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Abstract
Stroke is the second leading cause of death worldwide, with 15 million people suffering from its
debilitating effects each year. 87% of strokes are ischemic, where an artery narrows or becomes
wholly blocked due to a thrombus. Tissue Plasminogen Activator (tPA) is a protein that activates
the conversion of plasminogen to plasmin, an enzyme responsible for the breakdown of clots.
While tPA is the leading emergency treatment for ischemic stroke, it possesses several
shortcomings, including a non-localized nature and increased risk of hemorrhage. Similarly, no
existing therapeutic candidates have both dissolved the thrombus and simultaneously deterred the
coagulation cascade, the process by which a thrombus is actively built. Herein, a rapid, clotspecific, and dual-functioning microbubble system, utilizing tPA and anticoagulant Dicumarol,
was engineered to create a more effective emergency therapeutic. To begin, fabrication of the
magnetic interior nanoparticles was completed by synthesizing Dicumarol-Carboxylic-acid coated
Fe₃O₄ nanoparticles. Next, SiO2-tPA was fabricated, and added to complete the subsequent
encapsulation layer of the nanoparticles. Finally, peptides CGSSSGRGDSPA and GRGD were
conjugated to the nanoparticle’s surface, to promote selectivity for platelets and fibrin, and ensure
clot-specific adhesion and release. A vertical gel channel-system, composed of fibrinogen,
thrombin, and agarose, was developed to validate clot dissolution function of the new therapeutic,
which was 2x that of tPA alone. As a final verification component, in-vitro clots were created
using ~100µl of whole-blood, in a 96-wellplate. Successful therapeutic-induced dissolution of
thrombus was observed via increased absorbance throughout the visible spectral region, due to
liquification of the clot.
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Introduction
Stroke is the second leading cause of death worldwide, with 15 million people suffering from its
debilitating effects each year (WHO). Of this impacted group, there is a 5.5 million mortality
rate, with an additional 50% of survivors becoming chronically disabled (Donkor).
Unfortunately, it is predicted that the prevalence of strokes will only continue to increase in
accordance with demographical changes, specifically because the likelihood of stroke more than
doubles for each successive decade after 55 years (Kuriakose, et al). By 2030, it is expected that
4% of the U.S. population will have had a stroke and that 12 million will die from strokes each
year (Lancet). This troubling forecast makes research in improving patient outcomes extremely
urgent to avoid mortality and minimize neurological consequences. Most strokes (87%) are
classified as ischemic (Donkor).

Figure 1 (above): In an ischemic stroke, a blood clot made of platelets and fibrin (frequently found in the carotid
arteries) is formed due to the accumulation of cholesterol. The clot restricts the movement of blood to the brain,
leading to loss of essential nutrients and cell death.

In this situation, an artery narrows or becomes completely blocked (Fig. 1), restricting normal
blood flow and depriving the brain of oxygen, glucose, and other valuable nutrients. An ischemic
stroke is caused by endothelial cell dysfunction, where the buildup of plaque or other substances
accumulate on artery walls, or embolism, where a thrombus induced by atherosclerosis travels
until it is lodged in a narrow artery. Clots are made of platelets and fibrin which accumulate in
the artery. The most common location for a narrowed or blocked artery is in the carotid arteries
(GimbroneJr). Currently, Tissue Plasminogen Activator (tPA) is the leading treatment for
ischemic stroke and is the only drug approved by the FDA for acute ischemic stroke, which
functions by activating the conversion of plasminogen to to plasmin, an enzyme responsible for
the breakdown of clots (Fig. 2). In hopes of increasing the precision of tPA administration and
reducing the exposure of the blood-thinner throughout the blood, few have attempted to
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selectively target the clot site, with limited
success. There remain major challenges in
emergency ischemic stroke treatment
including the inability of bench-side to
clinical trial candidates to deter the
coagulation cascade (the process by which
platelets and fibrin continue to accumulate
at the clot site), avoid risk of reperfusion
injury, and ensure tPA is administered
precisely. Accordingly, a novel, dualfunctioning clot removal and anticoagulant
system has life-saving implications.

