biologically relevant system, PMB dispersions were injected
into the femoral vein of mice and ultrasonograms of the
inferior vena cava were acquired. As shown in Figure 5,
approximately 1.8- and 2.5-fold increases in ultrasound
contrast were observed in the ultrasonograms of mice inferior
vena cava after a single bolus injection of 6 × 109 or 12 × 109
PMBs in PBS, respectively. This contrast enhancement is
visually represented in Figure 5. Compared to the results of the
ultrasonography in tissue-mimicking phantoms, the observed
contrast enhancement in vivo was orders of magnitude lower,
which is mainly attributable to the dilution of the PMBs in the
bloodstream. Furthermore, there was minimal nonsample
scattering in the simple tissue-mimicking phantoms while
there was weakening of the incident ultrasound field in vivo due
to biological scattering from multiple layers of tissues, organs,
blood cells, etc. Despite these conditions, it is evident that
PMBs retain their strong ultrasound backscattering properties.
The results also indicate that PMBs are stable enough to
endure the potentially destabilizing conditions in the vascular
circulation, including temperature, high internal pressure, and
complex blood components. Ultrasound contrast agents are
widely used in clinical cardiology to enhance blood visibility
within vessels and cardiac chambers, aiding in the assessment
of blood flow during heart contractions. In preclinical cancer
imaging, these agents accumulate in tumor areas,41 while in

direct thrombosis imaging the targeted microbubbles bind to
blood clots in the vessel lumen and are visualized as an
increased contrast signal after the nonattached microbubbles’
half-life has elapsed.7,24 The increased brightness from these
agents can lead to a less distinct vascular wall due to the initial
brightness of the vessel wall compared to the lumen. Our
PMBs demonstrated improved contrast intensity in the lumen,
similar to commercially available and clinically used micro-
bubbles, following a single bolus injection that created a
pronounced wave of contrast through the vessel. Taken
together, these observations strongly support the potential of
PMBs as ultrasound contrast agents.

2.4. Targeting of Clots Using PMBs. 2.4.1. In Vitro
Human Thrombosis Model. Thrombus targeting was next
assessed using an in vitro model of thrombosis. Platelet-rich
thrombi were formed on a collagen surface using human blood
and PMBs were allowed to adhere under blood flow.
Fluorescence imaging revealed that the PMBs adhered
predominantly to the thrombi, likely by interacting with
exposed fibrin(ogen) on the thrombus surfaces (Figure 6A).42

This hypothesis is supported by pretreatment of the PMBs
with the GPIIb/IIIa inhibitor integrilin (eptifibatide, 50 μg
mL−1) prior to experimentation. In the presence of integrilin,
PMB binding to thrombi was significantly lowered (Figure
6A−C), indicating that this interaction is largely GPIIb/IIIa-
dependent. To control potential embolization of thrombi due
to integrilin treatment, the thrombus area was measured, but
was not significantly altered (Figure 6D).

Figure 5. In vivo ultrasound imaging with PMBs. (A) Representative
ultrasonograms of mouse inferior vena cava before and after a single
bolus injection of PMBs. Scale bar = 1 mm. (B) Bar chart shows
ultrasound contrast enhancement in ultrasonograms of mouse inferior
vena cava upon multiple injections of 6 × 109 and 12 × 109 PMBs in
PBS. Each data point represents Mean ± SD of 5 frames from 3
independent experiments (n = 3); **** p < 0.0001 by one-way
ANOVA.
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These results corroborate the findings in Section 2.2,
indicating that the preserved surface receptors on the platelet
membranes at least partially retain their function as pristine
platelets, enabling clot-targeting properties. Although PMBs
were demonstrated not to interact with platelet aggregation in
an LTA assay (Figure 2G), they were able to bind to thrombi
in this in vitro model through GPIIb/IIIa. This can be
attributed to the difference between soluble fibrinogen in
platelet aggregometry (dependent on activated GPIIb/IIIa)
and immobilized fibrinogen or fibrin on the thrombus surface
(binding to active and importantly to nonactivated GPIIb/
IIIa).42 Furthermore, these observations clearly demonstrate,
for the first time, the potential of PMBs as precision ultrasound
diagnostic agents for blood clots, which can be further explored
for in vivo imaging and potentially be employed in clot-
targeting, ultrasound-based theranostic applications.

