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ABSTRACT 

 Colloids carrying payloads of medication have become a popular drug delivery approach. 

Since it is not always possible to rely on blood circulation to distribute the colloids to the target 

site in the body, researchers seek to develop methods of controlling colloid movement. We 

advance the development of a magnetic system that moves colloids using a canted rotating 

magnetic field. Beads containing superparamagnetic iron oxide crystals assemble into wheel-like 

structures that rotate in alignment with the field and roll via wet friction along adjacent surfaces. 

These micro-wheels ( wheels) are suitable for drug delivery. We utilize wheels to deliver tissue 

plasminogen activator (tPA) to a blood clot. tPA can be used to treat stroke but is rarely used 

because it can cause hemorrhaging. We show that wheels functionalized with tPA combine 

mechanical and biochemical mechanisms to achieve enhanced fibrinolysis over that of soluble 

tPA at therapeutic concentrations. wheels conjugated with an effective tPA concentration of 3.6 

g/mL degrade fibrin twofold faster than soluble tPA at 10 g/mL. wheels are an effective 

fibrinolytic because of their ability to target, penetrate into and concentrate at a clot. Here, we 

show that wheels powered by a magnetic field are capable of exiting a laminar flow field and 

entering a connecting blocked channel. These experiments suggest that the wheel translational 

mechanism is robust enough to navigate vasculature in order to target occlusions. Finally, we use 

total internal reflection microscopy (TIRM) to characterize the mechanism of wheel translation. 

A sphere translating against a glass slide under influence of the magnetic field is 8λ ± 3λ nm 

from the slide. The gap distance can be affected by changing the load force on the wheel or 

electrochemical interactions between the wheel and surface, suggesting that wheel interactions 

with vasculature will be tunable. The wheels used herein are a novel and exciting drug delivery 

system whose potential applications are not limited to treating stroke.  
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CHAPTER 1 : INTRODUCTION  

 The push for medications that combat disease, morbidity and mortality has led to the 

development of chemical, biochemical, and synthetic drugs designed to improve human life 

expectancy and quality of life. Every year, more than 800,000 people have strokes in the United 

States alone. Of those, 140,000 are fatal, and many more leave their victims physically, mentally 

or emotionally disabled [1]. Despite that stroke is the third leading cause of death and the 

primary cause of morbidity in the U.S. [1], there are few methods of treating stroke at the point 

of incidence. The most prevalent method is through injection of tissue plasminogen activator 

(tPA) which is effective at removing thrombi, but which can cause hemorrhaging if administered 

outside the therapeutic window [2]. One approach to mitigating the negative side effects of drugs 

that are or can become toxic is by delivering the drugs with high specificity to their intended site 

of action via colloidal drug delivery systems (CDDS).   

1.1 Colloidal and Magnetically Engineered Drug Delivery Systems 

Colloidal drug delivery systems (CDDS) are useful because of their ability to carry 

payloads of medication to the site of a pathology. Colloids such as polymeric micelles and 

liposomes can incorporate a drug and protect it from clearance or degradation until it reaches its 

target site [3]. Furthermore, specificity of interaction within the body can be effected via surface 

functionalization of the colloids themselves. However, binding between systemically injected 

colloids and their intended target occurs at low efficiency if transport throughout the body 

depends on blood flow [4]. Even locally injected particles are often cleared before they deliver 

their payload [5]. Researchers have sought to enhance targeting by developing mechanisms of 

colloidal locomotion [6]. Various self-propelling colloidal swimmers have been designed in 

order to navigate the low Reynolds number (Re) environment in the body, where viscous forces 
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dominate [7, 8]. The difficulty is that most propulsion mechanisms depend on specific conditions 

which are difficult to replicate in vivo. Catalytic swimmers require fuel (which is often toxic to 

biological systems) to swim, and a concentration gradient to steer [9]. Micro and nano-scale 

motors and locomotive machines still require a power source to move. Electrical stimulation 

suffices, but is not typically a viable option in the body.  

Magnetic nano- and microparticles are particularly promising as an effective and viable 

drug delivery system. Particles containing superparamagnetic iron oxide crystals have several 

inherent advantages over other colloids. They are biocompatible and are easily cleared by white 

blood cells in the body’s iron metabolic pathways in the kidneys and spleen [10]. Additionally, 

magnetic resonance imaging (MRI) can contrast the iron crystals contained in the colloids, 

offering the potential that an in vivo drug delivery event could be monitored in real time during 

execution [3]. Furthermore, superparamagnetic crystals are easily manipulated by magnetic 

fields, which allows the particles they comprise to be directionally controlled [11]. Since 

magnetic fields do not attenuate in the body, magnetic manipulation is a robust mechanism for in 

vivo directional control. Like most colloids, magnetic nano- and microparticles are easy to 

manufacture in sizes ranging from tens of nanometers to several microns in diameter, and their 

surfaces can be readily functionalized with chemical and biochemical compounds [3]. The many 

advantages of magnetic colloids make them an attractive avenue for innovation in drug delivery.  

Magnetic colloids are not without their disadvantages. Because of their magnetic nature, 

they tend to aggregate when subjected to a magnetic field for a long period of time [3]. It is 

necessary to note, however, that agglomeration in polymeric colloids containing 

superparamagnetic iron oxide crystals is completely reversible. Once the magnetic field is 

removed, aggregates will spontaneously disassemble into their constituent particles. Most 
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colloids containing superparamagnetic iron oxide crystals contain them in polymeric matrices or 

shells in order to prevent lasting magnetic interactions between the crystals themselves [3]. 

Despite the promise of directional control and enhanced targeting via magnetic 

manipulation, there has been little success in demonstrating feasible magnetically driven 

locomotion in vivo. Schemas relying on magnetophoretic motion require steep field gradients 

(10-6 T2/m) and strong magnetic fields (order Tesla) [12]. Since magnetic field strength decays as 

the square of the distance from the source, it is difficult to achieve field strengths capable of 

inducing magnetophoresis in the body. Alternative mechanisms for directional control have been 

demonstrated in vitro, but with little transferability to in vivo systems [13] 

Tasci et al. recently demonstrated micro-wheel ( wheel) locomotion that does not rely on 

magnetophoresis and that can achieve high translational velocities with precise directional 

control [14]. Superparamagnetic particles spontaneously assemble into wheel-like structures 

when subjected to a rotating magnetic field because of induced anisotropy. When the magnetic 

field is canted with respect to the horizontal, the wheels align with the field and continue to 

rotate, and begin to translate as though rolling. The mechanism of translation will be discussed in 

further detail in Chapter 4.  

The advantage of a translation mechanism that does not depend on magnetophoresis is 

that it requires much lower magnetic field strengths. While a particle will not magnetophorese 

with appreciable velocity until it experiences order Tesla fields, the rolling character 

demonstrated by Tasci et al. can achieve translational velocities of up to 100 m/s despite 

requiring fields of order 10 milliTesla strength [14].  

This thesis investigates the use of rolling wheels as drug carriers in the context of stroke 

and attempts to better characterize their rolling mechanism. For continuity and ease of 
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understanding, we present a brief overview of the apparatus used to generate magnetic fields and 

conduct experiments throughout the remainder of this thesis. 

1.2 Experimental Apparatus 

The experimental apparatus used in this work consists of five coils arranged in three 

dimensions (Figure 1.1). Each of the four coils on the x- and y- axes generate a magnetic field of 

equal magnitude. That is, = =  = =  . Moreover, both coils in the x-

direction generate a magnetic field that points in the same direction, as do both coils in the y-

direction. In vector notation, ⃑⃑ ⃑⃑ ⃑⃑  =  ⃑⃑ ⃑⃑ ⃑⃑   and ⃑⃑ ⃑⃑ ⃑⃑  =  ⃑⃑ ⃑⃑ ⃑⃑  . The directions of the x- and y-fields are 

offset by 90° and vary sinusoidally such that the field at the center of the coils rotates in the x-y 

plane. = cos � − �  and = cos � − � , where � − � = �/2. Additionally, 

since each pair of coils generates a field of equal strength in the same direction, there is no field 

gradient in the center of the coils. 

 

  

Figure 1.1: Three-dimensional arrangement of magnetic solenoids. 

 

A fifth coil on the z-axis orients the rotating magnetic field so that it rotates at an angle. 

The oscillating field in the z-direction is given by  = cos � − � , where A is an 
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arbitrary constant. Fields are generated by amplifying the magnitude of a signal generated by a 

microprocessing chip, and passing current through the five solenoids. We utilize this coil system 

to develop a magnetically powered CDDS to deliver colloids functionalized with a fibrinolytic to 

the site of a thrombus to degrade stroke. 

1.3 Stroke and Clot Formation 

Lacunar stroke, the blockage of a penetrating artery which stems from the medial cerebral 

artery (MCA) and feeds the deeper brain, accounts for 80% of all ischemic strokes and 20% of 

all strokes [15]. They are so prevalent because the penetrating arteries in which they occur are 

thin, and do not taper gradually with distance from the MCA [16]. The high-pressure flow from 

the 2.5 mm thick MCA therefore feeds eventually into the much smaller, 10-100 m scale 

penetrating arteries. The unique geometry and flow fields, coupled with endothelial 

abnormalities that occur frequently in penetrating arteries [17], favor clot formation during 

hypertension and atherosclerosis. 

Unlike cortical stroke, which typically results from an embolism [17], lacunar stroke 

forms inside the affected vessel. (Roughly 10% of lacunar strokes are caused by emboli, but such 

events are rare since it is difficult for an embolism to enter the narrow penetrating artery from the 

MCA [16].) Since penetrating arteries experience fast, high pressure flow, the type of clots that 

cause lacunar stroke are usually white clots [16]. That is, the clots tend to be platelet-rich (white) 

rather than erythrocyte rich (red). Moreover, ischemic stroke thrombus morphology changes over 

time via platelet retraction to become smaller and increasingly platelet-rich [18]. Haemostatically, 

the change in clot structure occurs so that the clot becomes less “leaky” over time. Indeed, 

thrombotic events that lead to lacunar stroke can form stable thrombi that fully occlude the 

penetrating artery and completely halt flow through the vessel.    
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 Once in place, an occlusion prevents blood flow to downstream brain tissues, causing the 

cells to become hypoxic and eventually necrotic. The region of tissue affected by a lacunar 

stroke is called a lacune, and can be as large as 20 mm in diameter, depending on the location of 

the occlusion [19]. Even smaller lacune affect a region roughly 2 mm in diameter. Since a single 

stroke can damage such a large area in the brain, and since some brain cells begin to die only 

minutes after the onset of hypoxia, lacunar strokes can quickly cause brain damage [20]. The 

symptoms are wide-ranging and depend on the location of the infarct, but include several 

varieties of physical and mental impairment.  

