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Abstract

Deep vein thrombosis (DVT) affects up to 2 million people in the United States, and worldwide
incidence is 70 to 113 cases per 100,000 per year. Mortality from DVT is often due to subsequent
pulmonary embolism (PE). Precise diagnosis and treatment is thereby essential for the
management of DVT. DVT is diagnosed by a thorough history and physical examination followed
by laboratory and diagnostic tests. The choice of laboratory and diagnostic test is dependent on
clinical pretest probability. Available laboratory and diagnostic techniques mainly involve D-dimer
test, ultrasound, venography, and magnetic resonance imaging. The latter two diagnostic tools
require high doses of contrast agents including either radioactive or toxic materials. The available
treatment options include lifestyle modifications, mechanical compression, anticoagulant therapy,
inferior vena cava filter, and thrombolysis/thrombolectomy. All of these medical and surgical
treatments have serious side effects including improper clot clearance and increased risk of
hemorrhage occurrence. Therefore, research in this field has recently focused on the development
of non-invasive and accurate diagnostics, such as ultrasound enhanced techniques and molecular
imaging methods, to assess thrombus location and its treatment course. The frontier of
nanomedicine also shows high prospects in tackling DVT with efficient targeted drug delivery.
This review describes the pathology of DVT along with successive medical problems such as PE
and features a detailed listing of various diagnostic and therapeutic modalities that have been in
use and are under development.
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1. Introduction

Deep vein thrombosis (DVT) is defined as thrombi formation in the deep venous system.
Majority of the deep vein clots are subjected to thigh and lower leg veins that primarily
include iliac vein, deep femoral vein, popliteal vein, and calf vein (Landefeld 2008; Tovey
and Wyatt 2003). Thrombi or blood clots consist of coagulation factor, fibrin, and platelets.
Most often, thrombus is developed due to blood vessel wall damage or pathological process
that induces activation of coagulation factor, which causes accumulation of platelets and
fibrin (Ruggeri 2003; Schreijer et al. 2010). The thrombi may break or disintegrate from
their site of formation and form thromboemboli (Fig. 1) and travel to the lungs causing
pulmonary embolism (PE), to the heart causing myocardial infarction, and to the brain
causing stroke (Galson 2008). These events are life-threatening and deadly (Murray and
Lopez 1997). In addition, DVT is a progressive condition that may also cause post
thrombotic syndrome and recurrent venous thromboembolism (Vedantham 2009). Over 25%
of DVT patients also suffer from "Varicose veins', a medical condition in which superficial
veins abnormally elongate, dilate, and twist under high pressure (Goldman et al. 1994).
There are several causes and symptoms of DVT, which can be useful factors to consider in
taking preventive measures. This review briefly discusses the causes and effects of DVT and
highlights the advances in the diagnostic and therapeutic modalities.

Understanding the physiology behind DVT, especially at the molecular level, is essential for
designing an effective therapeutic strategy. Three major attributes involved in the
development and progression of venous thrombosis are vessel wall injury, venous stasis, and
elevated coagulability (Murray and Lopez 1997); together known as Virchow's Triad (Bates
and Ginsberg 2004). Vessel wall injury is caused by numerous factors including direct
trauma to the endothelium as a result of surgical procedures, low oxygen tension, and
exposure to endotoxins, inflammatory toxins, or tumor necrosis factors (Murray and Lopez
1997). Venous stasis is characterized by the gradual protracted blood flow from the lower leg
veins caused by long periods of immobility, high blood viscosity, and obstructions in the
blood vessels, which in turn prevents the clearance and dilution of activated coagulation
factors (Bates and Ginsberg 2004; Murray and Lopez 1997). Finally, elevated or hyper-
coagulability accounts for age, malignancy, and myocardial infarction along with the two
other major causes stated above (Goldhaber and Morrison 2002; Lowe 2002; Murray and
Lopez 1997; Tovey and Wyatt 2003). Several diagnostic and therapeutic techniques,
including invasive and non-invasive approaches, have been developed and used for many
years for the management of progressed DVT. The following sections discus the diagnostic
and therapeutic modalities that are in use, as well as those that are currently in research. The
list of diagnostic and therapeutic modalities for DVT is outlined in Fig. 2.

2. Diagnostic modalities for DVT

The detection and evaluation of thrombi involved in DVT is a critical step to determine
appropriate treatment options. Both serology and imaging modalities can be used for
diagnosis of DVT. Currently, serological markers play limited roles in prediction of DVT
(Hou et al. 2012). However, discovery of sensitive and specific serological markers will be
very useful for screening and diagnosis of DVT. The plasma molecules known as biomarkers
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of DVT include D-dimer, P-selectin, Factor VIII, thrombin generation, inflammatory
cytokines, microparticles, fibrin monomer and leukocyte count (Hou et al. 2012). A study
has demonstrated that diagnosis using a combination of D-dimer and venous
ultrasonography is more efficient (Hirsh and Lee 2002). Most often algorithmic strategy is
used in clinical setting to evaluate pretest probability. D-dimer test is the analysis of the
degradation product of cross-linked fibrin in thrombi, where acute venous thrombosis has
high levels (Adam et al. 2009; Scarvelis and Wells 2006). D-dimer analysis is a sensitive, but
non-specific blood marker for DVT. A negative D-dimer assay is considered equivalent to
negative ultrasound result and helpful in excluding DVT (Adam et al. 2009; Lowe 2002). In
addition to ultrasound, several other imaging strategies have been developed to visualize
thrombus formation, which are discussed in following sections. A brief description,
advantages, and limitations of these diagnostic modalities are also listed in Table 1.