2.4.2. In Vivo Thrombosis Model. Having successfully
shown that PMBs bind to human thrombi in vitro, we
employed an intravital microscopy mouse model of in vivo
thrombosis to show real-time binding of fluorescently labeled
PMBs to a platelet-rich thrombus. Application of human
platelet-derived materials were previously shown to be
biocompatible and bind to mouse thrombi in vivo.43 To
directly visualize PMB binding to thrombi in vivo, a focused
single-wavelength laser was used to induce endothelial damage
in the mouse mesenteric vein. The subsequent thrombus was
allowed to develop, stabilize, and consolidate (approximately 5
min) (Figure 7A,B, top rows). PMBs were administered
intravenously and the thrombus was reimaged to assess PMB
binding. Time series videos show that the PMBs circulated

Figure 6. PMBs are biocompatible and can target human thrombi.
Fluorescence confocal photomicrographs showing platelet-rich
thrombi (green) and PMBs (red) in the absence (A) and presence
(B) of the GPIIb/IIIa inhibitor integrilin (50 μg mL−1). Images
acquired at 60× (top) and 120× (bottom) magnification. White boxes
denote magnified area. Scale bar = 20 μm. (C) Mean fluorescent
intensity of thrombus-bound PMBs with and without integrilin
treatment. Mean ± SD (n = average of 6 fields of view from 5
individual donors). * p < 0.05, unpaired t test with Welch’s correction.
(D) Thrombus area was not significantly altered by integrilin
treatment. Mean ± SD (n = average of 6 fields of view from 5
individual donors). * p < 0.05, unpaired t test with Welch’s correction.

Figure 7. PMBs target mouse thrombi in vivo. Representative sum
projections of thrombi formed in intravital laser-induced model of
thrombosis before (top) and after (bottom) intravenous injection of
150 μL of (A) vehicle (PBS with DiIC12) or (B) 12 × 109 DiIC12−
labeled PMBs in PBS solution. Visible are platelet GPIb (purple) and
PMBs or free dye (red). Scale bars = 20 μm. (C) Mean fluorescent
intensity in red channel (λ = 561 nm (excitation) and 597 nm
(emission)) within area of thrombus from animals injected with
vehicle or 12 × 109 PMBs in PBS solution. Mean ± SD (n = 10). * p
< 0.05, unpaired t test with Welch’s correction.
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through the vasculature and readily adhered to thrombi
(Supplementary Video 1 in the Supporting Information).
Analysis of Z-stacks taken of the thrombi showed increased
fluorescence from DiIC12-labeled PMBs compared to vehicle
(PBS−glycerol containing DiIC12) (Figure 7A−C). Similar to
the findings using human thrombi in vitro, PMBs were
observed only on the peripheries of the thrombus but did
not incorporate into the stabilized, consolidated thrombus. To
control for off-target labeling of the membrane dye (DiIC12),
mice were injected with a vehicle control (PBS−glycerol
mixture) containing the same concentration of DiIC12 used to
label the PMBs (2 μg mL−1). As DiIC12 is not a platelet-
specific membrane dye, some fluorescent events can be
observed in circulation (Supplementary Video 2 in the
Supporting Information); however, these cells did not adhere
to the thrombus, indicating that the observed thrombus-bound
particles were PMBs. When compared to the experimental
results for the in vitro human thrombi binding (Section 2.4.1),
the number of PMBs bound to the thrombus was modest,
most likely due to the clearance of PMBs through the liver and
lung (Figure S7 in the Supporting Information) and to species
differences between human and mouse platelets. A key
limitation of our study is the potential species cross-reactivity
due to using PMBs derived from human platelet membranes in
murine models. Although our preliminary findings show no
adverse effects, this cross-species application could introduce
immune responses that are not reflective of human clinical
scenarios, complicating the interpretation of safety and efficacy
data. Future studies should consider using humanized models
or alternative approaches to better mimic the human immune
environment and provide more clinically relevant safety
assessments.
These findings confirm the advantages of PMBs as a novel