Figure 2 (above): Tissue Plasminogen Activator is a serine protease found on endothelial cells, which functions by
cleaving the zymogen plasminogen at its Arg561-Val562 bond to form plasmin. Plasmin then breaks the cross-links
between fibrin molecules, effectively breaking apart the clot.

Engineering Goal
The aim of this research is to create a safe, effective, clot-specific, and anticoagulant system for
the immediate restoration of blood flow at the clot site. By engineering a microbubble-based drug
delivery system:
• tPA followed by anticoagulant drug Dicoumarol will be localized to the clot site.
• Peptides CGSSSGRGDSPA and GRGD will subsequently prompt the release of tPA upon
contact with fibrin and platelet surfaces, inducing the creation of plasmin to break up
platelets and fibrin.
• Fe₃O₄ nanoparticles conjugated with Dicoumarol will prohibit the coagulation cascade via
the inhibition of prothrombin and Factors VII, IX, & X.
Combined, these mechanisms offer the potential for a cohesive emergency ischemic stroke
therapeutic that rapidly dissolves a clot while minimizing the risk for reperfusion injury and other
complications.
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Methods
1. Use of Vitamin K Antagonist to Deter the Coagulation Cascade
The coagulation cascade is the process by which a blood clot is actively built. There are two
classifications of clotting cascades, hemostasis and pathologic thrombosis. Clots that are formed
as a result of atherosclerosis or the buildup of cholesterol are formed via pathologic thrombosis,
leading to the formation of a blood clot or severe “thrombus,” as in the case with ischemic strokes.
Thrombosis is a series of pathological conditions in which the clotting cascade is triggered within
the lumen of a blood vessel, leading to the formation of a thrombus. The cascade involves a series
of clotting factors, also known as serine proteases, which are enzymes that speed up the breakdown
of a subsequent protein. The two major pathways of the cascade are the intrinsic and extrinsic
pathways, which combine to form the common pathway. Figure 3 shows a summary of the
coagulation cascade.

Figure 3 (above): The Coagulation Cascade cumulates through a series of serine proteases, which rely on each other
to induce the creation of fibrin. Vitamin K is a key component for the development of prothrombin and 3 factors of the
cascade, hindering the development of fibrin and thus the “binding mechanism” of a thrombus.

Blood vessels are lined with endothelium, which are crucial for blood to freely move throughout
the body and supply vital nutrients. The endothelium consists of three thrombo-regulators– nitric
oxide, prostacyclin, and the ectonucleotides CD39– which maintain homeostasis in the body and
prevent the formation of thrombus in the arteries. The coagulation cascade leading to the
development of disease-induced thrombus is initially induced when the vessel wall or endothelium
6
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is disrupted, exposing them to flowing blood and triggering the activation of platelets and/or the
conversion of fibrinogen to fibrin (Verma, et al). Despite the importance of the coagulation cascade
in the accumulation of clots in the body, there has been no attempt in the development of
therapeutics to both break apart the clot while deterring the coagulation cascade. Thus, a
therapeutic that simultaneously cleaves the formation of fibrin and deters the accumulation of
platelets and fibrin would relieve a major challenge in the bench-side to clinical trial process.
Vitamin K plays a key role in the creation of prothrombin and factors VII, IX, & X in the
coagulation cascade. Vitamin K antagonist Dicumarol, a coumarin-like compound found in sweet
clover, was identified as a candidate that successfully inhibits the formation of fibrin via the
inhibition of the aforementioned factors. Of note, Dicumarol is easily replaceable in the design to
be fitted with other anticoagulant drugs, pending their safety and selectivity to certain factors in
the cascade. In final microbubble structure (Fig. 4), Dicumarol is released following tPA, ensuring
that the clot is broken apart while the coagulation cascade is deterred.
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2. Fabrication of the Dual Functioning Therapeutic Structure
The engineering of the novel, dual functioning, tPA and Dicumarol-loaded therapeutic (Fig. 4)
was broken down into a series of steps, initializing with the fabrication of the interior DicumarolFe3O4 nanoparticle system:
Figure 4 (below): Visual representation of the newly engineered microbubble system.
Figure 5 (left, top
inset): Enlarged
representation of
Fe3O4
nanoparticles
coated with
anticoagulant drug
Dicumarol.