 There are limited treatment options for lacunar stroke. In larger vessels, strokes are 

catheterized or removed by one of several existing retrieval approaches. Penetrating arteries are 

too small, however, and even retrieval methods that can be attempted tend to damage the vessel 

endothelium [21]. The primary treatment option for lacunar stroke is injection of the clot-busting 

drug tissue plasminogen activator (tPA). Plasminogen activators function by catalyzing 

fibrinolysis: the breakdown of fibrin, the structural component of a clot. Unfortunately, the 

therapeutic window for tPA is quite narrow, and the utility of tPA is restricted by a myriad of 

contraindications. Further, exposure to tPA more than 4 hrs after the onset of stroke frequently 

can result in hemorrhaging. Due to the restrictions on tPA use, fewer than 5% of lacunar infarct 

patients receive tPA treatment [16].  

 The use of tPA can be dangerous because a large systemic concentration of tPA is 

required before the drug becomes therapeutically effective. Researchers have sought to limit the 

systemic concentration of soluble tPA by delivering it to thrombi on functionalized colloids or on 

the surfaces of erythrocytes [22, 23]; however, since there is no blood flow through the occluded 

vessel, such drug delivery mechanisms are ineffectual at carrying sufficient tPA to the clot itself. 
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In Chapter 2, we present a mechanism for achieving rapid fibrinolysis via a delivery method that 

targets a thrombus with high local concentrations of tPA-laden magnetic colloids while 

maintaining a low systemic concentration of the drug.  

1.4 Fibrinolysis 

Fibrinolysis is the breakdown of fibrin into various fibrin degradation products (FDP). It 

is initiated by a plasminogen activator, of which there are three: tPA, urokinase plasminogen 

activator (uPA) and streptokinase (SK). Both tPA and uPA are endogenous in humans and are 

FDA approved as medication options [24]. Plasminogen is produced in the liver and circulates 

throughout the body in the blood stream. It has an affinity for fibrin and becomes incorporated 

into thrombi as they form [24]. Plasminogen activators bind to the entrained plasminogen and 

cleave it into plasmin.  In turn, the plasmin binds to fibrin and cleaves the fibers into fibrin 

degradation products (FDPs), the most common of which is the D-dimer. tPA and uPA offer 

unique possibilities for clinical application. The activity of tPA is dependent on the presence of 

fibrin since tPA functions 100x more quickly when bound to fibrin [24]. In contrast, uPA’s 

activity is independent of fibrin presence. 

Fibrinolysis is regulated by several feedback mechanisms.  Plasminogen activator 

inhibitors (PAI) 1 and 2 can bind to plasminogen activators and allosterically restrict their ability 

to interact with plasminogen. Once plasminogen has been cleaved into plasmin however, the 

plasmin initiates a positive feedback loop and causes the secretion of additional plasminogen 

activators from endothelial cells [25]. Plasmin itself can be inactivated by α-2-antiplasmin and α-

2-macroglobulin. It is also inhibited by thrombin activatable fibrinolysis inhibitor (TAFI), which 

protects fibrin from activated plasmin.  
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 In this thesis, we develop an innovative and novel approach to achieving thrombus 

targeting and fibrinolysis by employing a magnetically engineered drug delivery system 

(MEDDS). This work simultaneously advances the field of stroke treatment and establishes the 

basis for effecting drug delivery via magnetic wheel translation. Finally, in an attempt to lay the 

groundwork for further development in wheel drug delivery, we present preliminary data that 

quantitatively elucidates the wheel rolling mechanism.   
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CHAPTER 2 : ENHANCED FIBINOLYSIS WITH MAGNETICALLY POWERED 

COLLOIDAL MICROWHEELS 

 

This chapter is modified from a paper published in 

Small1 

Tonguc O. Tasci2, Dante Disharoon3, Rogier M. Schoeman4, Kuldeepsinh Rana5, Paco S. 

Herson6, David W.M. Marr7, and Keith B. Neeves8 

2.1 Abstract 

Thrombi that occlude blood vessels can be resolved with fibrinolytic agents that degrade 

fibrin, the polymer that forms between and around platelets to provide mechanical stability. 

Fibrinolysis rates however are often constrained by transport-limited delivery to and penetration 

of fibrinolytics into the thrombus. Here, these limitations are overcome with colloidal 

microwheel (µwheel) assemblies functionalized with the fibrinolytic tissue-type plasminogen 

activator (tPA) that assemble, rotate, translate, and eventually disassemble via applied magnetic 

fields. These microwheels lead to rapid fibrinolysis by delivering a high local concentration of 

tPA to induce surface lysis and, by taking advantage of corkscrew motion, mechanically 

penetrating into fibrin gels and platelet-rich thrombi to initiate bulk degradation. Fibrinolysis of 

plasma-derived fibrin gels by tPA-microwheels is fivefold faster than with 1 µg mL−1 tPA. 

µWheels following corkscrew trajectories can also penetrate through 100 µm sized platelet-rich 
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thrombi formed in a microfluidic model of hemostasis in ≈5 min. This unique combination of 

surface and bulk dissolution mechanisms with mechanical action yields a targeted fibrinolysis 

strategy that could be significantly faster than approaches relying on diffusion alone, making it 

well-suited for occlusions in small or penetrating vessels not accessible to catheter-based 

removal. 

2.2 Introduction 

 Biochemical dissolution of blood clots, or thrombi, involves systemic or local delivery of 

plasminogen activators (PA) such as tissue-type plasminogen activator (tPA) and urokinase [1]. 

These PA convert plasminogen to plasmin, which in turn lyses fibrin fibers, the biopolymer that 

provides thrombi mechanical stability [2]. The efficacy of fibrinolytic therapy is limited by two 

transport barriers, the rate of delivery of PA to an occlusive thrombus, and the rate of dissolution. 

Delivery rates depend on the thrombus location and mode of administration; for example, during 

intravenous administration the concentration of PA is limited by diffusion to the occlusive 

thrombi interface when residual blood flow is minimal [3]. The rate of diffusion can be increased 

with higher systemic concentration, but values are limited by inherent bleeding risks associated 

with fibrinolytic therapy [4]. For catheter-based delivery, the local concentration can be higher 

than systemic administration; however, this delivery approach is limited to accessible large 

arteries. While dissolution rates generally depend on the local PA concentration, the thrombus 

composition, and the pressure gradient across the thrombus [5], in most cases removal is limited 

by PA penetration rather than by the kinetics of fibrin degradation [6]. This combined restriction 

of transport of drug to and through the thrombus can significantly limit the time to reperfusion 

using biochemical methods alone. 
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Drug delivery via PA-functionalized micro- and nanoparticles or blood cells is an 

alternative approach that can result in higher local concentrations and faster lysis than systemic 

administration of PA alone [7-9]. When coupled with moieties that recognize fibrin(ogen) or 

transmembrane proteins on platelets [10], such particles can enhance accumulation at the surface 

of thrombi or take advantage of the unique fluid dynamics of a stenosed vessel [9]. These 

approaches however rely on blood flow to deliver particles to the injury site, which requires 

particles in circulation prior to what is typically an acute and unpredictable thrombotic event. As 

a result, there is a need for drug delivery strategies that can bring high concentrations of 

fibrinolytics to the surface of thrombi that does not rely on blood flow or diffusion alone. This is 

especially critical for occlusions present in vessels not accessible to catheters including deep 

penetrating cerebral arteries that are sites for lacunar strokes [11]. To deliver PA down such 

blocked vessels requires an alternative driving force, one that is not dependent on concentration 

or pressure gradients and yet is rapid enough to function within therapeutic time scales. 

Electromagnetic field-based approaches are such an alternative and others have used magnetic 

field gradients to drive PA immobilized on magnetic particles to a thrombus surface [12-15]; 

however, the field gradients required for rapid translation by magnetophoresis are quite high (≈1 

T m−1) and difficult and expensive to implement in a clinical setting. Other field-based 

approaches to overcome diffusion limitations include enhancing mixing to reduce concentration 

gradients at the thrombus interface [16] or enhancing fibrinolysis with mechanical forces induced 

by ultrasound [17, 18]. However, the attenuation of ultrasound in tissues limits its use to 

superficial or easily accessible vessels. 

To address these issues and without employing field gradients, we recently reported the 

assembly and translation of magnetically powered colloidal microwheels (µwheels) capable of 
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translation at speeds of over 100 µm s−1 [19]. In this, superparamagnetic microparticles cluster 

into wheel-like shapes when subject to a low-strength planar rotating magnetic field [20, 21]. 

Here, the rotation of the field induces a torque that, when balanced by fluid drag, leads to wheel 

rotation that depends on field frequency [22, 23]. In these studies, we have shown that, by 

orienting the field in a normal fashion and exploiting friction between µwheels and adjacent 

surfaces, significant µwheel translation speeds can be achieved. Travel direction can be precisely, 

rapidly, and readily controlled by simply shifting the applied field phase angle making control 

both immediate and precise. With both assembly and translation manipulated via weak, order 

milliTesla, external magnetic fields that do not attenuate in tissue, this method could be well-

suited as a drug delivery strategy for obstructed blood vessels far from the body's outer surface. 

While directed drug transport to the thrombus site is of significant advantage, rapid 

thrombus dissolution is also hindered by penetration of fibrinolytic agents into the fibrin network. 

To overcome this limitation, an approach that enhances µwheel penetration into the fibrin 

network once it is delivered is required. Here we recognize that, driven by an applied external 

rotating field, µwheel torques are significant and can be used to impose mechanical forces on 

thrombi. To exploit these forces, we take inspiration from nature and the enhanced transport one 

can achieve through viscous or solid materials with motions and geometries that are not straight 

but rather helical in form. Specifically, corkscrew shapes and motions are effective in 

applications both at microscopic and macroscopic length scales. For example, at the microscale 

where viscous forces dominate fluid dynamics, bacterial swimmers have only two approaches 

available for translation, either corkscrew or flexible flagellar motion [24]. As a result, bacteria 

such as the genus Spiroplasma [25] with helical morphology use a corkscrew motion to swim 

[26, 27]. At macroscales, corkscrew geometries are used to improve penetration, ranging from 
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the well-known wine bottle opener to even larger scale augers and mixers. In fact, one 

mechanical thrombectomy device, the MERCI retriever, uses a corkscrew to remove thrombi 

from large arteries [28]. All of these tools take advantage of a corkscrew geometry's unique 

ability to bore into a denser or more viscous phase. 