tool for diagnostic imaging, which can be extended to
theranostics. Thrombus-targeted nanoparticles have been
studied as a mechanism for delivering targeted drug treatments
such as thrombolytics7,44 and cancer therapy.45,46 Previous
studies from our lab have explored the potential of
commercially available microbubbles as thrombus-targeted
contrast agents, and for targeted thrombolysis.1,7,24 In these
studies, various conjugation methods were employed to
decorate the microbubbles with antibodies that specifically
bind to activated platelets to facilitate thrombus targeting.
Furthermore, many targeted nanoparticles often rely on
indirect factors such as pH,43 shear,47 or external targeting
factors such as magnetic targeting48 or laser stimulation44 to
facilitate targeting and drug release. In comparison, PMBs offer
the inherent ability to target thrombi, along with the advantage
of being acoustically active for thrombosis diagnosis and
monitoring, making them prime candidates for drug-loading
and targeted drug delivery. Future work focusing on loading
with fibrinolytic drugs, or conjugation of a fibrinolytic/
antibody fusion construct onto PMBs are required to
demonstrate their theranostic ability. This approach may
achieve further benefits through controlled payload release via
ultrasound bursting.22

3. CONCLUSIONS
We have engineered PMBs that are acoustically active colloids
and demonstrate binding and thus targeting platelet-rich
thrombi. PMBs were generated using a rapid fabrication
method, being produced within a single day from the donor’s
whole blood or within minutes from stored platelet-derived

membranes. The PMBs were found to be colloidally stable and
morphologically distinct from human platelets. It is also
noteworthy that the PMBs did not undergo structural
transformation, unlike platelets that activate and spread on
various interfaces. Most importantly in terms of physical
properties, these materials have acoustic characteristics, owing
to their gas content, making them ideal for ultrasound imaging-
based tracking. In terms of bioactivity, the PMBs exhibited a
significant level of binding to human thrombi in vitro in a
whole-blood thrombosis assay. Importantly, our PMBs did not
aggravate thrombosis and did not cause platelet aggregation.
Furthermore, we demonstrated that the PMBs provided
excellent binding to mouse thrombi in vivo in an acute
thrombosis model using intravital microscopy. This was
possible due to the retention of key platelet adhesion receptors
and could be blocked using a GPIIb/IIIa inhibitor, indicating
that thrombus binding of PMBs is GPIIb/IIIa-dependent. As
PMBs are acoustically active and allow clot targeting, they are
exciting potential theranostic tools for specific and direct
imaging of thrombi, thus enhancing accurate and fast diagnosis
of thrombi, as well as intriguing nanocarriers for site-specific
delivery of antithrombotic drugs.

4. EXPERIMENTAL SECTION
4.1. Materials. All chemicals and reagents used in this work were

used as received with no further processing unless otherwise specified.
Analytical reagents used in all experiments: magnesium chloride
hexahydrate, MgCl2·6H2O (Fluka), protease inhibitor cocktail tablets
(Roche), glycerol (Astral Scientific), and PFH (FluoroChem).
Reagents used for preparation of buffers in isolation of human
washed platelets and membrane derivation were purchased from
Sigma-Aldrich: sodium citrate, citric acid, D-glucose, theophylline,
potassium phosphate dibasic (K2HPO4), disodium phosphate
(Na2HPO4), monosodium phosphate (NaH2PO4), sodium chloride
(NaCl), sodium bicarbonate (NaHCO3), N-2-hydroxyethylpipera-
zine-N-2-ethanesulfonic acid (HEPES), potassium chloride (KCl),
calcium chloride dihydrate (CaCl2·2H2O), and ethylenediamine
tetraacetic acid (EDTA).

4.2. Preparation of Washed Resting Platelets from Whole
Blood. All experiments using human donors were approved by the
Alfred Health Human Ethics Committee (project number: 627/17).
Blood from healthy human donors was withdrawn using a 19G
butterfly needle into syringes containing sodium citrate (Sarstedt).
Following collection, blood was supplemented with acid citrate
dextrose (ACD) (final concentration of 7:1 (v/v)), enoxaparin (20 U
mL−1), and apyrase (0.02 U mL−1). Washed platelets were prepared
as described previously.49 Briefly, PRP was obtained by centrifugation
(200g, 15 min). PRP was further centrifuged (1400g, 10 min), the
supernatant removed, and platelets resuspended in platelet wash
buffer (4.3 mM K2HPO4, 4.3 mM Na2HPO4, 24.3 mM NaH2PO4,
113 mM NaCl, 5.5 mM D-glucose, and 10 mM theophylline (pH 6.5)
containing enoxaparin (20 U mL−1), apyrase (0.02 U mL−1), and
bovine serum albumin (0.5%)). A platelet count was obtained using
an automated hematological cell counter (Sysmex XN-550, Sysmex).
Platelets were pelleted by centrifugation (1200g, 10 min) and
resuspended in Tyrode’s buffer (12 mM NaHCO3, 10 mM HEPES,
137 mM NaCl, 2.7 mM KCl, 5.5 mM D-glucose, 1.8 mM CaCl2, and 1
mM MgCl2) containing apyrase (0.01 U mL−1) to the desired final
concentration.