Figure 6 (left,
bottom inset):
Enlarged version
of tPA found in the
microbubble
system.
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a) Synthesis of Interior Dicumarol-Fe3O4 Nanoparticles
Carboxylic-acid coated Fe3O4 nanoparticles provide several advantages for use as the particles in
the center of the microbubble drug delivery system. These include magnetic response, potential
for external control (via ultrasound or an alternative mechanism), and ability to add additional
layers without losing any of these desired properties (Fig. 5). To begin, 100 mg of Fe3O4
nanoparticles and 12 mg 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were dispersed
in 5 mL of PBS (pH 6.0), followed by sonication for 20 min. Next, the mixture was sonicated for
another 60 min after 10 mL of a CMCTS (carboxymethyl chitosan) solution (20 mg/mL) was
added. A carboxymethyl chitosan coated exterior serves as an intermediate, binding layer before
the addition of the anticoagulant drug. Then, CMCTS-modified Fe3O4 nanoparticles (100 mg) and
12 mg 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were placed in 5 mL of PBS (pH
6.0), followed by sonication for 20 min. The mixture was then sonicated for another 60 minutes
and purified by washing using a magnet and by several washes with PBS. Dicumarol was
subsequently loaded onto CMCTS-modified Fe3O4 nanoparticles by mixing 10ml of 400 µg/mL
CMCTS-Fe3O4 nanoparticles with 10ml of 200 µg/mL Dicoumarol, stabilized at room temperature
for 12 hours.
Figure 7 (left): Visual representation of preparation of Fe3O4 nanoparticles.

The final product was washed three times with PBS for purification. The shape
and size of the nanoparticles were determined by SEM, DLS; the structure was
confirmed via Attenuated Total Reflectance (ATR) FTIR spectroscopy (Fig.
8).
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b) Fabrication of SiO2-tPA Component
SiO2-tPA consists of the secondary layer encapsulating the drug-carrying Fe3O4 nanoparticles (Fig.
4, yellow exterior). SiO2-tPA offers a medium for continued tPA stability, and appropriate release
at the clot site. SiO2 was prepared by mixing 50 mL ethanol, 1 mL deionized water, and 1.5 mL
TEOS in a 250 mL four-neck flask in a 40°C water bath under mechanical stirring for 20 minutes
at 1500 rpm. Afterwards, 2ml of 25% NH4OH was added to the solution under stirring and reacted
for 20 minutes, followed by the addition of 60 mL of tPA (0.18 mg/mL) under stirring for another
6 hours. SiO2-tPA was isolated, and its successful synthesis validated by ATR-FTIR spectroscopy
(Fig. 9).
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the successful synthesis of SiO2-tPA
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c) Mass Magnetization Study
Comparison of the magnetic susceptibility of the newly purchased COOH-coated Fe3O4 with that
of the completed microbubble structure demonstrates that the final delivery system remains
magnetic, with a +/- 15 emu/g mass magnetization.

Mass Magnetization
(emu/g)

Carboxylic-acid coated Fe3O4
60
40
20
0
-20
-40
-60
-5,000-4,000-3,000-2,000-1,000

0

1,000 2,000 3,000 4,000 5,000

Field (Oe)

Mass Magnetization
(emu/g)

Final Microbubble Structure
15
5
-5
-15
-5,000-4,000-3,000-2,000-1,000

0

1,000 2,000 3,000 4,000 5,000

Field (Oe)

Figure 11 (above): Mass magnetization curves for initial carboxylic acid coated Fe 3O4 nanoparticles (left) and the
completed microbubble structure (right) demonstrate that the final delivery system remains highly magnetic.

