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Enhanced Fibrinolysis with Magnetically Powered 
Colloidal Microwheels

Tonguc O. Tasci, Dante Disharoon, Rogier M. Schoeman, Kuldeepsinh Rana, 
Paco S. Herson, David W. M. Marr,* and Keith B. Neeves*

1. 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 uroki-
nase.[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 admin-
istration; 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 con-
centration, 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 DOI: 10.1002/smll.201700954

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 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.
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depend on the local PA concentration, the thrombus com-
position, 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 restric-
tion of transport of drug to and through the thrombus can 
significantly limit the time to reperfusion using biochemical 
methods alone.

Drug delivery via PA-functionalized micro- and nanopar-
ticles 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 moie-
ties 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 con-
centrations of fibrinolytics to the surface of thrombi that 
does not rely on blood flow or diffusion alone. This is espe-
cially 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 limita-
tions include enhancing mixing to reduce concentration gra-
dients 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 super-
ficial or easily accessible vessels.

To address these issues and without employing field gra-
dients, we recently reported the assembly and translation 
of magnetically powered colloidal microwheels (µwheels) 
capable of 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, cork-
screw 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 fla-
gellar 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 geom-
etries are used to improve penetration, ranging from 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 sol-
uble tPA that lyses at the gel surface, tPA-µwheels under-
going 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. 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 1). A field vector that traces a 
circle yields a direct, straight-line motion (Figure 1A,D). A 
field vector that traces a helical loop yields a corkscrew motion 
that still leads to net forward translation (Figure 1B,E). For 
the same field strength and rotation frequency the corkscrew 
motion has an approximately twofold slower linear transla-
tion velocity than direct motion (Video S1, Supporting Infor-
mation, 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 1C). We compare the dissolution rate of fibrin 
gels with and without platelets using these two motions for 
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µwheels functionalized with tPA and compare them to sol-
uble tPA without µwheels (Figure 1F,G).

To first demonstrate enhanced transport down stag-
nant channels, we compare the delivery of tPA-function-
alized µwheels (tPA-µwheels) to diffusion of tPA alone 
(Figure 2). Figure 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 meas-
ured. µWheels roll and accumulate at the interface of the 
fibrin gel (Figure 2A) where, consistent with our previous 
studies,[19] we observe a broad distribution of µwheel sizes 
(Figure 2B) and velocities (Figure 2C). With µwheels readily 
directed down stagnant channels in this manner, we com-
pare tPA-µwheel drug delivery to free tPA diffusion. Using 
the measured velocity distribution (Figure 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 concentra-
tion, 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 sig-
nificantly decreased; importantly however 
and because transport is not driven by a 
concentration gradient, the local concen-
tration 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 experimen-
tally as shown in Figure 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 2A and illus-
trated in Figure 3A). Note that because 
all three compartments are filled with 
plasma or a plasma-derived fibrin gel, the 
endogenous inhibitors of tPA and plasmin, 
plasminogen activator inhibitor 1 (PAI-1) 
and α2-antiplasmin, are present at physi-
ologic 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 3B–D). 
Biotinylated tPA was immobilized on 
1 µm streptavidin-coated superparamag-
netic particles. These tPA-functionalized 

particles at a concentration of 1.5 × 106 µL−1 have a tPA mass 
concentration of 9 µg mL−1 and an activity of 930 IU mL−1, 
which is comparable in activity to 3.6 µg mL−1 soluble tPA 
(Figure 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 orienta-
tions, likely with some fraction bound with their enzymatic 
domains inaccessible to plasminogen. Note that we per-
formed experiments both above and below the high end of 
systemic tPA concentration (≈3 µg mL−1) following intrave-
nous 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 par-
ticles) 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, 
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Figure 1. Approach to tPA-µwheel-induced reperfusion of occluded channels. A,C,D) With 
application of a rotating magnetic field, B̂ , oriented out of the surface plane at a camber 
angle θc relative to the normal n̂, 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.
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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 −90° to +90° in 45° increments at 0.1 s 
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.

tPA-functionalized µwheels overcome transport limi-
tations facing soluble PA in two ways. First, as shown in 
Figure 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 3F, and Video S3, Sup-
porting 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 stag-
nant channel.[29] Second, and what is particularly unique to 
this approach, is that µwheel motion can be directed to pen-
etrate 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. Sur-
face erosion refers to degradation at the liquid–solid inter-
face, a diffusion-limited process that accurately describes the 
dissolution of fibrin gels by tPA in solution.[32] Bulk erosion 
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Figure 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).
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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−1 
and 5.0 ± 1.5 µm min−1 for the 10 µg mL−1 tPA case. In experi-
ments 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 9.6 ± 
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 interface such that these lysis velocities 
underestimate the penetration velocity of some µwheels 
through the gel. With direct motion we observe degrada-
tion velocities comparable to concentrations at threefold the 
active tPA (10 µg mL−1). For corkscrew motion, we see degra-
dation velocities twofold faster than direct motion. For com-
parison, 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 cork-
screw motion is observed in fibrin gels derived from platelet-
rich plasma (PRP, Figure 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-func-
tionalized 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 pro-
motes 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] Deg-
radation 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 com-
plex 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.