2.1. Venography

Venography involves the use of a 4.5 MHz transducer over the suspected thrombus site on
the leg and injection of a contrast agent. Detection of the clot is based on the observation of
preventive blood flow within the vein. This technique has been in use for a while and also in
combination with other diagnostic techniques. Dilution of the contrast material in the
proximal lower limb, difficulties with venous access related to obesity, severe edema, or
cellulitis are some of the obstacles in the use of contrast venography (Line 2001). Although
venography provides a definite diagnosis, it is not commonly used due to several drawbacks
such as its invasive nature, high technical demands, high costs, and clinical risks such as
allergic reactions, renal toxicity, and morbidity (Hull et al. 1976). Computer tomography
(CT) is used to diagnose venous thrombosis in pelvic and abdominal venous system. The
administration of intravenous contrast agent involves its bioavailability to areas beyond the
region of the thrombus, thus enhancing toxicity and reducing specificity. CT pulmonary
angiography of the pulmonary arteries, prior to CT venography of the pelvic and lower
extremity veins, has shown potential in detection of concurrent DVT (Kanne and Lalani
2004).

2.2. Impedance plethysmography (IP)

IP measures electrical impedance to detect the blood volume change induced by obstruction
of the blood flow through veins. The blood volume changes are produced by the inflation
and deflation of the cuff around the limb. These changes in turn produce deviations in
electrical resistance, also known as impedance, around the areas containing thrombus.
However, IP is not specific for thrombotic obstruction to venous flow and tends to provide
false positive results. False positive results can be generated if the patient is positioned
incorrectly, the vein is compressed by a tumor like mass, or as a result of raised central
venous pressure (Line 2001). In comparison with venography, IP is more sensitive with
thrombosis in the proximal vein; however, fails to detect thrombosis within the calf (Hull et
al. 1976). Due to some of the limitations displayed by IP, Doppler ultrasound or duplex
scanning may be considered as better options, which is discussed later in this section.
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2.3. Magnetic resonance imaging (MRI)

MRI provides high spatial resolution and structural definition that aids in effective imaging.
MRI with enhanced contrast agents further enhances effectiveness of the imaging in the
absence of any gaseous substances (Line 2001; Wiethoff et al. 2010). Moreover, MRI can
distinguish old and new clots in the presence of high signal, but only with subacute
thrombosis (van Beek et al. 2003). However, this technique has low sensitivity in the case of
low concentrations of molecular markers. Amplified signals may be obtained through the
use of specific targeted nanoprobes that will be discussed in the section on nanoparticle-
based diagnostic approaches. MRI is the most expensive technique and may not be available
in emergency room settings (Line 2001). MR pulmonary angiography and MR venography
have also shown improved diagnosis of thrombus (Kanne and Lalani 2004).

2.4. Venous scintigraphy (VS)

VS uses radioactive contrast agents, such as 99MTc, to label the peptides that target the
molecular biology of thrombosis (Line 2001). The peptides, such as apcitide/P280, have the
ability to bind to glycoprotein I1b/Illa that is highly expressed in thrombi. In a clinical study,
the effectiveness of VS against venography was evaluated and showed that VS in the
presence of 9°MTc-labeled peptide was effective in diagnosis of acute DVT with high
sensitivity (Taillefer et al. 2000). This technique enhances the diagnosis of recurrent venous
thrombosis with improved visualization and reduces the occurrence of false-positive results.
However, the use of radioactive materials can be harmful to the human body and may cause
serious genetic disorders, especially when it is associated with long-term and repeated
exposure (Hosseinimehr 2009).

Another technique that uses radioactive material is radio-labeled fibrinogen scanning. 123I-
labeled fibrinogen scanning takes about 72 hours post injection to appear in the patient with
the established thrombosis, and yet may sometimes not appear at all (Atkins and Hawkins
1968; Hull et al. 1976). 131|-labeled fibrinogen has also been used in diagnosis of DVT
located in the lower extremities (Prescott et al. 1978). This technique displays low sensitivity
to thrombi present in the proximal femoral vein and iliac vein. Furthermore, it should not be
used in post-operated patients for diagnosis of DVT, as they might face the outcome of
labeled fibrinogen leaking into the surgical site (Hull et al. 1976).