4.3. Preparation of Platelet Membranes from Washed
Resting Platelets. Derivation of platelet membranes from washed
resting platelets was based on the previously reported method of Hu
et al. (2015).50 Prior to derivation, resting washed platelets were first
quantified using an automated cell counter (Sysmex XN-550,
Sysmex). The dispersion containing 1.6 × 108 platelets was pelleted
in 1.5 mL tubes by centrifugation at 4000g for 3 min, followed by
redispersion in fresh 1.5 mL 1× PBS with 1 mM EDTA and protease
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inhibitor cocktail tablets. Platelet membranes were obtained by
repeated freezing at −80 °C for 30 min and thawing at room
temperature for 30 min (total of three freeze−thaw cycles), with
pelleting by centrifugation at 4000g for 3 min and redispersion in
fresh 1.5 mL 1× PBS with 1 mM EDTA and protease inhibitor
cocktail tablets between cycles. After the last freeze−thaw cycle, the
pellets were then redispersed in 200 μL 1× PBS (platelet membrane
dispersion).

4.4. Fabrication of Platelet Bubbles. The ultrasound-assisted
bubble fabrication procedure employed was based on the work of
Vidallon et al. (2021).14 Briefly, platelet membrane dispersion (200
μL) was combined in a 5 mL glass vial with 500 mg glycerol via vortex
mixing, followed by cooling in an ice bath for 10 to 20 min. The glass
container containing the platelet−glycerol mixture was sealed with a
silicone cap, followed by injection of 20 mL PFC gas−air mixture into
the headspace. The cap was punctured to insert a probe sonicator tip,
which was positioned a few millimeters below the gas−liquid
interface. The mixture was sonicated for 10 s with an acoustic
power of 1 W. The glass vial was cooled in an ice bath immediately
after sonication for at least 10 min. The concentrated platelet bubble
mixture was either used immediately with PBS as the diluent or
refrigerated for stability studies prior to dilution to the desired volume
concentration using PBS. The theoretical PFH content of PMBs is
available in the Supporting Calculations and Table S1 in the
Supporting Information. “Bubble-less” control was fabricated by
sonicating the platelet−glycerol mixture at the half-volume level,
instead of sonication at the gas−liquid interface.

4.5. Size and Surface Charge Measurements. The diluted
PMB dispersion was diluted further by 100-fold prior to size and ζ-
potential measurement using DLS and electrophoretic light scattering
(ELS), respectively, using a Malvern Zetasizer (Malvern Panalytical
Ltd.). Bubbles were also observed visually via optical microscopy.

4.6. Morphological Analysis. PMBs were imaged by TEM
following previous sample preparation methods for dynamic and
unstable colloidal materials.51 Diluted PMB dispersion (10 μL, 8.0 ×
108 bubbles) was pipetted onto a Parafilm-covered glass plate.
Carbon-coated 300 mesh copper grids were incubated for 5 min on
top of the emulsion droplets with the carbon face down. Following
incubation, the excess sample was blotted away with filter paper and
the grids were placed face down onto 10 μL droplets of 1% aqueous
uranyl acetate. The grids were incubated on uranyl acetate for 30 s,
after which the uranyl acetate was blotted away with filter paper and
the grids allowed to dry. Negatively stained emulsion droplets on the
TEM grids were imaged in a JEOL JEM-1400 Plus transmission
electron microscope (JEOL USA, Inc.) with an accelerating voltage of
80 keV and at spot size number 2. Digital images were captured with a
resolution of 2048 × 2048 pixels.