d) DLS Particle Sizing

Figure 10a-c; DLS particle sizing of the progressive coating steps, beginning with the original COOH-Fe3O4 NPs
highlights growth from ~23nm to 41nm.
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3. Delivery and Functionality of Microbubbles with Preparation of Peptides for Platelet
and Fibrin Specific Adhesion
After the fabrication of the interior nanoparticles and SiO 2-tPA exterior, microbubble shells were
created via sonication of these components in 10mM SDS, according to the illustration in Fig.
12. Upon successful microbubble synthesis, they were cleaned in water, separated magnetically,
and mixed with equal volumes (350ul) of 0.05% chitosan (in water), to coat the microbubbles
with a protective chitosan layer. Each microbubble consists of a spherical shape with average
diameter of ~200um. Each successive synthetic step in the assembly process was supported by
ATR-FTIR spectroscopy (Fig. 14), SEM (Fig. 13), and DLS (Fig 10.)

Figure 12 (above): Visual representation of the fabrication of microbubble delivery system with sonication.
Figure 13 (below): SEM of engineered microbubbles.

A defining feature of the created
system is platelet and fibrin
specificity, to ensure the therapeutic
binds directly at the thrombus site,
instead of releasing in a nonlocalized manner. Such a structure
further provides the benefit of the
release of tPA and Dicumarol
without needless circulation in the
blood. The selection of fibrin and
platelet specific peptides were
synthesized based on several pieces
of recent literature. Integrin αIIbβ3
is expressed at high levels in
platelets and their progenitor cells, playing a central role in platelet functions, hemostasis and
arterial thrombosis. Thus, αIIbβ3 is a viable indicator of accumulated platelets presents at the
thrombus site. For specific binding to platelet αIIbβ3, the platelet binding peptide (PBP)
sequence CGSSSGRGDSPA (custom conjugated by GenScript) was conjugated to DSPE–
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%T

%T

PEG2000–Mal through thioether chemistry via the cysteine on the N-terminus of the peptide. For
the fibrin binding peptide (FBP) sequence, GRGD was conjugated to DSPE–PEG2000– NHS
through amide chemistry via the N-terminus of the peptide. The DSPE–PEG2000–PBP and
DSPE–PEG2000–FBP conjugations were confirmed via ATR-FTIR spectroscopy (Fig 14). The
peptides were then be attached to the chitosan-coated exterior of the previously fabricated
microbubble, completing the synthesis of the dual-targeting system, by combining the 700ul of
nanoparticles containing Dicumarol Fe3O4 nanoparticles and SiO2-tPA exterior. Figure 16
illustrates the full functionality of the engineered microbubble system. After thrombus-specific
peptides are localized to the clot site, tPA followed by Dicumarol is released, deterring the
coagulation cascade while breaking up the clot.
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Figures 14 (above): (A): Demonstration of the successful addition of CGSSSGRGDSP peptide in the DSPE PEG
MAL via ATR FTIR Spectroscopy (B): Demonstration of the successful addition of the GRGD peptide to DSPE
PEG NHS via ATR FTIR Spectroscopy

Figures 15(a-b) (left):Images of MMB Structure preparation for
bubbling.

13

Design of a Novel, Dual-functioning, Tissue Plasminogen Activator and Anticoagulant Therapeutic for
Rapid Ischemic Stroke Treatment

Platelets are activated by endothelial cell
dysfunction, coagulation cascade begins

Designed MMB Structures Bind to thrombus and Release tPA followed by
Anticoagulant Dicumarol, inhibiting the cascade and breaking the thrombus
Figure 16 (above): Full illustration of therapeutic function upon initiation if an ischemic stroke.