2.5. Ultrasound

Ultrasound provides improved spatial and temporal resolution with 3D imaging and
capability of evaluation of dynamic physiological processes (Kaufmann and Lindner 2007).
Ultrasound techniques comprise a vast range of modalities that are used in diagnosis of
thrombi. (a) B-mode ultrasound or Doppler ultrasound is the standard test for DVT diagnosis
with a sensitivity and specificity of 91% and 85-100%, respectively (Mustafa et al. 2002).
(b) Compression ultrasound involves the use of a real time transducer that has a frequency of
3-7 MHz, and diagnosis is based on the collapsing of the thin lumen of veins to see if lumen
is collapsible. The portion of the lumen that prevents the collapse indicates the presence of
thrombi. This technique has a high sensitivity and specificity of above 95%. However, the
test is insensitive for calf vein thrombosis and needs repeated trials to have sufficient effect
(Wicky et al. 1994). (¢) Color duplex ultrasound or Duplex ultrasound is used as a
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conformational technique to verify the results obtained from compression ultrasound. Color
flow Doppler helps evaluate the flow patterns within the blood vessels (Richards et al. 1976;
Unger et al. 1998). (d) Combined ultrasound is combination of B-mode ultrasound and color
flow Doppler imaging. It is the most popularly used diagnosis technique for DVT as it
involves no pain and is very sensitive to the thrombus located above the popliteal vein
(Orbell et al. 2008). Ultrasound or ultrasonography is of minimum use in detection of new
thrombi within a post thrombotic limb.

Every diagnostic technique evaluated so far is associated with some limitations including
reduced detection accuracy with the increased depth, the inability to distinguish between
acute and chronic DVT, and occurrence of false-negative results when a patent vein parallels
an occluded one. Another undesirable outcome associated with compression technique is
that some freshly formed clots may emboli and travel into the bloodstream creating
occlusions in smaller blood vessels in lung, heart, and brain. Although several diagnostic
modalities have been developed, their advantages as well as limitations have been noted.
Research on more advances and cutting edge diagnostics is ongoing with a hope to provide a
better solution with improved and early diagnosis for those suffering from DVT.

3. Therapeutic modalities for DVT

Effective treatment is critical for DVT patients to enhance blood circulation and prevent
further progressive problems. Studies have shown that untreated or improper exclusion of
thrombus leads to progressive and recurrent DVT and other pathology conditions including
chronic symptoms of pain, swelling, and pain-associated mobility (Landefeld 2008). Several
treatment approaches have been developed towards reduction of venous thrombosis
including anticoagulation therapy with therapeutic agents such as low molecular weight
heparin (LMWH) and vitamin K antagonists (warfarin) (Labropoulos et al. 2008). Delivery
of therapeutic agents to the thrombus can be achieved in three different ways including
systemic delivery, local regional administration, and catheter-directed delivery (Alesh et al.
2007). Anticoagulant therapy with thrombolytic drugs is normally prescribed as a preventive
measure of DVT. These drugs have lower allergenicity and greater fibrin specificity and are
commonly known as blood thinners. However, they cause late post-thrombotic or post-
phlebitic syndrome that leads to low quality of patient life and eventual morbidity
(Vedantham 2009). LMWH is usually continued for a period of three months and thereafter
with dosage depending on the extent of thrombosis (Hirsh and Lee 2002). A study has
showed that long-term anticoagulant therapy with LMWH is more effective in cancer
patients suffering from DVT, resulting in few recurrent events (Lee et al. 2003).

Anticoagulation therapy, though capable of reducing thrombosis, is associated with
limitations of high cost, improper clot clearance (Landefeld 2008), and increased risk of
intracranial hemorrhage occurrence (Scarvelis and Wells 2006). Anticoagulant therapy is
often associated with critical contraindications such as severe bleeding as a result of low
platelet count, brain metastasis, and severe hypertension (Bates and Ginsberg 2004). The
absolute contraindications to anticoagulant therapy are hemorrhagic stroke, intracranial
hemorrhage, and gastrointestinal hemorrhage (Kaufman et al. 2006). The relative
contraindications include recent major surgery or trauma, uncontrolled hypertension, renal

Biotechnol Adv. Author manuscript; available in PMC 2016 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wadajkar et al.

Page 6

or hepatic disease, and positive guaiac stool test (Liu et al. 2012). The contraindication to
warfarin also includes pregnancy due to teratogenicity (Liu et al. 2012). Furthermore, in
some instances cancer has been considered as contraindication (Kaufman et al. 2006).
Anticoagulants such as fondaparinux with enoxaparin have also been tested, but these
medications did not show comparable results with heparin and warfarin (Bates and Ginsberg
2004; Buller et al. 2004). In patients with absolute contraindication or failure of
anticoagulant therapy, inferior vena cava (IVC) filter is used to prevent life threatening
events such as PE. Although IVC filter is effective in reducing DVT complications, there is a
3-5% recurrence rate (Kaufman et al. 2006). Furthermore, there are some complications
associated with insertion of IVC filter such as post-insertion migration and IVC thrombosis
and perforation.