We take advantage of the enhanced penetration such a motion can create using the unique 

ability to quickly and precisely redirect rotating µwheels. With directional control performed 

through a simple shift in the applied field phase angle, we can create arbitrary translation patterns 

without increase in field strength or experimental complexity. Here and to demonstrate this 

approach, we functionalize µwheels with tPA and use them to lyse fibrin gels. Compared to 

soluble tPA that lyses at the gel surface, tPA-µwheels undergoing a corkscrew motion penetrate 

into the gel leading to a combined surface and bulk degradation that results in faster lysis. This 

biomechanical mechanism overcomes diffusion limitations associated with soluble tPA and 

provides physical action to disrupt gel structure. 

2.3 Results and Discussion 

µWheels were assembled and translated using magnetic fields of magnitude 9 mT 

rotating at frequencies of 100 Hz oriented away from a surface (Figure 2.1). A field vector that 

traces a circle yields a direct, straight-line motion (Figure 2.1A,D). A field vector that traces a 

helical loop yields a corkscrew motion that still leads to net forward translation (Figure 2.1B,E). 

For the same field strength and rotation frequency the corkscrew motion has an approximately 

twofold slower linear translation velocity than direct motion (Video S1, Supporting Information, 

where specific field conditions and µwheel size lead to 2.8 vs 1.4 µm s−1). Other complex paths 

are achievable by varying the phase angle of the z-component of the magnetic field (Figure 2.1C). 

We compare the dissolution rate of fibrin gels with and without platelets using these two motions 
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for µwheels functionalized with tPA and compare them to soluble tPA without µwheels 

(Figure 2.1F,G). 

 

 
 

Figure 2.1: Approach to tPA-µwheel-induced reperfusion of occluded channels. A,C,D) With 

application of a rotating magnetic field, , oriented out of the surface plane at a camber angle 

θc relative to the normal , colloids assemble, “stand up,” and roll along the surface. Color of 
vector tracing indicates field rotation angle. C) Because field orientation can be instantly 

changed, µwheels can be quickly redirected and follow preprogrammed or manually controlled 

paths. Scale bar = 10 µm. B,E) With a rotating “corkscrew” field, an additional helical 
component to wheel motion can be induced. Scale bar = 10 µm (Video S1, Supporting 
Information). While both modes can be used to assemble µwheels and do lead to high 
concentration of µwheels at the gel interface, F) direct motion based primarily on biochemical 
dissolution lyses slower than G) helical motion that yields combined mechanical and 

biochemical action. 

 

 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1002/smll.201700954#figure-viewer-smll201700954-fig-0001
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To first demonstrate enhanced transport down stagnant channels, we compare the 

delivery of tPA-functionalized µwheels (tPA-µwheels) to diffusion of tPA alone (Figure 2.2). 

Figure 2.2A shows the experimental geometry where tPA-coated beads were delivered into a 

stagnant channel, assembled within a rotating magnetic field into µwheels, and then translation 

velocities were directly measured. µWheels roll and accumulate at the interface of the fibrin gel 

(Figure 2.2A) where, consistent with our previous studies [19], we observe a broad distribution 

of µwheel sizes (Figure 2.2B) and velocities (Figure 2.2C). With µwheels readily directed down 

stagnant channels in this manner, we compare tPA-µwheel drug delivery to free tPA diffusion. 

Using the measured velocity distribution (Figure 2.2C), we compare the concentration of tPA-

µwheels at the gel interface to that of free tPA. In both cases, tPA is introduced at L = 1 mm 

distal of the gel interface at concentration, C0. Upon field application, µwheels translate toward 

the fibrin gel front while free tPA diffuses. Comparing predicted concentration profiles at the gel 

surface in Figure 2D, two significant advantages are immediately apparent. The first is that the 

transit times of tPA to the interface are significantly decreased; importantly however and because 

transport is not driven by a concentration gradient, the local concentration of tPA on the µwheels 

at the gel is much higher than the initial concentration C0. In contrast, for diffusive delivery of 

free tPA the concentration at the interface can only approach C0. This accumulation of µwheels 

is readily observed experimentally as shown in Figure 2.2E and Video S2 (Supporting 

Information).  

To demonstrate the relative lysing effectiveness of tPA-µwheels compared to soluble tPA, 

we form fibrin gels using thrombin and normal pooled plasma (NPP) with a height 70 µm and 

length 800 µm between two reservoirs of NPP in a microfluidic device (Figure 2.2A and 

illustrated in Figure 2.3A). Note that because all three compartments are filled with plasma or a  
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Figure 2.2: Wheel-based drug transport overcomes diffusion limitations down stagnant channels. 

A) Upon application of the magnetic field, tPA-µwheels accumulate at the front edge of the 

fibrin gel in a microfluidic device (rust colored region). Note the fibrin gel is present in the 

region separating the two reservoirs (see also Figure 3A). B) Larger µwheels translate faster than 
smaller µwheels as shown in red overlay (Δt = 10 s, scale bar = 10 µm). C) Measured tPA-wheel 

velocity distribution for direct motion (N = 102) with log-normal fit. D) Predicted tPA 

concentration C/C0 at the gel front for L = 1 mm and both free tPA and µwheel-bound tPA (see 

the Experimental Section). Corresponding measurements of µwheel concentration at the 
interface shown as data points. Note that µwheel concentration quickly exceeds the maximum 
concentration achievable via tPA diffusion alone. E) Driven by wheel rolling only, µwheel 
accumulation at the gel front (right) is easily observed at low resolution (Video S2, Supporting 

Information, scale bar = 200 µm). 
 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1002/smll.201700954#figure-viewer-smll201700954-fig-0002
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plasma-derived fibrin gel, the endogenous inhibitors of tPA and plasmin, plasminogen activator 

inhibitor 1 (PAI-1) and α2-antiplasmin, are present at physiologic concentrations. For 

quantification, the gel degradation front was monitored by optical microscopy as a function of 

time for two concentrations of tPA, 1 and 10 µg mL−1, and two tPA-µwheel motions, direct and 

corkscrew (Figure 2.3B–D). Biotinylated tPA was immobilized on 1 µm streptavidin-coated 

superparamagnetic particles. These tPA-functionalized particles at a concentration of 1.5 × 

106 µL−1 have a tPA mass concentration of λ µg mL−1 and an activity of 930 IU mL−1, which is 

comparable in activity to 3.6 µg mL−1soluble tPA (Figure 2.3E). The roughly one-third reduced 

activity of the immobilized tPA compared to soluble tPA is expected because tPA molecules 

bind to particles in varying orientations, likely with some fraction bound with their enzymatic 

domains inaccessible to plasminogen. Note that we performed experiments both above and 

below the high end of systemic tPA concentration (≈3 µg mL−1) following intravenous injection 

[5]. 

For direct motion, a rotating magnetic field canted off the surface at 43° drives the 

assembly and translation of tPA-µwheels. Individual particles and small tPA-µwheels (2–7 

particles) accumulate at the surface of the fibrin gel within the first 10 min and a small fraction 

of them penetrate into the fibrin gel (Video S2, Supporting Information). At late times (>20 min) 

however, µwheels become larger and larger, growing to discs with diameters as large as 50–100 

µm. These larger µwheels tend to attract smaller µwheels, resulting in a reduced number of 

penetrators. Also, because of continuous rotation in one direction, wheels tend to roll tangentially 

along the liquid–gel interface as opposed to digging into the network. 

For corkscrew motion, we use identical magnetic field magnitudes and frequencies 

except now we alter the µwheel direction angle from −λ0° to +λ0° in 45° increments at 0.1 s 
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time steps, achieving a net forward motion bias in the process (Video S1, Supporting 

Information). This corkscrew motion inhibits larger assemblies and maintains µwheel translation 

perpendicular to the liquid–gel interface. These features result in a higher number of penetrating 

µwheels for the corkscrew motion compared to the direct motion. 

 

 
Figure 2.3: Faster lysis occurs with tPA-coated beads and addition of corkscrew action. A) 

Illustration of Figure 2A where a plasma-derived fibrin gel is formed between two normal pooled 

plasma (NPP) reservoirs. Images and data acquired near the center of the dashed circle region. B) 

tPA-coated beads (left) penetrating by corkscrew motion into fibrin gel, magnetic field strength = 

9 mT, frequency = 100 Hz; C) tPA-coated beads and direct motion; D) soluble tPA alone (1 µg 
mL−1), scale bar = 40 µm. E) tPA and tPA-coated bead activity measured by cleavage of a 

fluorogenic substrate. F) Fibrinolysis velocity of tPA versus tPA-µwheels for plasma-derived 

fibrin gels and gels formed with platelet rich plasma (PRP) (Video S3, Supporting Information). 

 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1002/smll.201700954#figure-viewer-smll201700954-fig-0003
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tPA-functionalized µwheels overcome transport limitations facing soluble PA in two 

ways. First, as shown in Figure 2.2, µwheels accumulate at high density at the fibrin gel front as 

the translation velocity to the interface is significantly faster than the fibrin gel degradation rate 

with and without platelets (4–13 µm min−1) (Figure 2.3F, and Video S3, Supporting Information). 

As such, local concentration of tPA is orders of magnitude greater than the initial concentration. 

This is in contrast to soluble tPA where the initial and local concentrations are, at best, equal; 

however, in practice, local tPA concentration is likely lower because of its adsorption to fibrin 

and limitations inherent in diffusion down a stagnant channel [29]. Second, and what is 

particularly unique to this approach, is that µwheel motion can be directed to penetrate into the 

fibrin gel, effectively altering the mechanism of degradation. 