4. In-Vitro Clot Dissolution Using Vertical Channel Gel System
A vertical channel gel system composed of fibrinogen, thrombin, and agarose was developed to
validate the effectiveness of fibrin lysis based on the engineered structure. Fibrin is formed by
the reaction of fibrinogen and thrombin and was dispersed within the agarose gel with
homogeneity until it appeared pale white throughout the gel. First, a 15 mL solution of
fibrinogen containing 0.25 grams of fibrinogen was combined with a 0.5 mL solution of
thrombin containing 25 mg of thrombin, forming a solution containing fibrin. Next, the fibrin
solution was combined with a 30 mL agarose solution with 0.3 grams of agarose. Fibrin and
agarose were combined in a beaker and heated to boiling point, as the gel formation occurs once
the solution is heated and subsequently cooled. Before the gels solidified, 1.8 mL of the resulting
gel was placed in each channel, and then refrigerated for cooling. After solidifying overnight, a
timed, in-vitro study was completed using five orientations to determine the efficacy of the
engineered system (Fig. 18). 15 ul of each treatment (saline, free tPA, SiO 2-tPA, microbubbles
without the peptide, and microbubbles with peptide) were added to the top of each vertical
channel gel, for a total of 10 gels with 2 of each type. The gels were then incubated at 37°C and
observed over 12 hours, with measurements made nearly each hour, with the change fibrin area
observed (Fig 18). The results for the microbubble containing the peptide resulted in a ~20% of
the fibrin dissolved Fig. 17, (blue), which is nearly twice as high than free tPA (orange).
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Timed Study: In-Vitro Clot Dissolution
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Figure 17(above): Graph of in-vitro clot dissolution, where the x-axis shows time in minutes and the y-axis shows
percent dissolved. Figure 18 (below): Images of in-vitro vertical channel gel system of the final MMB structure, at 6
time intervals.
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5. Validation of Engineered Therapeutic Using Human Blood Clot Model
Figure 19 (left):
Visual diagram
illustrating the
procedure for the
human blood clot
model
experimentation.