4.7. Confocal Microscopy. PMB morphology and receptor
expression were assessed using confocal microscopy. PMB or human
washed platelets were seeded into microscopy chambers with glass
coverslip bases (Sarsedt) and allowed to settle for 1 h. PMBs or
washed platelets were stained with an anti-CD41 (GPIIb; HIP8,
Biolegend), anti-CD42b (GPIb, SZ2, BD), or anti-GPVI (HY101,
BD) antibody for 30 min and imaged using confocal microscopy
(Nikon A1r).

4.8. Flow Cytometry. Flow cytometry was used to assess the
expression of platelet receptors on PMBs, PLT M, and human washed
platelets. Populations were determined by forward scatter (FSC) and
side scatter (SSC) to differentiate them from human washed platelets.
PMBs or human washed platelets were incubated with antibodies
against CD41 (GPIIb; HIP8, Biolegend), CD42 (GPIb, SZ2, BD),
CD61 (RUU-PL7F12, BD), GPVI (HY101, BD), or relevant isotype
controls (fluorescently labeled mouse IgG BD) for 30 min. For
activation experiments, PMBs or human washed plateletes were
incubated with antibodies against CD62P (P-selectin, BD), or the
active conformation of GPIIb/IIIa (PAC-1, BD) for 15 min before
being stimulated with thrombin (1 U mL−1) for 30 min. Samples were
analyzed using a LSRFortessa X-20 flow cytometer and FlowJo
software (BD).

4.9. Platelet Aggregation. The effects of PMBs on platelet
aggregation were assessed using LTA. Human PRP was prepared as
described in Section 4.2 (without the addition of ACD or enoxaparin)
and maintained at 37 °C. PRP was transferred to glass cuvettes and
PMBs, platelet membranes or vehicle were added and the change in
optical density was measured under stirring conditions (600 rpm).
After 5 min the PRP was stimulated with TRAP (30 μM) and
aggregation was measured in real time as a decrease in optical density
as platelets aggregated and were pulled out of suspension. As the
PMBs had different optical properties to the vehicle and platelet
membranes, a correction factor was applied by taking the average
optical density after addition of PMBs and subtracting this difference.
To show that this increased optical density was due to the turbidity of
the PMB dispersion, this experiment was also performed in the
absence of platelets using PPP.

4.10. Hemocompatibility. The hemocompatibility of the PMBs
was assessed as the release of hemoglobin through the absorbance and
effect on blood cells using an automated cell counter (Sysmex XN-
550, Sysmex). Fresh citrated human whole blood was collected within
1 h of experimentation. Increasing concentrations of PMBs (final
concentration range of 0.1−16 × 109 PMBs mL−1), PBS, vehicle
(PBS−glycerol), or Triton X-100 were added to human whole blood
at a ratio of 1:20 (sample/blood) and placed on a roller at 37 °C for 1
h. A 20 μL aliquot of whole blood was taken for analysis using an
automated cell counter (Sysmex). Samples were then centrifuged
(2000 rpm, 10 min) to separate plasma from blood. Plasma was
collected and absorbance at 550 nm was measured using a plate
reader.52 Hemolysis was calculated and normalized to 100%
hemolysis (Triton X-100).

4.11. MTT Assay. Viability of human fibroblasts after exposure to
PMBs was evaluated using a standard MTT protocol.53 Briefly, cells
(104 cells per well) were seeded into 96-well plates in 100 μL volume
with cell culture medium (DMEM supplemented with 10% (v/v)
FBS, 1% (v/v) penicillin−streptomycin solution and 1% (v/v) L-
glutamine) and incubated for 24 h, prior to treatment. Medium from
each well was replaced with fresh medium containing different
concentrations of PMBs (final concentration range of 0.1−16 × 109
PMBs mL−1), followed by incubation at 37 °C for 24 h. MTT
solution (10 μL, 5 mg mL−1) was then added per well, followed by a
4-h incubation period at 37 °C. After incubation, the medium was
removed and replaced with 100 μL dimethyl sulfoxide (DMSO) to
each well to dissolve formazan crystals, followed by spectrophoto-
metric reading at 570 nm. Cell viability was calculated and normalized
to 100% using the absorbance of wells with PBS-treated cells.