To frame our interpretation of µwheel penetration and its effect of fibrinolysis, we appeal 

to the concepts of surface and bulk erosion used to describe polymer degradation [30, 31], often 

in the context of degradable drug delivery systems. Surface erosion refers to degradation at the 

liquid–solid interface, a diffusion-limited process that accurately describes the dissolution of 

fibrin gels by tPA in solution [32]. Bulk erosion refers to a homogenous inside-out degradation, a 

reaction-limited process when the transport into a solid matrix is faster than its degradation 

kinetics. In the case of soluble tPA, the process is dominated by surface erosion as the surface 

degradation kinetics are faster than diffusion of tPA into the fibrin gel. Our results suggest that 

this is indeed the case with average velocities of 0.81 ± .25 µm min−1 for the 1 µg mL−1and 5.0 ± 

1.5 µm min−1 for the 10 µg mL−1 tPA case. In experiments with tPA-µwheels however, fibrin 

dissolution shows significantly enhanced lysis velocities. We measured average velocities of 4.8 

± 0.3 µm min−1 for direct motion and λ.6 ± 1.5 µm min−1 for corkscrew motion into fibrin gels. 

Note, a fraction of penetrating tPA-µwheels translate at speeds faster than the degrading 
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interface such that these lysis velocities underestimate the penetration velocity of some µwheels 

through the gel. With direct motion we observe degradation velocities comparable to 

concentrations at threefold the active tPA (10 µg mL−1). For corkscrew motion, we see 

degradation velocities twofold faster than direct motion. For comparison, µwheels without 

immobilized tPA do not induce any lysis, suggesting that the mechanical forces imposed by the 

µwheels on the fibrin gel are not sufficient to rupture fibrin fibers. Similar enhancement in 

degradation rate with corkscrew motion is observed in fibrin gels derived from platelet-rich 

plasma (PRP, Figure 2.3F) and dense fibrin gels (NPP with 10 mg mL−1 fibrinogen, Figure S1, 

Supporting Information). For the dense fibrin gels, the corkscrew motion enhancement is ≈50% 

greater than direct motion. Here, because the gel pore size is comparable to the size of individual 

particles [33], there is significantly less penetration than observed in NPP (Video S4, Supporting 

Information). 

The biochemical mechanisms of fibrinolysis by tPA-functionalized µwheels may vary 

from soluble tPA. The rate of plasmin generation is enhanced by fibrin because tPA and 

plasminogen bind to it to form a ternary complex that promotes conformational changes and their 

interaction [34, 35]. tPA and plasminogen can bind to fibrinogen and produce plasmin [36, 37] 

but at a reduced rate compared to fibrin [35]. Degradation products including fibrin monomers 

and D-dimer can also bind tPA and plasminogen and accelerate plasmin generation to rates that 

are comparable to fibrin [38, 39]. We hypothesize that initial fibrinolysis is mediated by a 

complex of immobilized tPA-fibrinogen-plasminogen, which may describe the lag time observed 

prior to observable movement of the fibrin interface (Video S3, Supporting Information). As 

degradation products are released and µwheels penetrate into the gel, the rate of fibrinolysis 

increases. 
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The combination of biochemical and mechanical action allows tPA-µwheels to penetrate 

into the gel, enhancing internal dissolution (Figure 2.4A–D) and increasing the velocity with 

which the surface front degrades. For direct motion, small µwheels (<4 particles) follow a 

relatively straight trajectory and penetrate 100–200 µm into the gel in the first 20 min of lysis 

(Figure 2.4E); however, after this initial transient, the size of penetrating µwheels increases and, 

accordingly the depth of penetration decreases. This is a result of large cluster formation at the 

front interface; big µwheels tend to grow at the expense of additional monomers and smaller 

µwheels (Figure 2.4F). With introduction of a corkscrew motion, a near constant penetration 

depth of 40–60 µm was observed (Figure 2.2G). Here, penetrators are primarily larger µwheels 

(>4 particles) and more numerous. Unlike direct motion, corkscrew motion inhibits the formation 

of the largest assemblies (Video S3, Supporting Information). In addition, the helical pattern 

allows µwheels to sample the fibrin network and probe those weakest regions of the gel while 

direct motion µwheels are inhibited by relatively tough fibrin obstacles that are difficult to 

circumvent. These observations suggest that penetrating µwheels “soften” the gel by bulk 

erosion, which in turn results in faster front velocities. 

To demonstrate that tPA-µwheels can also penetrate and degrade platelet-rich thrombi 

characteristic of arterial thrombosis and emboli, we turn to a previously developed microfluidic 

model of hemostasis [40]. In this model, collagen-mimetic peptides and tissue factor (TF) are 

adsorbed to the wall of a horizontal “injury” channel connected by two vertical channels (Figure 

S2, Supporting Information). One vertical channel is perfused with blood and the other with a 

wash buffer. To form a thrombus, blood is directed from the vertical blood channel into the 

injury channel under a constant pressure drop. Platelets and fibrin accumulate in the injury 

channel, forming an occlusive thrombus in ≈5 min. Following thrombus formation, we introduce  
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Figure 2.4: An increasing volume of tPA-µwheels penetrate into the gel as time proceeds via 
direct (biochemical) or corkscrew (biochemical + mechanical) lysis modes. A–D) Snapshot of 

Video S3 (Supporting Information) (t = 6 min) where improved penetration via corkscrew 

motion is apparent. E) Bead penetration with smaller wheels penetrating deeper. F) Penetrating 

beads with distribution of large and small wheels for direct motion. G) Corkscrew mode with 

higher total bead number penetration at shallower depth at short times. H) Penetrating bead 

distribution for corkscrew motion. 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1002/smll.201700954#figure-viewer-smll201700954-fig-0004
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tPA-µwheels into the wash channel and direct them into the thrombus using the corkscrew 

motion (Video S5, Supporting Information, and Figure 2.5). It takes ≈5 min for the first µwheels 

to penetrate through the thrombus along the wall of the injury channel. Over the next 25 min, 

much of the remaining fibrin is lysed and platelets are displaced as indicated by a reduced 

fluorescence intensity (Figure 2.5). These data show that tPA-µwheels can penetrate and lyse 

platelet-rich thrombi. 

 

 
 

Figure 2.5: Fibrinolysis of a platelet-rich thrombus in a microfluidic model of hemostasis by 

tPA-µwheels. Snapshots from Video S5 (Supporting Information) at 0, 15, and 30 min. The 

thrombus occludes the horizontal channel coated with collagen-mimetic peptides and tissue 

factor. Following occlusion, µwheels are introduced from the left vertical channel with blood 
present in the right vertical channel. A–C) Brightfield images of µwheels accumulating at and 
penetrating into the thrombus. Epifluorescence of D–F) fibrin(ogen) and G–I) platelets. 

 

http://onlinelibrary.wiley.com/enhanced/figures/doi/10.1002/smll.201700954#figure-viewer-smll201700954-fig-0005
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Experiments in this study using fibrin gels were performed in the absence of pressure 

gradients and thus any interstitial flow. These conditions are relevant both to deep vein 

thrombosis where fibrin-rich thrombi several centimeters in length can form, attenuating any 

pressure difference across the thrombus, as well as in to arterial thrombosis where low 

permeability platelet-rich thrombi result in very low interstitial flows even for significant 

pressure gradients [33, 41]. In both cases, heterogeneities in thrombus structure can result in 

regions that are more permeable and more susceptible to fibrinolysis under pressure-driven flow 

[42-44]. In our studies, the size of individual colloids and small µwheels is on the same order of 

magnitude as dense fibrin gel pores [45] and may benefit from convective transport by either 

enhancing µwheel penetration or by conveying plasmin deeper into a thrombus. 

With regards to potential biomedical application, we have observed that mechanical 

forces alone, without available tPA, are insufficient for gel lysis. This is expected as mechanical 

forces estimated from rotational frequency and wheel size based on fluid torque on a disk, 

32µa2Ω/3 [35], predict rotational forces of order pN. When one compares this value to the forces 

required to break up a fibrin network of order 1 mN [46], it is clear that a biochemical 

component is necessary for enhanced fibrinolysis. These relatively weak mechanical forces 

however, sufficient for µwheel transport, are an advantage for potential biomedical applications 

as 1 pN is insufficient to damage endothelial cells. In this, forces of 14.λ ± 1.6 nN µm−1 are 

required for cell rupture [37], 3–4 orders of magnitude higher than the µwheel mechanical forces 

available here. In addition, and because the required field strengths are two to three orders of 

magnitude less than those required for MRI [38], the surrounding physical infrastructure required 

is more readily achievable. The field magnitudes are not only significantly lower but also field 
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gradients are not required to induce translational forces, a significant drawback associated with 

other magnetic-field-based microdevice manipulation approaches [39]. 

There are several potential strategies for targeting occlusive thrombi in vivo that are 

compatible with the simple external magnetic fields required for rolling-based translation. If the 

approximate position of the thrombus is known, then the rotating field can be oriented to drive 

individual particles and assemblies in that general direction along vessel walls. This strategy 

would likely work best in occluded vessels where significant shear forces due to blood flow are 

not present. For particles and µwheels to escape from a vessel of normal or elevated blood flow 

into one with reduced or no blood flow, an additional gradient-based field may be required. Such 

magnetophoretic methods have had success in vivo to help guide catheters for treatment of brain 

diseases and stroke [47], as well as to guide superparamagnetic particles toward occlusive 

thrombi [16]. 

2.4 Conclusions 

Biochemical dissolution of fibrin gels and thrombi by therapeutic concentrations of 

soluble tPA is a diffusion-limited process. Here, we show that a combined biochemical and 

mechanical lysis strategy can be implemented using directed assembly of colloidal µwheels 

functionalized with tPA. In this, dispersed colloidal particles are injected into the system at low 

density, assemble into µwheels in situ, and are then rapidly driven to the liquid–gel or liquid–

thrombus interface creating a high local concentration of tPA. A unique feature of this approach 

is that tPA-µwheels not only accumulate at the surface but also are driven by a field that creates 

a corkscrew motion leading to penetration into the fibrin network or thrombus and bulk 

degradation which enhances surface dissolution. Because µwheels are approximately the same 

size as blood cells, they have potential application for relieving thrombosis in small vessels 
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where catheters cannot reach and where systemic delivery of PA is ineffective due to transport 

limitations. 

2.5 Experimental Section 

2.5.1 Magnetic Field Setup 

Magnetic fields were created using five air cored solenoid coils (50 mm inner diameter, 

51 mm length, and 400 turns) [19]. Applied voltages were generated using Matlab (Mathworks, 

Inc., Natick, MA) and an analog output card (National Instruments, NI-9263). Voltages from the 

output card were increased using three dual-output amplifiers (Behringer EP2000) before being 

applied to individual solenoids with currents monitored using an analog input card (National 

Instruments, NI-USB-6009). The total field strength at the center of the magnetic field system 

was up to 9 mT at 100 Hz (measured using a VGM Gaussmeter, Alphalab Inc.). For direct 

motion experiments, the magnetic field was programmed so that particles are constantly 

traveling in the +x direction (Video S1, Supporting Information). The corkscrew motion was 

programmed such that the particles traverse a forward biased spiral path where each cycle was 

completed in 1 s. 