The student researcher’s own blood was used to gauge the efficacy of the engineered tPADicumarol system. The targeted fibrinolytic activity of the nanocarrier system was evaluated by
a human fibrin plate assay. To best emulate the physical properties of a clot, over-the-counter
first aid BleedStop was used. BleedStop functions by enhancing the body’s natural clotting
mechanisms in blood, through the activation of platelets. To begin, 5 mg of BleedStop was
deposited on the bottom edge of the wells of a sterile 96 well plate. 30μL of the student’s blood
was pipetted onto the bottom of the well (Fig. 21b). After incubation for 30 minutes at 37 °C, the
BleedStop distributed along the edges of the well absorbed the blood to form a solidified “halo”
shape leaving the center clear and empty (Fig. 21c). 15μL of each of the fibrinolytic drugs to be
tested were added with a multichannel pipette and the degradation of the halo clots measured
straight after with a plate reader at 510nm from the absorbance of the blood starting to
progressively cover the center of the well. The extent of clot dissolution was measured by
absorbance (via a UV-Vis plate reader), due to the release of red blood cells upon thrombolysis.
The dissolution of the halo-shaped human blood clots was compared to that of free tPA versus
the MMB-SiO2-tPA after 1 hour of treatment at 37°C, with measurements made in 10-minute
increments. Figure 20 highlights how treated blood had the greatest absorbance, indicative of a
liquefied clot.
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Figure 20
(left) Graph
from UV-Vis
plate reader of
color intensity.
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Figures 21(ad): Images of
blood wells,
from left to
right: empty,
blood, halo,
treated.
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6. Discussions & Conclusions
In this research, a novel, targeted, and dual-functioning therapeutic has been designed as a rapid
emergency ischemic stroke treatment. First, a magnetic, Fe3O4 nanoparticle interior coated with
anticoagulant Dicumarol was created to deter the coagulation cascade, the process by which a
clot is actively rebuilt. A SiO2-tPA layer ensures that tPA begins to break apart the clot first.
After the addition of SDS, a microbubble structure was created via sonication, and platelet and
fibrin specific peptides CGSSSGRGDSPA and GRGD were conjugated to form the exterior
“arms” of the microbubble structure. The engineered system was found to be effective in both a
in-vitro vertical channel gel system and using human blood, showing that it is successfully able
to cleave fibrin and disrupt the accumulation of platelets at the thrombus site. Results via the
vertical channel gel system revealed the microbubble’s efficacy that was twice as successful in
dissolving fibrin as compared to free tPA, the existing gold-standard treatment. Further, an invitro model using human blood successfully demonstrated that a solidified clot rapidly liquifies
upon administration of the proposed therapeutic. Combined, both verification methods indicated
that a dual-functioning approach has potential to surpass the effectiveness and provide greater
safety than that of existing treatments.
7. Future Research
Thrombosis is a persistent issue playing a major role in heart attacks, deep venous thrombosis
(DVT), peripheral arterial thrombosis, acute myocardial infarction (AMI), and several others.
Thus, the engineered microbubble offers potential use in several of these conditions, enabling the
quick dissolution of the clot-site when administered intravenously. Furthermore, tPA is
occasionally used as a precursor to the use of a catheter for mechanical thrombectomy; this
innovation offers an option to replace tPA as a safer, more effective alternative. Future work
entails a study to examine the specificity of the system in the context of the broader bloodstream,
where accuracy can be fully assessed in the context of real-life administration. Similarly, the
real-time effects of Dicumarol would be able observable, to note the real-time effect on
deterrence of the coagulation cascade.
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Research Plan
Introduction:
Stroke is the second leading cause of death worldwide, with 15 million people suffering from its debilitating
effects each year (WHO). Of this impacted group, there is a 5.5 million mortality rate, with an additional
50% of survivors becoming chronically disabled (Donkor). Unfortunately, it is predicted that the prevalence
of strokes will only continue to increase in accordance with demographical changes, specifically because
the likelihood of stroke more than doubles for each successive decade after 55 years (Kuriakose, et al). By
2030, it is expected that 4% of the U.S. population will have had a stroke and that 12 million will die from
strokes each year (Lancet). Moreover, strokes among those aged 20-54 years increased from representing
12.9% to 18.6% of all cases between 1990 and 2016 (Donkor). This troubling forecast makes research in
improving patient outcomes extremely urgent to avoid mortality and minimize neurological consequences.
A majority of strokes (87%) are classified as ischemic (Donkor). In this situation, an artery narrows or
becomes completely blocked, preventing normal blood flow. This blockage can be caused by a blood clot
known as a thrombus. Alternatively, the blockage may be due to an embolism, where a blockage forming
elsewhere in the body travels to the brain and gets lodged in a narrow artery. Accordingly, such restricted
blood flow in an ischemic stroke is caused by a blood clot or by atherosclerosis, a disease in which the
build-up of fats, cholesterol, and other substances build up on artery walls. The most common location for
a narrowed or blocked artery is in the carotid arteries.
Currently, Tissue Plasminogen Activator (tPA) is the leading treatment for ischemic stroke and is the only
drug approved by the FDA for acute ischemic stroke. In hopes of increasing the precision of tPA
administration and reducing the exposure of the blood-thinner throughout the blood, few have attempted to
selectively target the clot site. However, a major challenge in the bench-side to clinical trial process has
been the inability of such candidates to deter the coagulation cascade, the process by which platelets and
fibrin continue to accumulate at the clot site. Accordingly, a novel dual-functioning clot removal and
anticoagulant system has life-saving implications.

Engineering Goal:
The aim of this research is to create a safe, effective, clot-specific, and anticoagulant system for the
immediate restoration of blood flow in ischemic stroke. By engineering a nanoparticle-based drug delivery
system, tPA followed by anti-coagulant drug Dicoumarol will be localized to the clot site. Upon contact
with fibrin and platelet surfaces, peptides CGSSSGRGDSPA and Gly-Arg-Gly-Asp will subsequently
prompt the release of tPA, inducing the creation of plasmin to break up pre-existing fibrin molecules. Next,
Fe₃O₄ conjugated with Dicoumarol will be released at the clot site, prohibiting the coagulation cascade via
the inhibition of Factor Xa (Jilani, et al).