To improve the therapeutic efficacies, local delivery of individual or combined therapeutic
agents has been prescribed for efficient and effective thrombolysis. Systemic administration
of therapeutic agents is associated with prolonged infusion times and high incidence of
partial thrombolysis (Alesh et al. 2007). To overcome the limitations of the traditional oral
drug therapies, endovascular catheter techniques to deliver the thrombolytic drugs directly
into the thrombus have been used successfully. The main advantage of these techniques is
minimizing the dosage requirement, thus reducing the side effects caused by the drugs, if
any. The different catheter and ultrasound-based therapeutic techniques are discussed in
following sections. A brief description, advantages, and limitations of these therapeutic
modalities are also listed in Table 2.

3.1. Catheter-directed intrathrombus thrombolysis (CDIT)

In CDIT, a fibrinolytic drug is directly infused into the venous thrombus via a multi-side-
hole catheter using imaging guidance. Delivery of drug in this manner may result in long-
term improved outcomes for DVT patients (Liu et al., 2011). One of the clinical studies used
urokinase as the therapeutic drug that was delivered to thrombus in the illiofemoral vein
(Semba and Dake, 1994). An efficient delivery of urokinase via CDIT showed significant
thrombus elimination with thrombus lysis rate of 72%. Another clinical trial used CDIT with
a 5-F straight catheter with ten side-holes (MVerhaeghe et al., 1997). This probe was
introduced via contralateral femoral vein and over the caval bifurcation. The tip was finally
positioned at the thrombus and the Alteplase drug was infused by an infusion pump.
However, stand-alone CDIT is not a user friendly treatment method and is perceived to have
safety limitations that precluded its use as the first-line DVT therapy (Day, 2003;
Vedantham, 2009).

3.2. Percutaneous mechanical thrombectomy (PMT)

A percutaneous catheter-based device is used in PMT, which contributes to thrombus
removal via fine thrombus fragmentation, maceration, aspiration, or a combination of these
methods (Vedantham et al., 2009). Thrombolysis using PMT is associated with advantages
such as short treatment durations, and minimum risk of hemorrhages compared to CDIT
(Kim et al., 2006). Unfortunately, currently available PMT devices cannot safely remove
enough thrombus (Kim et al., 2006; Vedantham, 2009).
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3.3. Pharmacomechanical catheter-directed thrombolysis (PCDT)

In PCDT, the thrombus is dissolved via combined use of CDIT and PMT (Vedantham et al.,
2009). Fibrinolytic drugs administered via CDIT render thrombus more susceptible to
mechanical fragmentation and removal, thereby dissolving clot fragments that could
otherwise embolize to the lungs. A clinical study compared the efficiency of CDIT and
combinational therapy, in which the thrombus in the popliteal vein was accessed by a 5-F
hydrophilic catheter along with a guide wire (Kim et al., 2006). Venograms were taken with
the use of iodine as a contrast agent. PMT was performed with a 6-F AngioJet rheolytic
thrombectomy catheter and was then followed by CDIT procedure that used a multi side-
hole infusion catheter. However, this technique involves limitations of both CDIT and PMT
techniques as described earlier such as stroke, gastrointestinal bleeding, primary or
metastatic central nervous system malignancy and coagulation (Kim et al., 2006; Vedantham
et al., 2009).

3.4. Ultrasound catheter based thrombolysis

Ultrasound-based technology has been used in catheter-based clot removal devices. A
catheter that emits low power ultrasound energy during the drug infusion, loosen fibrin
strands and thereby enhance fibrinolytic drug dispersion, has shown potential to speed up the
thrombolytic therapy with minimal additional mechanical perturbation of the vein (Parikh et
al., 2008). However, this technique also has disadvantages of catheter-based thrombolytic
techniques.

Based on the overview of the advantages and drawbacks of current diagnostic and
therapeutic systems, the need of modalities that provide more specific and accurate
diagnosis and local treatments without systemic side effects, is of critical importance. In
specific, nano- and microsystems have been developed and used in recent years. These
systems have not only shown precise targeting at the cellular level, but also overcome
limitations and reduce side effects of conventionally used modalities. The development of
nano- and microtechnology in this area is highlighted in the following section.

4. Nanoparticle and microbubble-based systems for DVT

Current detection and treatment methods for DVT have mixed results due to their
ineffectiveness as stand-alone systems. To overcome the limitations of conventional
modalities, recent developments on nano- and microparticles have been investigated and
provide some hope on the potential breakthrough of DVT detection and treatment
(McCarthy et al. 2009). Natural microparticles known as “cellular dust” released during
cellular activation or apoptosis should not be confused with artificial microparticles
(Campello et al. 2011; Hou et al. 2012; VanWijk et al. 2003). In this section, artificial micro/
nanoparticles will be discussed in detail.