2.5.2 Wheel Assembly and Motion  

Rotating magnetic fields were employed in-plane to assemble µwheels by isotropic 

interactions with size determined by local colloid concentration [19]. Spinning µwheels lying flat 

on a surface have no net motion; to roll, they must be inclined relative to the surface. To induce 

translation, a normal component was added to the magnetic field to reorient µwheels to a defined 

camber angle θc. Because rolling velocity is a balance of fluid drag and wet friction with the 

surface, important parameters are the number of particles comprising the µwheel and, as wheels 

rotate, the outer circumferential velocity. With this, we find rolling velocities up to and above 
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100 µm s−1 at field strengths of ≈15 mT with a scaling of  where ω is the angular 

frequency of the µwheel and n the number of particles in a wheel. 

2.5.3 Preparation of tPA Conjugated Beads  

Recombinant tissue plasminogen activator (Louisville APL Diagnostics, Inc., Seabrook, 

TX) was conjugated to biotin using N-hydroxysuccinimide (NHS) activated biotin (Life 

Technologies Corporation, Carlsbad, CA). Briefly, 50-fold molar excess NHS-biotin was 

allowed to react with tPA (200 µg mL−1) over ice for 4 h. Excess biotin was removed using a 

desalting column (Life Technologies Corporation, Carlsbad, CA) with a molecular cutoff of 

7000 Da. Biotinylated tPA (b-tPA) was stored in 20 µL aliquots at −80 °C until use. 5 µL of 1 

µm streptavidin conjugated iron oxide beads (Thermo Fisher Dynabeads MyOne Streptavidin 

T1) were mixed with b-tPA (20 µL) and allowed to sit at 4 °C overnight to allow binding of b-

tPA to the beads. Beads were then washed five times with 15 µL of 2% bovine serum albumin 

(BSA) in HEPES-buffered saline (HBS) to remove any unbound b-tPA. 

2.5.4 Concentration Profiles  

Predictions for the diffusion-driven time-dependent concentration of tPA down a stagnant 

channel were calculated from the 1D solution of Fick's law given a Heaviside step function 

initial condition and reflection at the fibrin gel boundary z = L. Following Crank, the following 

equation is obtained [40]: 

 

 

(2.1) 
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and, evaluating C(z = L,t) with L = 1000 µm and D = 50 µm2 s−1, provides the time-dependent 

concentration C(L,t)/C0 provided in Figure E. tPA-µwheel concentrations were predicted from 

the measured log normal velocity distribution (Figure 2.2C) and defined as: 

 

 

(2.2) 

 

At a given distance z from the fibrin front, the probability p at time t of wheels reaching the front 

can be expressed as: 

   

 

(2.3) 

Defining a wheel accumulation front width Δw = 100 µm allows expression of tPA-µwheel 

concentration at the fibrin interface (Figure 2.2E) as: 

 

 

(2.4) 

To compare to experimental values, beads (bulk concentration C0 = 1.5 × 106 µL−1) were injected 

1 cm from the front before being subjected to the rotating magnetic field. Once wheels reached 

within 1000 µm of the front, data collection was initiated and colloid flux into a control volume 

of width 100 µm from the front (height = 240 µm, depth = 70 µm) was quantified using ImageJ. 

Concentration of beads inside the control volume was determined by integrating the influx, 

assuming a negligible outflux as observed experimentally. Correspondingly for the theoretic 
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curves of Figure 2.2D, limits of integration were set from L= 1000 µm to an upper limit of 10 

000 µm. The close packed limit was determined by converting experimental values of C0 to 

volume fraction and comparing to the hard-sphere random packing limit [48]. 

2.5.5 Fibrinolysis Experiments 

Fibrinolysis experiments were conducted using IBIDI µslide chemotaxis chips (IBIDI, 

Martinsried, Germany). These chips consist of one middle channel (6 µL) and two side channels 

(65 µL). To prepare fibrin gels, NPP was recalcified to CaCl2 (20 × 10−3 M) and mixed with 

thrombin (final concentration 4.5 × 10−λ M), before being immediately injected into the 

observation channel of the chip. To make dense fibrin gels, exogenous human fibrinogen 

(Enzyme Research Laboratory, South Bend, IN) was added to the NPP to raise the final 

fibrinogen concentration to 10 µg mL−1. After injection, the chip was kept in a humid box at 

room temperature for 1 h, then soluble tPA or the tPA-coated beads were injected in one of the 

side channels and the other side channel filled with NPP (George King Bio-Medical, Inc., 

Overland Park, KS). Each fibrinolysis experiment was conducted for 1 h and lysis was monitored 

and recorded using relief contrast microscopy on an inverted microscope (Olympus IX 70, 40× 

objective, NA 0.75) with camera (Epix SV 643M) operated at 30 frames s−1. To maintain 

identical conditions between experiments, the magnetic field was applied both during tPA bead 

experiments and during soluble tPA experiments without beads as well. Solenoid coils were 

cooled with forced air with the temperature at the middle of the solenoids fixed at 26 °C. 

2.5.6 tPA Activity Measurements  

Activities of soluble tPA and tPA beads were determined using fluorescence 

measurements with a Biotek Synergy H1 Microplate Reader (BioTek U.S. Winooski, VT). 

Soluble tPA activities were determined for 1, 2.5, 5, 7.5, and 10 µg mL−1 tPA using a 
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chromogenic substrate (100 × 10−6 M SN-18, Haematologic Technologies, Inc., Essex Junction, 

VT) in plasma in 20 µL working volumes. To obtain the tPA coated bead activity, beads were 

mixed with the substrate and NPP in 0.5 mL vials and then removed each hour using a 

permanent magnet to take a measurement. 

2.5.7 Blood Collection and Preparation 

Blood was collected from healthy donors by venipuncture into vacutainer tubes 

containing 3.2% sodium citrate. Donors had not consumed alcohol within 48 h prior to the blood 

draw, nor had they taken any prescription or over-the-counter drugs within the previous 10 d 

excluding oral contraception. The first tube of blood collected was discarded. All procedures 

were in accordance with the ethical standards of the responsible committee on human 

experimentation (University of Colorado, Boulder, CO) and with the Helsinki Declaration of 

1975, as revised in 2000. Informed consent was obtained from all subjects for being included in 

the study. Aliquots of citrated λ60 µL blood collected in sodium citrate were combined in tubes 

with 40 µL of Alexa-555 labeled fibrinogen (final concentration 56 µg mL−1) which was added 

to visualize fibrin deposition. Platelets were labeled with the lipophilic dye DiOC6 (1 × 

10−6 M final concentration). Labeled platelets were incubated at 37 °C for 15 min prior to the 

assay. 

2.5.8 Microfluidic Model of Hemostasis  

Platelet-rich thrombi were formed in a microfluidic model of hemostasis as previously 

reported (Figure S2, Supporting Information) [40]. The master template for the device was 

prepared with photoresists (KMPR 1010 and KMPR 1050) to define a two-layer device with 

heights of 20 and 50 µm. Polydimethylsiloxane (PDMS) was molded off of these masters and 

covalently bonded to glass using standard soft lithography procedures. The device was designed 
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in the shape of the letter “H” where the outer two vertical channels represent the vascular and 

extravascular compartments (10 mm long × 100 µm wide × 50 µm high), respectively. The 

vertical channels were connected by a horizontal channel (150 µm long × 50 µm wide × 20 µm 

high) representing a hole in the vessel wall, which is referred to as the injury channel. A mixture 

of three triple-helical collagen-mimetic peptides (100 µg mL−1, Richard Farndale, University of 

Cambridge) [49]—a glycoprotein VI agonist collagen-related peptide (CRP-XL), the von 

Willebrand factor A3 domain binding site on collagen III (VWF-III), and a α2β1 specific binding 

peptide (GFOGER)—was mixed 1:1 with tissue factor (TF, Dade Innovin) before being 

adsorbed to the walls of the injury channel at 4 °C for 12 h. The rest of the device was blocked 

for 1 h before the experiment with 2% BSA in HEPES buffered saline (HBS, 150 × 10−3 M NaCl, 

25 × 10−3 M HEPES, pH 7.4). Pressure was controlled for the blood, recalcification buffer (75 × 

10−3 M CaCl2 and 35 × 10−3 M MgCl2 in HBS), and wash buffer (3.2% sodium citrate in HBS) 

independently by applying a pressure to the headspace of their respective reservoirs using a 

pressure-based flow controller (Fluigent MFCS, Villejuif, France). Blood was recalcified in the 

ratio of 9:1 (citrated whole blood:recalcification buffer) using a herringbone mixer [50] to final 

concentrations of 7.5 × 10−3 M CaCl2 and 3.75 × 10−3 M MgCl2. The output from the herringbone 

mixer was connected to the blood channel of the extravascular injury device (Figure S2, 

Supporting Information). The pressures of the blood and recalcification reservoirs were held 

constant at 10 kPa. The pressure in the wash buffer was initially set to 3.5 kPa to drive a small 

amount of wash buffer through the injury channel while the blood channel was filled with 

recalcified blood driven by 10 kPa of pressure in the blood and recalcification reservoirs. The 

pressure in the wash reservoir was then reduced to 1.75 kPa so that the blood passes from the 

blood channel into the injury channel and out into the extravascular channel. After the thrombus 
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formed in the injury channel of the device, all external tubing was removed and tPA-

functionalized beads suspended in 2% BSA in HBS were introduced into the extravascular wash 

channel with a number density of 1.5 × 106 beads µL−1 (effective tPA concentrationμ 3.6 µg 

mL−1). The magnetic field was then used to induce corkscrew motion of the beads directed into 

the thrombus. Thrombus formation and lysis were monitored through an inverted microscope 

(Olympus, IX81, 20× objective, NA 0.45) equipped with a 16-bit CCD camera (ORCA-R2, 

Hamamatsu). 

2.5.9 Statistical Analysis  

Gel front positions were determined from stored video for all conditions investigated. 