Materials:
●
●
●
●
●

Platelet Specific Peptide CGSSSGRGDSPA (GenScript)
Fibrin Specific Peptide Gly-Arg-Gly-Asp peptide-conjugated chitosan (Sigma Aldrich
Fluorescent FITC-tPA (Innovative Research)
CMCTS (carboxymethyl chitosan)
Carboxylic-acid coated Fe3O4 magnetic nanoparticles solution (Sigma Aldrich)
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●
●
●
●
●
●
●
●
●
●
●
●

Dicoumarol (Sigma Aldrich)
Mesoporous silica nanoparticles (SiO2) (Sigma Aldrich)
DSPE-PEG(2000) Maleimide (Avanti Lipids)
DSPE–PEG2000–NHS (Avanti Lipids)
Denatured Reagent-grade Ethanol
25% Ammonium hydroxide (NH4OH)
Tetraethyl orthosilicate (TEOS)
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
PerkinElmer Frontier Attenuated Total Reflectance (ATR) FTIR Spectrometer
Scanning Electron Microscope
PSS NICOMP Dynamic Light Scattering (DLS) Zeta Potential and Particle Sizing System
SpectraMax 190 UV-Vis Plate Reader

Safety:
Fluorescent FTIC-tPA and Chitosan are among the reagents that must be handled with caution to avoid
contact with skin. All work with these reagents will take place under a fume hood, while the researcher
wears gloves, goggles, a mask, and a lab coat. All waste associated with these reagents will be collected
and disposed of, at the conclusion of the research, using Clean Harbors Waste Management. The student’s
sample blood products (i.e. plasma and red blood cells) will be used in a pre-cleaned, separate working
environment, while the student researcher wears appropriate personal protection. All blood products will
be treated with 2% bleach, prior to collection, and disposal (and incineration) at the Town of Greenwich
Waste Center.