Immense research advances have taken place in the field of micro/nanotechnology,
especially related to the diagnosis and therapy of cardiovascular diseases. Nanoparticle
systems are concomitant with several advantages such as: (a) nanoparticles have the ability
to both diagnose and treat the thrombus. (b) Owing to the small size that ranges from 50 to
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500 nm, particles are capable of travelling through small diameter blood vessels located in
the lower leg, as well as bypassing needless obstructions and thus reaching the targeted
thrombus site. (c) Nano-diagnostic systems can also travel to a wider area within the leg,
thus enabling visualization onto a larger area unlike the localized focus obtained by use of
traditional ultrasound. (d) Functionalized particles with target specific ligands may be
synthesized that provide enhanced specificity over the targeted clot formation in the blood
vessel. (e) Properties of nanoparticle coating can be altered to achieve a desired drug release
profile for efficient and timely dissolution of clots. (f) A multifunctional particle system can
be designed to serve several tasks including targeting, visualization/imaging, dissolving
thrombi, as well as detecting inflammation and injury of the blood vessel caused by clot
detachment. The outline of multifunctional nanoparticles for DVT management has been
represented in Figs. 3 and 4. Moreover, the types of nanoparticles and microparticles along
with their applications, advantages, and limitations are listed in Table 3.

4.1. Nanoparticles for DVT diagnosis

Although nanoparticles have been used to diagnose and target the vascular endothelial
dysfunction (lkuta et al. 2008; Simone et al. 2009), their use in DVT detection and therapy is
not much studied and has only been reported in a few studies. For instance, two multimodal
thrombus-targeted nanoparticles, exhibiting either covalent or non-covalent binding to
thrombi, were developed to monitor and detect the thrombogenesis and fibrinolysis
(McCarthy et al. 2009). To formulate these nanoparticles, cross-linked iron oxide
nanoparticles were synthesized and conjugated with GNQEQVSPLTLLK and
GPRPPGGSKGC peptides that specifically target factor X111 (FXII1) and fibrin,
respectively. Prior to peptide conjugation, nanoparticles were functionalized with Vivo Tag
680 and Cy7 separately. These composite functionalized particles can be detected by both
MRI and optical imaging modalities. /n7 vitroimaging efficiencies, in the presence of blood
clots, were analyzed via fluorescence and MRI. Testing of imaging efficiency was extended
to /n vivo studies within injured jugular veins in mice. Both studies displayed improved
binding tendencies of the nanoparticles onto the thrombus. However, these agents utilized
two spectrally distinct fluorescence channels, which make the system complicated.
Moreover, the iron oxide nanoparticles have shown some degree of toxicity /n vivo.

Nanoparticulate MRI contrast agents were also synthesized by several groups to enhance the
specificity and sensitivity of MRI in diagnosis and detection of thrombus at the molecular
level. Fibrin targeted nanoparticle system was synthesized, which was comprised of a lipid
shell encapsulating perfluorocarbon and gadolinium-diethylenetriaminepentaacetic acid
(Gd-DTPA) complexes embedded in the shell (Winter et al. 2003). They utilized anti-fibrin
antibodies that are capable of attaching themselves over cell aggregates expressing fibrin.
Electron microscopy analysis on in vitro clot studies showed aggregation of nanoparticles
over the clot surface, thus suggesting enhanced detectability. MRI testing further proved the
capability of these nanoparticles to enhance the signal contrast over the clot surface
(Vymazal et al. 2009; Yu et al. 2000). Moreover, Gd-DTPA-bisoleate and Gd-DTPA-
phosphatidyethanolamine were synthesized and their relaxivities were studied. The latter
batch of nanoparticles showed improved ion and particle relaxivity and also represented
strong binding to the thrombus surface via anti-fibrin antibodies (Winter et al. 2003).
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Furthermore, targeted perfluorocarbon nanoparticles were also prepared in a study to aid in
molecular imaging of thrombi (Marsh et al. 2007). These nanoparticles were composed of
biotinylated phospholipid. The target-specific acoustic nanoparticles were evaluated for their
imaging efficiency, based on the concentration at the target. Cell studies performed to test
the targeting efficiency show enhanced echogenicity for the cell surface. These particles
provided enhanced acoustic contrast, thus providing better visualization of the clot along
with the ultrasound.

4.2. Microbubbles for DVT diaghosis

Microbubbles have long been considered as interesting contrast agents for ultrasound.
Microbubbles are comprised of gas or air medium in the core. Their potential as ultrasound
contrast agents is due to the fact that they oscillate on receiving an ultrasound input. Bubble
compression occurs during the pressure peaks while expansion takes place during the nadirs
of the ultrasound wave. Stability of the bubble is very essential for it to be used as a contrast
agent. Bubble stability depends on several factors that may be broadly divided into gas
characteristics and polymer shell properties. The gas characteristics include the stability,
solubility, and diffusion tendency of the gas, while the polymer shell properties include the
type of the polymer, thickness of the shell, porosity characteristics, and surface modification
(Plesset and Sadhal 1982; Unger et al. 1998).