With N = 3 measurements for separately prepared samples, averages and standard deviations 

were determined to perform a power law weighted least squares fit to x = Aty using Igor Pro 

(Wavemetrics, Inc.). Errors reported to power law fits represent one standard deviation. 
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CHAPTER 3 : MAGNETICALLY ENHANCED EXTRACTION OF COLLOIDS INTO AN 

OCCLUDED CHANNEL AT A BIFURCATION  

3.1 Introduction 

Blood clots occurring in deep arteries in the brain, a pathology known as lacunar stroke, 

are particularly difficult to target with conventional approaches [1]. Strokes are currently either 

catheterized or dissolved via injection of tissue plasminogen activator (tPA) [2]. Deep arteries 

however are too small to be catheterized so lacunar stroke is typically treated via tPA injection 

upstream of the clot in the deep artery [2]. Unfortunately, because the thrombus occludes the 

clotted vessel, there is little to no blood flow through the clot [3]. As a result, there is no 

convective flow that carries tPA to the thrombus, and transport of tPA to the occlusion relies 

primarily on diffusion and occurs slowly [2,4]. A method of drug delivery that combines the 

kinetic efficacy of tPA with enhanced transport to the blood clot is required.  

Chapter 2 discusses the dissolution of fibrin gels using µwheel like colloidal assemblies 

functionalized with tPA.  Wheels, which roll smoothly with precise directional control, translate 

at speeds between 10 and 100 m/s. Velocities large enough to carry a payload of drugs far faster 

than diffusion across the millimeter length scales to the sites of small vessel strokes. While 

wheels in vitro can target and accumulate at the site of a fibrin gel if they are injected some 

distance away from the thrombus, it is not always possible to inject medication directly into the 

occluded vessel in clinical settings. Often, it is more practical to inject medication into a larger 

upstream channel and allow blood flow to carry the drug downstream [2]. Since there is no flow 

into the occluded vessel however, the amount of drug that leaves the upstream channel and enters 

the occluded vessel is quite small. Since the Reynolds number (Re) is small, the absence of 

turbulent eddies prevents mixing of the streamlines between the upstream channel and the 
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occluded vessel, where flow behaves as though in a rectangular cavity [5]. Tracer particles in 

microfluidic devices at Re of 1 and 100 demonstrate the tendency of colloids to remain in 

laminar streamlines and bypass an occluded channel with no flow (Figure 3.1).  

 

 
 

Figure 3.1: Particles flow past an occluded channel at a bifurcation. Flow is from left to right. 

The bottom channel is blocked and exhibits only secondary flows. Streamline tracers for Re = 1 

(top) and Re = 100 (bottom) match COMSOL simulations for the same Re. Particles rarely 

escape from the central channel streamlines into secondary flows in the occluded vessel.  

 

 

Researchers have developed a variety of methods to translate colloids across laminar 

streamlines in microfluidic channels including fluorescent activated cell sorting [6,7], 

dielectrophoresis [8,9], optical trapping [10,11] and magnetic tweezing [12,13]. Optic and 

electric strategies are difficult to implement in vivo [14,15], but magnetic fields are harmless to 

living systems and do not attenuate in tissue [16]. We demonstrate that application of a magnetic 
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field to induce colloidal rolling can enhance the escape of functionalized colloids from laminar 

streamlines into an occluded channel at a bifurcation.  

3.2 Methods 

3.2.1 Experimental Procedure 

A microfluidic device is blocked for 45 min with 2% bovine serum albumin (BSA) in 

phosphate buffer solution (PBS).  The lower leg of the T-junction is blocked off using super glue 

(Scotch), and superparamagnetic particles are introduced into the inlet of the microfluidic 

channel. A pressure differential controlled by either pressure head or a syringe pump drives flow 

from left to right across the top of the T-junction. In some experiments, a solenoid setup as 

described in Section 1.4 is used to translate wheels down into the blocked leg of the T-junction 

using a canted rotating magnetic field. Two different microfluidic devices are used. The first is a 

simple T-junction, as shown in Figure 3.1. The second is a T-junction with a smaller blocked 

channel, intended to simulate a deep artery branching off of the MCA. In this latter device, 

hydrodynamic focusing is employed to bring the colloid-containing streamlines close to the 

blocked channel (Figure 3.2). 

Magnetic beads (Dynabeads M-270 Streptavidin), which contain superparamagnetic iron 

oxide crystals in polystyrene in PBS with 2% BSA, are introduced into the inlet of either 

microfluidic device at number densities between 106 and 107/ L. The escape efficiency is 

measured using ImageJ in conjunction with Matlab as the ratio of particles that collect in the 

blocked exit channel to the total number of particles that flow past it.  

3.2.2Device Fabrication 

 Designs for microfluidic devices were drafted in SolidWorks. Photomasks containing the 

design were purchased from CAD/ART Services, Inc. KPMR 1010 (MicroChem) photoresist 



 40 

was spin-coated onto a circular silicon wafer. The wafer was exposed to light through the 

photomask in order to achieve etching (between 20 and 100 m) of the microfluidic design 

before being baked and then developed in 300 MIF Developer (AZ Electronic Materials). PDMS 

mixed in a 10:1 base to curing agent ratio was deposited onto the silicon wafer, degassed, and 

dried in an 80 °C oven. Holes for tubing were punched in the PDMS device. PDMS was washed 

via successive sonication in acetone and ethanol for 5 min each before being air dried. The 

PDMS devices and clean glass slides were exposed to oxygen plasma and then bonded together. 

Devices were left in the oven overnight to ensure that they were well bonded.   

 

 
 

Figure 3.2: Magnetic colloids (black dots) are hydrodynamically focused by buffer (blue arrow) 

into the region near the wall bearing the blocked outlet channel.  

 

 

3.3 Results and Discussion 

3.3.1 Escape Dependency on Re Number 

 Particle escape from a streamline depends on two timescales: the amount of time it takes 

for a particle to pass the blocked channel, � and the amount of time it takes for a particle to 
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translate from the streamline it occupies to a streamline that remains in the exit channel, �. If � 

< �, then a particle can escape. In laminar, incompressible flow where there is no divergence in 

the streamlines or flow fields, Brownian motion is the only mechanism through which a particle 

can move from one streamline to another. Since diffusion is exceptionally slow for micron 

diameter colloids, � is almost always greater than � in the absence of an external force that 

enhances particle translational velocity. In a microfluidic device where channel diameter is fixed, 

an increase in Re due to increasing volumetric flow rate decreases �. Fewer particles will escape 

at higher Re. 

Figure 3.3 shows colloid escape efficiency in the presence and absence of a magnetic 

field (8 mT) that induces wheel rolling. Rolling is directed perpendicular to the flow field, 

directly into the escape channel. Because rolling enhances the translational velocity over 

diffusion, it decreases �, thereby making it easier for a particle to escape. This is reflected in the 

data by the increased escape efficiency of particles experiencing rolling relative to the control. It 

should be noted that the data presented in Figure 3.3 is preliminary. Methods for blocking the 

exit channel were not optimized during the time of data collection, and some flow was observed 

to escape from the exit channel. This systematic error artificially increases escape efficiency for 

all data points in Figure 3.3.  

If particle escape depended only on Re, then the increase in escape efficiency with 

decrease in Re should be linear. Re decreases linearly with the velocity of the fluid through the 

channel. This means that the difference between �and � changes linearly as well, and thus 

escape efficiency should increase linearly as Re falls. However, the trend is not linear. This is 

because shear stresses on µwheels are increased at higher Re and break µwheels into smaller 

agglomerates. Since larger µwheels translate faster [17] than small µwheels, they are more likely 
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to escape. As a result, the escape efficiency is higher than the linear change in timescales �and 

� would predict for low Re.  

 

 
 

Figure 3.3: Escape efficiency decreases with increasing Re number. Field conditions: 17mT, 100 

Hz. 

 

 

3.3.2 Escape Dependency on Field Strength 

 An alternative method of adjusting escape efficiency is by varying the strength of the 

magnetic field driving the wheels. The torque exerted on a rotating wheel increases with field 

strength, thereby increasing the rolling velocity and decreasing �. Figure 3.4 shows the escape 

efficiency as a function of field strength. Indeed, higher magnetic field magnitudes increase the 

escape efficiency of magnetic colloids.  

 There are two distinct contributions of greater field strength to increasing escape 

efficiency. A stronger field increases rolling velocity, which has already been discussed. 

Additionally, stronger magnetic fields induce larger dipole moments in the colloids themselves, 

enhancing the attractive interaction between beads. At higher magnetic fields, there is a greater 



 43 

chance of wheels forming from individual colloids. Moreover, wheels that do form can 

withstand a greater shear stress before breaking apart. Since shear stress is high in near-wall 

streamlines (streamlines from which there is the highest probability of escape), increased 

colloidal interaction improves the chances that a cluster of particles will escape at the same time. 

This probability is further improved by the fact that wheels containing multiple colloids translate 

faster than monomers all other things being equal [17]. 

 

 
Figure 3.4: Escape efficiency increases with magnetic field strength. Field frequency: 100 Hz. N 

= 3. 

 

 

3.3.3Escape Dependency on Bead Number Density 

 A third factor impacting escape efficiency is particle concentration. As particles become 

increasingly abundant, they are more likely to collide. In the presence of a magnetic field, the 

collisions often result in aggregation. As µwheels form, they escape with increased efficiency. 

Additionally, as streamlines become increasingly crowded, volume exclusion forces an increased 

percentage of particles into near-wall streamlines. Figure 3.5 shows escape efficiency for two 
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different number densities of beads in the presence and absence of a magnetic field. In the 

absence of a magnetic field, increasing the number density of particles has no effect on escape 

efficiency. In contrast, efficiency increases twofold in the presence of a magnetic field. These 

results suggest that magnetic interactions become increasingly important at higher bead 

concentrations.  

 

 

Figure 3.5: Escape efficiency increases with increased particle concentration in the presence of a 

magnetic field, but not in the absence of a magnetic field. Field: 9mT, 100Hz. 