4.12. Platelet Microbubble Adhesion to Thrombi. The ability
of the PMBs to adhere to preformed thrombi was assessed in vitro.
Platelet thrombi were formed as described previously.49 Briefly, glass
microslides (0.1 × 1 mm; VitroCom) were coated with type I bovine
collagen (250 μg mL−1). Anticoagulated whole blood (enoxaparin 40
U mL−1) was perfused through the slides at a constant shear rate of
1800 s−1 for 8 min. Slides were rinsed with Tyrode’s buffer containing
bovine serum albumin (0.5%) to remove unadhered blood cells and 1
mL of fluorescently labeled (DiIC12 1 μg mL−1) PMBs were perfused
over the thrombi. Slides were rinsed with Tyrode’s buffer and fixed
with paraformaldehyde (1%). Slides were imaged using a Nikon A1r
confocal microscope and analyzed using ImageJ by applying a
common threshold to create regions of interest around thrombi. The
mean fluorescence of the PMBs was calculated within these regions of
interest.

4.13. In Vivo Intravital Microscopy. All animal experiments
performed for in vivo intravital microscopy were approved by the
Alfred Medical Research and Education Precinct Animal Ethics
Committee (approval E/8196/2021/B). PMB adherence to pre-
formed thrombi was assessed in vivo using a laser-induced mesenteric
thrombosis model. Mice were anesthetized using a combination of
ketamine (80 mg kg−1) and xylazine (20 mg kg−1). A laparotomy was
performed, the mesentery was externalized on a glass stage plate, and
a glass coverslip (22 mm × 22 mm, 0.13−0.16 mm thick) was placed
over the chosen mesenteric vessels. Prior to imaging, a fluorescent
platelet antibody (GPIb DyLight-649, 0.1 μg g−1, Emfret) was
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administered by intravenous injection. Intravital imaging was
performed using a Zeiss LSM 880 upright microscope. Blood vessels
were located using a combination of transmitted light and
autofluorescence in the 488 nm channel and an endothelial injury
was induced using a single pulsed 405 nm laser (Rapp
OptoElectronic), then the resulting thrombus was allowed to form
and stabilize before a Z-stack was acquired. After the thrombus had
been imaged, 150 μL of fluorescently labeled (DiIC12, 2 μg mL−1)
PMBs (12 × 109 PMB) or vehicle (same volume of PBS−glycerol
containing 2 μg mL−1 DiIC12) were injected intravenously. The
thrombus was located, a time-series video was acquired showing
platelet microbubbles in solution adhering to the thrombus, and a Z-
stack was acquired. Following experimentation, animals were
humanely killed. Images were analyzed using ImageJ. A region of
interest around the thrombus was drawn using the GPIb platelet
marker and applied to the PMB fluorescent channel. A common
threshold was applied and the total fluorescence of the PMBs in the
region of interest was obtained for the entire Z-stack.

4.14. Ultrasound Imaging. The ultrasound contrast-enhancing
capabilities of the platelet microbubbles were evaluated via ultrasound
imaging using a Vevo 2100 high-frequency ultrasound scanner with a
22−55 MHz MS 550D transducer (FUJIFILM VisualSonics, Inc.).

4.14.1. In Vitro Model for Ultrasound Imaging. Ultrasonograms
were obtained from tissue-mimicking phantoms made from 1%
agarose hydrogels which were loaded with different concentrations of
PMBs (4.0 × 108 to 6 × 109 bubbles). Platelet membranes and PBS
were used as controls with three independent experiments (n = 3).

4.14.2. In Vivo Model for Ultrasound Imaging. All animal
experiments involving ultrasound imaging were approved by the
Alfred Medical Research and Education Precinct Animal Ethics
Committee (approval E/8335/2022/B). C57BL/6 mice were injected
with a combination of ketamine (100 mg kg−1) and xylazine (5 mg
kg−1) intraperitoneally. Then, a 1 cm incision was made between the
abdomen and thigh of the mouse. A catheter was inserted
intravenously into the exposed femoral vein and secured. The
mouse was then placed onto a VisualSonics imaging station
(VisualSonics Inc., Canada) in a supine position. Ultrasound was
performed using the Vevo 2100 system and the 22−55 MHz MS
550D transducer (VisualSonics Inc., Canada). Ultrasound imaging of
the inferior vena cava using B-mode and contrast mode (n = 3 with
multiple frames for each animal) were captured. PBS (control) or
PMBs (100 μL containing either 6 × 109 and 12 × 109 bubbles in
PBS) were administered via the catheter. Gray values of the
ultrasonograms obtained were obtained using ImageJ.
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