Microbubbles, while traveling through the blood vessels, can be imaged using ultrasound,
leading to their use in imaging of the diseased endothelium or thrombus formation. Imaging
of thrombosis can be enhanced by either conjugating specific targeting ligands over the shell
surface or modifying the shell components to enhance its specificity to the abnormal cells in
the blood vessel or damaged endothelium. Successful targeting of damaged endothelium and
thrombi has been shown in the presence of receptors such as intra-cellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), as demonstrated
by /n vitroand in vivo studies (Kaufmann and Lindner 2007; Unger et al. 1998). In addition,
Abciximab, a monoclonal antibody against glycoprotein Ilb/Illa, conjugated immunobubbles
have been synthesized by activating the phospholipid shell of the microbubbles (Alonso et
al. 2007). This antibody has long been used as a platelet inhibitor and is proved to be an
effective targeting agent for thrombi. The conjugated microbubbles, along with ultrasound
imaging, have shown potential for molecular imaging of clots with steady binding to platelet
aggregates observed during /n vitro studies. /n vivo studies, within the carotid arteries of
rats, demonstrated clear visualization of platelets in thrombi compared with a control group.
The main advantage of conjugated microbubbles is that they provide more specific targeting
of platelets expressing activated glycoprotein 11b/Illa receptors (Alonso et al. 2007;
Schumann et al. 2002).

Another interesting thrombus specific microbubble describes the incorporation of an
ultrasound contrast agent (MRX-408) covalently bound over a lipid composite (dipalmitoyl
glycerol succinate), forming a resultant aerosome microbubble (Unger et al. 1998).
Significant /n vitro studies were performed within an acoustic flow chamber that revealed
efficient targeting of the composite microsystems over the blood clot. The study showed an
improved enhancement of the clot area compared to that of unconjugated particles.
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MRX-408-conjugated particles provided over an approximately 9-fold increase in clot
visualization. However, this system had a limitation of decreased contrast enhancement in
the older thrombi. The degree of contrast enhancement depends primarily on the
concentration of the microbubbles attached to the clot, which eventually reduces with time.
Fortunately, this contrast enhancement dependence characteristic is useful in differentiation
of thrombi based on the time of occurrence (Takeuchi et al. 1999; Unger et al. 1998).

4.3. Nanoparticles for DVT treatment

Nanoparticles have also been used to treat the vascular endothelial dysfunctions (Ikuta et al.
2008); however, their use in DVT therapy is rarely studied. In a study, PEGylated
polyamidoamine dendrimeric nanocarriers were synthesized for DVT treatment with
increased half-life of LMWH (Bai and Ahsan 2009; Bai et al. 2007). The increased half-life
further improved the pulmonary absorption of heparin. Dendrimers have useful physical and
chemical properties for the encapsulation and delivery of therapeutic agents based on
electrostatic interactions, hydrophobic attractions, or hydrogen and covalent bonding.
Furthermore, increased bioavailability of a therapeutic agent is essential for enhanced and
effective clearance of thrombi. Few studies used polymeric nanoparticles to enhance the
availability of heparin within the system. For oral drug delivery of LMWH, Tinzaparin
encapsulated polyester/polycationic polymethacrylate nanoparticles were prepared by a
double emulsion technique (Hoffart et al. 2006). The release and pharmacokinetic studies on
these nanoparticles showed their potential in enhancing the availability of the therapeutic
agents. Moreover, oral delivery of these particles helped overcome the drug—drug interaction
caused by administration of warfarin. Another study involved the synthesis of biomimetic
solid lipid nanoparticles for oral bioavailability enhancement of LMWH (Paliwal et al.
2011).

In our laboratory, we had synthesized poly(lactic-co-glycolic acid) (PLGA) nanoparticles
aiming at an increased therapeutic advantage towards thrombi reduction. In brief,
biocompatible, biodegradable PLGA nanoparticles were synthesized by a standard double
emulsion technique (Shah et al. 2011). These nanoparticles were about 150-200 nm in
diameter with polydispersity index of 0.054 (Fig. 5). Nanoparticles were then loaded with
collagenase as a thrombolytic drug model with a loading efficiency of 63%. From drug
release studies, it was observed that there was a burst release of the collagenase followed by
a sustained release. Moreover, the bioavailability of the collagenase was studied by
quantifying the degree of thrombus reduction /n vitro. A 54% weight loss of the clots was
observed after 80 minutes of incubation with the therapeutic particles. The preliminary
studies performed in our lab led to the conclusion that these nanoparticles may have
potential applications in DVT management.

5. Future outlook and conclusion

Polymeric nanoparticles containing a fluorescent agent within its core along with thrombi
reducing therapeutics and dual targeting potential (targeting both the thrombus and the
damaged endothelium) may be a prospective development in this research milieu. For DVT
management, multifunctional PLGA nanoparticles loaded with indocyanine green (a near

Biotechnol Adv. Author manuscript; available in PMC 2016 November 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wadajkar et al.