 

 

3.4 Conclusion 

 In the case of lacunar stroke, the body’s transport mechanisms cannot be relied on to 

distribute medication, and diffusion is often too slow to be therapeutically relevant. Novel clot 

busting strategies rely on positioning functionalized colloids within interaction range of a 

thrombus. There is need for a mechanism by which to target clotted vessels without requiring a 

local injection.  Here, we investigate a method by which to liberate magnetically powered 
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colloids from a high-Re central channel into a blocked escape channel. Increasing magnetic field 

strength and colloid concentration each have a positive effect on escape efficiency. Given large 

enough coils, it will be possible to generate sufficient field strengths to extract particles from a 

large channel like the MCA (Re = 200) into an escape channel. The clinical applicability of 

wheels in stroke patients will therefore be partially reliant on scale-up of the experimental 

apparatus used here.  
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CHAPTER 4 : CHARACTERIZATION AND MANIPULATION OF MICRO-WHEEL 

ROLLING MECHANISM 

4.1 Introduction 

The work presented in this thesis relies upon the “rolling” translation of wheels as 

originally described by Tasci et al [1]. Importantly, the wheels do not actually roll along a 

surface [2]; instead, they rotate in a near-wall region and translate because of wet frictional 

forces. In the bulk fluid, a rotating wheel would have no motion because of the reversibility of 

reciprocal motion at low Reynolds number (Re), where viscous forces dominate [3,4]. However, 

the proximity of the wall to the wheel breaks symmetry and facilitates translation.  

Because of the no-slip condition between the fluid and the wall, and because of near-wall 

viscosity gradients, a rotating sphere in the near wall region experiences a gradient in viscous 

drag forces along its surface. This wet friction is the basis for wheel translation, and can be 

understood in the context of Faxén’s Law, which relates the angular and translational velocities 

of a rotating sphere to the stresslets it experiences in low Re flows [5]. According to Faxén’s 

Law, the tangential frictional force experienced by the part of a sphere closest to the wall can be 

many times greater than that experienced by the opposite edge of the sphere. The magnitude of 

the force gradient the sphere experiences depends on the distance separating the sphere from the 

wall [2]. 

Because of their rotation, wheels rotating perpendicular to a wall experience lubrication 

forces that push them away from the surface [6]. The gap width between the sphere and wall is 

therefore defined by the balance of the lubrication force with a load force. Gravity provides a 

sufficient load to hold particles near a bottom surface, and provided the load for all experiments 

discussed previously. Theoretically, wheel velocity should be a strong function of gap distance 
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between the particles and the wall since wet frictional forces decay exponentially as gap width 

increases [2]. Thus, for a sphere, an increased load force should be expected to enhance 

translational velocity, and a decreased load force should have the opposite effect.  

 There is significant motivation for understanding how load forces affect the wheel 

translation mechanism. From a magnetically engineered drug delivery (MEDD) perspective, 

creating magnetic load forces that work against or in concert with gravitational forces may 

permit wheel translation up and down vertical surfaces, or along the top surface of a vessel. 

Since the body’s vasculature is a complex, three-dimensional network, the development of robust 

strategies to navigate colloidal drug delivery systems in 3D would be a worthy advent to the 

MEDD repertoire. Furthermore, understanding and being able to control the separation distance 

between a magnetically driven colloid and its surface offers several important advantages. In 

many drug delivery scenarios, it is desirable to control colloid interaction with a tissue surface 

[7]. A functionalized colloid could conceivably be manipulated to maintain a greater distance 

from certain tissues to minimize interaction and then, via application of a new load force, be 

dragged into close proximity with a target site.  

 We present several experiments which shed insight into the interactions between a 

surface and colloids spinning in the near-wall region. In many cases, we use wheel velocity as a 

metric to better understand the rolling mechanism. Additionally, we use optical techniques to 

quantify the gap distance between a rolling bead and a glass slide.  

4.2 Background and Theory 

During the 1λλ0’s, Prieve et al. developed a technique, total internal reflection 

microscopy (TIRM) [8], capable of instantaneously measuring the separation distance between a 

colloid and a transparent surface separated by an aqueous phase. When a laser beam glances off 
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of a glass-water interface at a critical angle, total internal reflection occurs, illuminating the 

water close to the glancing sight of the laser with an evanescent wave. The critical angle can be 

calculated via a rearrangement of Snell’s Law. ��,���� = ��− ��  (4.1) 

Here, �  and �  are the refractive indices of the surface (glass) and medium (water), respectively.  

A colloid with a refractive index different from that of water will scatter the evanescent wave if 

it is close enough to the water-glass interface. The intensity of the scattered light corresponds to 

the intensity of the evanescent wave and is given by Equation 4.2. � ℎ =  � �−�ℎ (4.2) 

Here, � is the intensity of the wave, �  is the intensity of the wave at the glass-water interface, ℎ 

is the gap width,  is the laser wavelength, and �−  is the evanescent wave penetration depth, 

and, where  � = 4�� √ � ���� − � .   (4.3) 

Using TIRM, the distance between a colloid in water and a surface can be measured to within  

nanometer accuracy [8].  

4.3 Methods and Experimental Design 

An annular gasket of 5 mm inner diameter is cut from double sided tape and placed onto 

washed glass slides. The glass slides are cleaned by being soaked for 5 min in 12M HCl mixed 

1:1 with ethanol. They are then rinsed for 5 min each in acetone, ethanol, and DI water. A 

sample of Micromer-M 3 m polystyrene beads containing 10% by mass iron oxide and surface 

functionalized with amine groups is diluted to 105/ L in phosphate buffer solution (PBS) with 

1% sodium dodecyl sulfate (SDS). The surfactant prevents bead aggregation and adhesion to 
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glass surfaces. 15 L of the bead solution is pipetted into a circular well and covered with a 1 m 

thick glass cover slip.  

4.3.1 TIRM Experiments 

A drop of mineral oil is deposited onto the broad surface of a 10 mm dove prism 

(ThorLabs), and the sample is inverted (glass slide down) and placed on the mineral oil. A laser 

(Aerotech Electrical Optical DIV Model 505r, 632nm) strikes the prism with an incident angle of 

40°. The power of the laser is reduced through a general filter to prevent overexposure of the 

camera. Particles in the sample atop the prism scatter the evanescent wave, and an EPIX PIXCI 

camera is used to image the scattering through a Leica DMRXA microscope equipped with a 

40x/0.70 PL Fluotar objective. Captured videos are analyzed using Matlab and ImageJ. A 5-coil 

setup as described in Section 1.4 is used to generate a canted rotating magnetic field (9mT, 100 

Hz) to magnetically manipulate colloids.  

4.3.2 Camera Calibration 

Camera output is not directly correlated to the intensity of light scattered by a particle. To 

determine the relationship between measured greyscale values and the scattered light intensity, 

we calibrated the camera using a Newport Optical Power Meter Model 835 equipped with a 

Photosensor Assembly, Model 818-SL (Newport Research Company) and a variable voltage 

light source. We measured both the camera and power meter output for several different power 

settings for the light. The output of the camera trends linearly with light intensity at low 

exposures, but deviates at higher exposures. In the higher intensity regime, the ratio of camera 

output to measured intensity scales linearly with power input (Figure 3.2B), allowing accurate 

calculation of corrected intensity even at higher exposure levels.   
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4.3.3 Sensitivity Analysis 

A perfectly aligned TIRM apparatus is capable of resolving single nanometer differences 

in gap width. The downside to such a powerful sensitivity is that any misalignment can cause 

significant error. For example, in our setup, a 2.5° misalignment in the incident angle results in a 

44% error in calculated gap distance.  

4.3.4 Variable Angle Experiments 

 A glass slide containing a bead sample in a well is situated on a gimbal between a light 

source, objective (Olympus 40x/0.75) and camera (EPIX PIXCI). For ease of imaging, the 

camera, objective, sample, light and magnetic coil setup are all mounted to the gimbal such that 

they are on the same plane even when the gimbal rotates (Figure 4.1). The sample is subjected to 

a canted rotating magnetic field (9 mT, 100 Hz) at incline angles from 0-60° in increments of 15°. 

Translational velocities of wheels in the sample are calculated using ImageJ and Matlab.  

 

 

Figure 4.1: Gimbal setup for variable angle experiments. All of the optics, the magnetic coils and 

the sample are contained on the gimbal. When rotated, the entire experimental apparatus rotates. 
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4.3.5 pH Experiments 

 Magnetic colloids are suspended in 0.1 M hydrochloric acid in 0.1 M potassium 

hydrogen phthalate (pH 4.2), 0.2 M sodium chloride in DI water (pH 6.8), and 0.1 M sodium 

hydroxide in sodium hydrogen carbonate (pH 10.0). Salt in the water keeps ion concentration 

equal for each solution. 15 L samples of each solution are pipetted into a well on a clean glass 

slide and covered with a coverslip. Beads are induced to roll via a rotating magnetic field (9 mT, 

100 Hz) and their velocities measured using ImageJ and Matlab. 

4.4 Results and Discussion 

4.4.1 TIRM 

 The intensity of light scattered by a particle in TIRM decays exponentially as the particle 

gets farther from the interface that forms the evanescent wave [8]. Figure 4.2 shows the same 

particle in three different states. At t < 0, the particle is at rest and there is no evanescent wave 

(the laser is off). At t = 0, the laser is turned on, but the particle remains at rest. The high 

intensity of the scattered light indicates that the particle is extremely close to the glass surface. 

Indeed, application of equation 4.2 reveals that the particle is within 8 ± 4 nm of the wall when it 

is at rest. At t = 1/6 s, the magnetic field is turned on and the particle begins to translate. Since 

rotation is the mechanism for translation, the colloid is also pushed farther away from the wall. 

The intensity of the scattered light decays as the colloid moves farther from the wall. We 

calculate the gap distance during translation to be 89 ± 39 nm. 

 The first panel shows a colloid in the absence of an evanescent wave. This image serves 

as a control which is subtracted from the other two panels in order to find measured intensity. 

The second image is the resting colloid in the presence of an evanescent wave. The third panel is 

the same colloid while translating. Notice that the intensity decreases as the particle starts to 
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Figure 4.2: TIRM measurment of a translating colloid. 

 

  

translate because it moves away to the wall during translation via lubrication forces. The final 

shows the height of the colloid as calculated from TIRM theory. 

While preliminary, these results offer valuable insight into the length scales that will affect 

wheel translation. For instance, wheel translation is sensitive to certain topological features. 

With the TIRM data presented here, it is possible to predict whether features of a given size will 

impact wheel velocity. Further, most biochemical interactions depend on proximity between the 

species involved. Quantifying the gap width between functionalized wheels and a surface 

during translation permits prediction of which biochemical interactions will occur. Certainly, 

prediction is a valuable tool but tunability is an important feature for drug delivery strategies.  