Methods:
1. Fabrication of MMB-SiO2-tPA microbubbles with Interior Fe₃O₄–Anticoagulant System
Synthesis of the initial Microbubble (MMB-SiO2-tPA) structure will be completed, with modifications,
combining the methods of Guo, et al., and Wang, et al. This fabrication will be broken down into a threestep process, as follows:
I. Synthesis of Dicourmarol-Fe3O4 Nanoparticles
Carboxylic-acid coated Fe3O4 nanoparticles (100 mg) and 12 mg 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) will be dispersed in 5 mL of PBS (pH 6.0), followed by sonication for 20 min. Then,
the mixture will be sonicated for another 60 min after 10 mL of a CMCTS (carboxymethyl chitosan)
solution (20 mg/mL) is added (20 mg/mL). CMCTS-modified Fe3O4 nanoparticles (100 mg) and 12 mg 1ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) will be in 5 mL of PBS (pH 6.0), followed by
sonication for 20 min. Then, the mixture will be sonicated for another 60 min after 10 mL of 11 using a
magnet and purified by several washes with PBS. The shape and size of the nanoparticles 12 will be
determined by SEM and DLS. Dicoumarol will be loaded onto CMCTS-modified Fe3O4 nanoparticles by
mixing 10ml of 400 µg/mL CMCTS-Fe3O4 NPs with 10ml of 200 µg/mL Dicoumarol, at room temperature
for 12 h. The final product will be washed three times with PBS for purification.
II. Synthesis of the SiO2-tPA Component
SiO2-tPA will be prepared by mixing 50 mL ethanol, 1 mL deionized water, and 1.5 mL TEOS in a 250
mL four-neck flask in a 40°C water bath under mechanical stirring for 20 minutes at 1500 rpm. Afterwards,
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2ml of 25% NH4OH is added to the solution under stirring and reacted for 20 minutes, followed by the
addition of 60 mL of tPA (0.18 mg/mL) under stirring for another 6 hours. SiO 2-tPA will be isolated, and
its successful synthesis validated by ATR-FTIR spectroscopy.
III. Assembly of the Dicourmarol-Fe3O4-SiO2-tPA Microbubble
Next, with modifications from Chen et al, a mixture solution including 150 ul of SiO 2-tPA nanoparticles
(0.2 mg ml−1), 150 ul of anionic surfactant SDS (10 mM), and 400 ul of Fe3O4 nanoparticle (10 mg ml−1)
will be homogenized at 20,000 rpm for 3 min. After stirring, the nanoparticle-shelled microbubbles will be
stabilized overnight for close packing of nanoparticles and then purified with deionized water by magnetic
separation three times. Upon successful synthesis of the microbubbles, the microbubbles will be mixed
with an equal volume (350ul) of 0.05% chitosan (in water), to coat the microbubbles with a protective
chitosan layer. Each successive synthetic step in the above microbubble assembly process will be supported
by ATR-FTIR spectroscopy, SEM, and DLS.
2. Preparation of peptides for platelet and fibrin specific adhesion
The methods for the preparation of the platelet and fibrin-specific peptide are adopted from Sun et al. For
specific binding to platelet αIIbβ3, the PBP sequence CGSSSGRGDSPA will be conjugated to DSPE–
PEG2000–Mal through thioether chemistry via the cysteine on the N-terminus of the peptide. The FBP
sequence cyclo-AC-Y (DGI)C(HPr)YGLCYIQGK-Am (or alternative Gly-Arg-Gly-Asp) will be
conjugated to DSPE–PEG2000– NHS through amide chemistry via the N-terminus of the peptide. The
DSPE–PEG2000–PBP and DSPE–PEG2000–FBP conjugations will be confirmed via ATR-FTIR
spectroscopy. DHPE–RhB, cholesterol, and DSPE–PEG–peptide conjugates are dissolved in 1:1
chloroform: methanol and liposomal nanoparticles will be formed using the film rehydration extrusion
technique utilizing a pneumatically controlled extruder and 200 nm pore size polycarbonate membranes.
The liposomes will be extruded 5 times per bath preparation. The peptides will then be attached to the
chitosan-coated exterior of the previously fabricated microbubble, completing the synthesis of the dualtargeting system.
3. In-Vitro Validation of the Effectiveness of Fibrin Lysis and Penetration of tPA via Gel-Based System
A vertical channel gel system composed of fibrinogen, thrombin, and agarose will be developed to validate
the effectiveness of fibrin lysis. Fibrin is formed by the reaction of fibrinogen and thrombin were dispersed
within the agarose gel with good homogeneity and appeared pale white throughout the gel. The prevalence
of fibrin in 30-second increments will be observed via light microscopy, with the introduction of the tPA
containing microbubble to the system. Dissolution of the tPa containing microbubble will be measured via
fluorescence microscopy, looking specifically at the appearance/dissolution of the fluorescent-tPA active
component.
4. Confirmation of System Efficacy Using Human Clot Model
The student researcher’s own blood will be used in this research to gauge the efficacy of the engineered
tPA-Dicourmoal system. The targeted fibrinolytic activity of the nanocarrier system can be evaluated by a
human fibrin plate assay, per Huang et al. Halo-shaped human blood clots with an empty center will be
treated with different tPA formulations. First, droplets of the clotting mixture (Innovin+CaCl2) will be
deposited on the bottom edge of the wells of a 96 well plate. The clotting mixture
will be spread around the edge of the wells with the tip of a P100 micropipette containing 25μL of blood.
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The blood will slowly be released and mixed around the edge of the well, making use of the fluidic cohesion
effect. After incubation at 37 °C for 30 minutes (fresh clots) or 4 hours (aged clots), the clots will have a
homogenous halo shape at the bottom of the wells, leaving the center area of the well clear and empty. The
fibrinolytic drugs to be tested are added with a multichannel pipette and the degradation of the halo clots
measured straight after with a plate reader at 510nm from the absorbance of the blood starting to
progressively cover the center of the well. The extent of clot dissolution will be measured by absorbance
(via a UV-Vis plate reader), due to the release of red blood cells upon thrombolysis. The halo-shaped human
blood clots will be dissolved completely by free tPA versus the MMB-SiO2-tPA microbubbles with Interior
Fe₃O₄–Dicoumarol System after 1 hour of treatment at 37°C, with measurements made in 10-minute
increments (Bonnard, et al).
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