Page 11

infrared dye) for fluorescence imaging and brinase molecules (anti-thrombolytic enzymes)
for therapy have been proposed (Saxena et al. 2004). Nanoparticles could also be conjugated
with thrombi-specific GPRPPGGSKGC peptides for targeting the activated factor XIlII
(FXIlI1a) (McCarthy et al. 2009) and GP1b for targeting damaged endothelium with specific
binding to P-selectin (Burgess et al. 2000). GPRPPGGSKGC is a fibrin—avidin peptide that
inhibits fibrin thrombin clotting, thus increasing resistance to proteolysis. Another area that
might show prospective treatment efficiency is in the use of gene therapy and stem cell
therapy. Mutations in prothrombin and factor V gene are associated with high risk of DVT
(Simioni et al. 2000), which might be treated using an effective gene delivery system.
Several modes of diagnosis and treatment techniques have been developed and are still under
investigation. Of those, nanotechnology has shown improved diagnostic potential and
therapeutic ability for not only cardiovascular disorders, but also the biomedical field as a
whole. Due to high incidence rate of DVT worldwide and the morbidity and mortality
associated with it (Chandra et al. 2009; Silverstein et al. 1998), highly advanced methods to
avoid the occurrence of DVT, as well as improved and efficient techniques for diagnosis and
treatment of DV/T, are of critical importance. The US Food and Drug Administration (FDA)
has approved some drug delivery nanoparticles such as PEGylated liposomal doxorubicin
(Doxil), liposomal daunorubicin (DaunoXome), and albumin bound paclitaxel nanoparticles
(Abraxane) (Bharali and Mousa 2010). However, their use in DVT management has not yet
been studied extensively. Moreover, several therapeutic agents have gone through or are
currently in clinical trials (Table 4) (NIH 2012), which can be incorporated within
particulate systems for target specific and efficient DVT diagnosis and therapy. If done so,
this will be a paradigm shift in the DVT management.
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Fig. 1.
Development and progression of DVT adjacent to a vessel valve (left) and at the site of

damaged endothelium (right). DVT clot bends in the direction of blood flow and
disintegrates from the site, resulting in PE.

Biotechnol Adv. Author manuscript; available in PMC 2016 November 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wadajkar et al.

Fig. 2.

D-dimer test

Venography

P

CT,MRI,
Ultrasound

Vs

Nanoparticles,
Microbubbles

Combinational

diagnosis

Deep Vein Thrombosis (DVT)

Diagnostic | Therapeutic
Tools \ Modalities

- (|| | — -

)

T
LS

Diagnostic and therapeutic modalities for deep vein thrombosis.

Biotechnol Adv. Author manuscript; available in PMC 2016 November 16.

Anti-coagulants,

IVC filter

‘ CDIT
‘ PMT
‘ PCDT

‘ Ultrasound

‘ Nanoparticles

‘ Combinational

therapy

Page 16



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wadajkar et al.

O Nanoparticle material
Y Antibodies

~ Peptides

®  Contrast agents

S Therapeutic agents

Ld
\\ 5
~ Ld

Nanoparticles ~ 57

Blood clot/thrombus\‘

Fig. 3.
Multifunctional nanoparticle system with target specific, diagnostic, and therapeutic

capabilities for DVT management.
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Nanoparticle Material: phospholipids, iron
oxide, dendrimers, polyester, polycationic
polymethacrylate, PEG, PLGA

Antibodies: Glycoprotein-1b

Peptides: GNQEQVSPLTLLK. GPRPPGGSKGC

Contrast agents: Vivo Tag 680, Cy7.
perflurocarbon, gandolinium-based
compounds, indocyanine green
Therapeutic agents: LMWH, tinzaparin,
warfarin, doxorubicin, collagenase, brinase

Fig. 4.
Multifunctional nanoparticles depicting various components used in nano based diagnosis

and therapy.
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Fig. 5.

PLGA nanoparticles for a potential DVT therapy. SEM of PLGA nanoparticles (left).
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Collagenase release from PLGA nanoparticles and bioavailability of collagenase showing

loss in the clot weights (right).
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Diagnostic modalities for DVT.

Table 1

Page 20

Modality

Description

Advantages

Limitations

Ref

D-dimer test

Venography

CT

MRI

VS

Ultrasound

Analysis of degradation product
levels of fibrin blood clot

Contrast agent with an external
transducer; observation of
preventive blood flow

Electrical impedance detects
blood volume changes due to
cobstruction in flow

Contrast medium based technique

Enhanced contrast agents instead
of gaseous substances; requires
specific targeted nanomarkers

Radioactive contrast agent
(99™Tc)-labeled peptides for
thrombus targeting

B-mode/doppler, compression,
color duplex, and combined
ultrasound

Simple; direct combinational
algorithm

Widely used; improved
potential especially with
combination methods; high
accuracy

More sensitive compared to
Venography

Potentially detects concurrent
DVT as stand-alone technique

High spatial resolution and
structural definition; can
distinguish old and new clots

High sensitivity; improved
visualization

High spatial and temporal
resolution; no pain

Inaccurate; depends on patient
condition

Invasive; high costs; risks — allergy,
renal dysfunction, morbidity;
inaccurate in low limb thrombosis;
accessing difficulty in obesity, edema,
cellulitis

Not specific; false positive results due
to variation in position, pregnancy,
tumor; fails to detect calf thrombus