4.4.2 Incline Angle Experiments 

 We have hypothesized that the gap distance and wet frictional forces experienced by a 

translating wheels depend on the load that holds them to the near-wall region. The load force in 
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most experiments is gravity, so it is straightforward to decrease the load by changing the angle of 

the wall relative to the direction of gravity. 

 Figure 4.3 reflects translational velocities for wheels containing one, two, and three 

superparamagnetic colloids. As the incline angle is increased, the load is decreased since only the 

component of gravity perpendicular to the wall acts as load; that is, �� � = �� 90° cos �  

where θ is the angle between the perpendicular and the glass slide. Note that up to a 30° angle, 

wheel velocity is not appreciably different if the wheels are rolling uphill versus downhill. At 

45° and greater, reported velocities are corrected to account for bead settling. 

 

 
Figure 4.3: Effects of incline angle on wheel velocity. There is weak dependence of wheel 
translational velocity on a change in gravitational load force. N=25.  

 

 

There is a weak relationship between wheel velocity and the gravitational load force. 

Monomers, dimers and trimers maintain a relatively constant velocity up to incline angles of 30°, 

at which point the velocity component that comes from wet friction (and not settling) decreases 

significantly. It is unclear as to whether the sharp decrease of velocity at that point is attributable 

to an increased gap distance which arises because of lubrication forces as the particle settles. 
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Further application of TIRM is required to acquire a better understanding of the impact of load 

force on gap distance. 

4.4.3 pH Experiments 

 Apart from applying load, another potential avenue of altering interaction between a bead 

and a surface is by manipulating charge interaction. Glass slides are typically slightly negatively 

charged because of the presence of hydroxyl functional groups on the surface. The amine-

functionalized beads used in these experiments are weakly basic, and are protonated at neutral 

and acidic pH. In neutral and acidic environments, therefore, the electrical interaction between 

colloid and glass surface is attractive. The amine group has a pKa of 8.12, which means that it is 

not protonated in strongly basic solutions. The charge interaction between colloid and glass in a 

basic solution is therefore neutral.  

 We measure wheel velocities in acidic, neutral, and basic conditions. It is immediately 

apparent from Figure 4.4 that velocities are reduced in basic compared to acidic environments, 

indicating that the electrical nature of colloid surfaces is important. These results provoke future 

exploration into how pH and other factors such as ion concentration can be used to manipulate 

wheel behavior.  

4.5 Conclusion 

These results suggest several potential strategies for tuning separation distance and 

therefore interaction between translating wheels and the surface along which they roll. While 

wheel translational velocity has a weak dependency on gravitational load force, other load 

forces such as direct current magnetic fields might significantly impact wheel behavior. Other 

factors such as surface charge, ion concentration, and pH can also be used to alter the interaction 

between colloids and surfaces. The gap width between a colloid and surface is the variable  
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Figure 4.4: Measurments of the effect of pH on wheel velocity. Where the amine groups on the 

colloids are protonated at neutral and acidic pH, wheels are attracted to the slightly negative 

glass surface. Where they are neutral at basic pH, there is a neutral interaction between particle 

and glass. As a result, velocity decreases at basic pH. N=25. 

 

 

affected by all of the changes in interaction. TIRM is a useful tool that should be employed to 

further characterize this novel system in order to further its potential applications in drug 

delivery. 
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CHAPTER 5 : CONCLUSION AND RECOMMENDATIONS 

Development of magnetically engineered drug delivery systems (MEDDS) is an 

important approach to advancing personalized health care. Moreover, it provides the foundation 

for what might become viable treatment mechanisms for several pathologies including cancer. 

This thesis focuses on a specific MEDDS as it relates to stroke treatment. While the work 

presented herein characterizes a proof of concept, there remain several obstacles to overcome 

before functionalized wheels become clinically relevant. What follows is a list of brief 

recommendations as to the next steps in the incremental development of a potentially robust 

stroke degradation strategy.  

5.1 Magnetically Driven μwheels as a Fibrinolytic  

Data presented in Chapter 2 shows that wheels functionalized with tissue plasminogen 

activator (tPA) achieve rapid fibrinolysis, but tPA is not the only enzyme that cleaves fibrin. 

Other enzymes like urokinase plasminogen activator (uPA) or streptokinase (SK) might further 

enhance the fibrinolysis that can be achieved using functionalized wheels. The kinetics of tPA 

are strongly dependent on fibrin, but tPA that is non-selectively immobilized on the surface of 

wheels will frequently have its fibrin binding site, its active site, or both rendered inaccessible. 

The kinetics of uPA and SK are fibrin-independent, so their effective activity once bound to a 

wheel might be enhanced compared to that of tPA. Additionally, a more selective conjugation 

technique than biotinylation would increase the activity of the same concentration of fibrinolytic 

enzyme. For instance, it would be beneficial to develop a conjugation routine that selectively 

binds the C-terminus of tPA, uPA and SK so that their active sites are never masked.  
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5.2 Enhancing Particle Escape Efficiency 

 One of the most compelling advantages of wheels is their ability to translate under 

direction of a programmable or real-time-controllable magnetic field. In the context of lacunar 

stroke, the translation allows wheels to escape from a fast-flowing central vessel into a 

connecting occluded vessel and then roll to the thrombus. We only demonstrate this for a 2D 

system in which the escape channel is oriented at a 90° angle with respect to the central 

channel—a system which falls short of mimicking the body’s complex vasculature. Future 

studies using 3D in vitro systems and 2D systems with sharper and softer angles would offer 

further insight as to wheel ability to navigate the vasculature. While simple, these experiments 

identify gaps between in vitro proof of concept and in vivo utility, thereby forcing development 

of the microweel-based MEDDS.  

 Even in a 2D in vitro environment, fewer than 1% of magnetically powered wheels 

escaped from a central channel into a side channel (Figure 3.1). It is essential to identify methods 

of increasing escape efficiency. One potential approach is to take advantage of the marginating 

property of erythrocytes. µWheels are of similar length scale to platelets, which get pushed by 

red blood cells into near-wall streamlines. If colloids are also marginated by red blood cells, 

there are two inherent advantages that would improve escape efficiency. First, the physical 

location of colloids near the escape channel makes it easier for them to escape. More subtly, 

since margination would concentrate colloids in the near-wall region, they would be more likely 

to aggregate into faster-rolling wheels that could escape more easily. It would be instructive to 

measure escape efficiency as a function of hematocrit.  
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5.3 Expanding the Application of Total Internal Reflection Microscopy (TIRM) 

 Though wheels are a novel tool that can be readily controlled, the mechanism of their 

rolling is not fully understood. We have hypothesized that wheel translational velocity is a 

function of the gap width separating colloids from the wall along which they roll via wet friction. 

This hypothesis has not yet been validated or falsified with experimental data. In Chapter 4, we 

use TIRM to quantify gap width for monomers rolling on glass. Additionally, we use load force 

and pH to impact the interaction between the colloid and the surface. The obvious next step is to 

combine TIRM with load force and pH experiments in order to quantify the change in gap width. 

A correlation connecting gap width to wheel translational velocity would be a useful tool for 

tuning colloid-surface interactions. Quantifying the gap width as a function of solution ion 

concentration would also be instructive. As salt concentration changes, the double layers 

separating the colloid and surface change also. Salt may act as a coarse controller of gap width. 

5.4 Extension of in vitro Studies to Animal Models 

 Before any novel medication can be considered for clinical use, it must be intensely 

screened in animal studies. The most basic animal model for studying thrombosis is the zebrafish 

embryo. Zebrafish embryos contain an extrinsic coagulation pathway that makes it possible to 

form a blood clot. Furthermore, they are small, transparent, and consist of one primary blood 

vessel, making them a simple and easily imaged system. Demonstration of wheel drug delivery 

in a zebrafish embryo would be the first step towards in vivo studies, which could later be 

extended to murine models. In the latter case, MRI technology could be used to image wheels. 

5.5 Conclusion 

 wheel drug delivery is an exciting and innovative approach to stroke treatment. Because 

wheels can target a thrombus and locally concentrate a large payload of tissue plasminogen 
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activator (tPA) at the clot, it can achieve enhanced fibrinolysis over soluble tPA while keeping 

the effective systemic concentration of the drug low. These advantages mean that wheel drug 

delivery has promise as an effective and safe method of treating stroke. However, wheel drug 

delivery is such a new and innovative approach that it is not well characterized. Researchers will 

be excited to overcome challenges in enhancing particle escape efficiency, increasing wheel 

ability to navigate a 3D vasculature, and developing methods to tune interactions between 

wheels and various surfaces. The opportunities are as numerous as the questions unanswered.   
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APPENDIX B: SUPPLEMENTAL ELECTRONIC FILES 

 

The supplemental files included in this thesis are a document and videos germane to 

Chapter 2. The document includes information about experiments that was not included in the 

main text. Videos are representative of micro-wheel (µwheel) propulsion under different modes, 

µwheel accumulation, or µwheel activated fibrinolysis in a microfluidic channel.   

 

Fibrinolysis Files Data and videos that attend the fibrinolysis 

experiments in Chapter 2. The document 

includes a data set that was not discussed in the 

main body of the thesis, and information about 

experimental design. Videos are demonstrative 

of the experiments themselves.  

S1.pdf Contains a graph comparing experimental 

groups of fibrinolysis experiments to controls 

performed in normal pooled plasma with 

supplemental fibrinogen. Additionally, the 

document contains information about the 

“bleeding chip” device used in Chapter 2 (and 

supplemental file “S6.mp4”). 
S2.mov Comparison of the magnetic field vectors for 

direct and corkscrew trajectories of µwheels. 
S3.mp4 Accumulation of µwheels. near a fibrin front 

over time (direct trajectory). 

S4.mp4 Comparison of fibrinolysis rates achieved 

through a 3 mg mL-1 fibrin gel using soluble 

tPA at 1 and 10 µg mL-1 and using 

functionalized µwheels driven in direct and 

corkscrew trajectories. 

S5.mp4 Comparison of fibrinolysis rates achieved 

through a 10 mg mL-1 fibrin gel using soluble 

tPA at 1 and 10 µg mL-1 and using 

functionalized µwheels driven in direct and 

corkscrew trajectories. 

S6.mp4 Fluorescent video of lysis of a platelet dense 

clot using functionalized µwheels driven in a 
corkscrew trajectory. 

 