Rarely used due to intravenous
administration of contrast medium

Molecular marker concentration
dependent sensitivity, most expensive
technique

Toxicity due to radioactive materials;
time consuming

Rare use in new thrombi detection
within post thrombotic limb

10, 12-14

15-17

15,16

17

15,17-19

15, 16, 20-23

24-29
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Table 2
Therapeutic modalities for DVT.
Modality Description Advantages Limitations Ref
Anti-coagulant medication  Blood thinners; heparin, Low allergenicity and high Late post-thrombotic 1,79 12,
warfarin, LMWH, fibrin specificity syndrome; risks — hemorrhage, 13, 30-35
combinational drugs severe bleeding, severe
hypertension; eventual
morbidity; high cost
IVC filter Implantable device to prevent Effective in reducing DVT Post-insertion migration 33
PE complications such as PE complications; IVC
thrombosis and perforation
CDIT Fibrinolytic drug infused into High lysis rate; long term Safety problems 7,36-39
the thrombus by a multi-side- improved outcomes
hole catheter using imaging
guidance
PMT Percutaneous catheter to remove  Low concentration of lyric Unable to safely remove 7,40, 41
thrombus by fine thrombus drugs; minimum risk of enough thrombus; risks —
fragmentation, maceration, hemorrhages compared to stroke, gastrointestinal
aspiration, or in combination CDIT; short treatment bleeding, primary or
durations metasratic CNS malignancy
and coagulation
PCDT Combined use of CDIT and Advantages of both CDIT limitations of both CDIT and 40, 41
PMT and PMT PMT
Ultrasound Catheter-based clot removal; Reduced time; minimal Includes drawbacks of catheter 42

emits low power ultrasound
energy to loosen fibrin strands
along with drug infusion

drug use; reduced
mechanical perturbation of
vein

methods
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Nanoparticle- and microbubble-based systems for DVT.
System Application Advantages Limitations Ref
GNQEQVSPLTLLK and GPRPPGGSKGC conjugated iron  FXIII and fibrin Multifunctional Complicated 43
oxide nanoparticles targeting, MRI via capability and imagery systems;
Vivo Tag 680 and improved binding to some level of in
optical imaging Cy7  thrombi vivo toxicity
Lipid based perfluorocarbon and Gd-DTPA complex Targeting of cell Improved signal - 46 - 48
conjugated with anti-fibrin antibodies aggregates contrast, ion and
expressing fibrin particle relaxivity, and
enhanced detectability
Biotinylated phospholipid perfluorocarbon nanoparticles Molecular imaging Enhanced echogenicity, 49
of thrombi acoustic contrast and
target specificity
ICAM-1 and VCAM-1 conjugated microbubbles Ultrasound imaging Successful targeting of ~ — 24,27
of thrombi thrombi
Abciximab conjugated phospholipid microbubbles Molecular imaging Specific contrast - 51, 52
of clots by steady administration and
binding to platelets targeting of platelets
MRX-408 incorporated aerosome microbubble Ultrasound imaging Efficient targeting and Microbubble 27,53
of thrombi improved enhancement  concentration
dependent
contrast
enhancement
PEGylated polyamidoamine dendrimeric nanocarriers Thrombi clearance Improved pulmonary - 54, 55
with increased half- absorption and
life of LMWH bioavailability of
heparin
Polyester/polycationic polymethacrylate nanoparticles Oral delivery of Enhanced availability Rapid clearance 56, 57

LMWH and
Tinzaparin for
thrombi treatment

and overcomes drug—
drug interaction

of small sized and
no functionalized
nanoparticles
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Clinical trials of therapeutic and diagnostic modalities for DVT management.

Page 23

Therapeutic / diagnostic modality

Description

Possible outcomes

Status

Low molecular weight heparin
Fondaparinux sodium and Un-
fractionated heparin

Warfarin

Dalteparin and Warfarin

Dalteparin sodium injection

Clopidogrel

Tinzaparin sodium

Rosuvasratin and Enoxaparin

Catheter-directed thrombolysis

D-dimer and Ultrasound

Doxil, DaunoXome, or Abraxane

Anticoagulant for DVT in cancer
patients

Evaluate the efficacy in subjects with
acute symptomatic DVT

Oral anticoagulant for idiopathic
DVT

Anticoagulant for effective catheter
preservation

Anticoagulant for long-term
treatment of DVT

Inhibit platelet aggregation in
coronary artery stent thrombosis

Anticoagulant for long-term
treatment of proximal venous
thrombosis

Prevention of DVT occurrence based
on inhibition of HMO-co-A
reductase (statin)

DVT treatment

Diagnosis of DVT

Liposomal nanoparticle formulations
for possible use for DVT
management

Recurrent DVT/PE, bleeding

Recurrent venous

thromboembolism, hemorrhage

Recurrent DVT/PE, bleeding

Prevalence of genetic
polymorphisms influencing
pharmacokinetics

Recurrent venous
thromboembolism, bleeding

Development of DVT

Bleeding, prevalence of vein
anomalies, underlying
thrombophilia

Phase IV recruiting

Phase 111 completed

Phase IV completed

Phase Il completed

Phase 1V completed

Phase IV completed

Phase IV completed

Phase IV recruiting

Ongoing, not recruiting

Completed
FDA approved
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