The combination of biochemical and mechanical action 
allows tPA-µwheels to penetrate into the gel, enhancing 
internal dissolution (Figure 4A–D) and increasing the 
velocity with which the surface front degrades. For direct 
motion, small µwheels (<4 particles) follow a relatively 

www.advancedsciencenews.com

small 2017, 13, 1700954

Figure 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).
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straight trajectory and penetrate 100–200 µm into the gel 
in the first 20 min of lysis (Figure 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 
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Figure 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.
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and smaller µwheels (Figure 4F). With introduction of a cork-
screw motion, a near constant penetration depth of 40–60 µm 
was observed (Figure 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 obser-
vations 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 
micro fluidic 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 ver-
tical channels (Figure S2, Supporting Information). One ver-
tical channel is perfused with blood and the other with a wash 
buffer. To form a thrombus, blood is directed from the ver-
tical 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 tPA-µwheels into the 
wash channel and direct them into the thrombus using the 
corkscrew motion (Video S5, Supporting Information, and 
Figure 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 fluores-
cence intensity (Figure 5). These data show that tPA-µwheels 
can penetrate and lyse platelet-rich thrombi.

Experiments in this study using fibrin gels were performed 
in the absence of pressure gradients and thus any intersti-
tial 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 inter-
stitial 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 avail-
able 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] pre-
dict 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 
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Figure 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.
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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 14.9 ± 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 gra-
dients are not required to induce translational forces, a sig-
nificant drawback associated with other magnetic-field-based 
microdevice manipulation approaches.[39]

There are several potential strategies for targeting occlu-
sive thrombi in vivo that are compatible with the simple 
external magnetic fields required for rolling-based transla-
tion. 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 ves-
sels 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]

3. Conclusions

Biochemical dissolution of fibrin gels and thrombi by thera-
peutic 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 inter-
face creating a high local concentration of tPA. A unique 
feature of this approach is that tPA-µwheels not only accu-
mulate at the surface but also are driven by a field that cre-
ates 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 where catheters cannot 
reach and where systemic delivery of PA is ineffective due to 
transport limitations.

4. Experimental Section

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 cur-
rents monitored using an analog input card (National Instru-
ments, 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 experi-
ments, 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.

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 100 µm s−1 at field 
strengths of ≈15 mT with a scaling of ~ cos( )cV nω θ  where ω is the 
angular frequency of the µwheel and n the number of particles in 
a wheel.

Preparation of tPA Conjugated Beads: Recombinant tissue 
plasminogen activator (Louisville APL Diagnostics, Inc., Sea-
brook, 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.

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 Heavi-
side step function initial condition and reflection at the fibrin 
gel boundary z = L. Following Crank, the following equation is 
obtained:[40]

z t z
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L z
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1
2
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2
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20
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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 2E. tPA-µwheel concentrations were predicted from the meas-
ured log normal velocity distribution (Figure 1C) and defined as: 
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At a given distance z from the fibrin front, the probability p at 
time t of wheels reaching the front can be expressed as: 
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Defining a wheel accumulation front width Δw = 100 µm 
allows expression of tPA-µwheel concentration at the fibrin inter-
face (Figure 2E) as: 
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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 deter-
mined by integrating the influx, assuming a negligible outflux as 
observed experimentally. Correspondingly for the theoretic curves 
of Figure 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]

Fibrinolysis Experiments: Fibrinolysis experiments were con-
ducted using IBIDI µslide chemotaxis chips (IBIDI, Martinsried, Ger-
many). 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 × 10−9 m), before being immediately injected into the obser-
vation 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.

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 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.

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 (Univer-
sity 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 cit-
rated 960 µL blood collected in sodium citrate were combined in 
tubes with 40 µL of Alexa-555 labeled fibrinogen (final concentra-
tion 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.

Microfluidic Model of Hemostasis: Platelet-rich thrombi 
were formed in a microfluidic model of hemostasis as previ-
ously 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 
in the shape of the letter “H” where the outer two vertical chan-
nels represent the vascular and extravascular compartments 
(10 mm long × 100 µm wide × 50 µm high), respectively. The ver-
tical 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 con-
trolled 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 herring-
bone 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 
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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 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 concentration: 
3.6 µg mL−1). The magnetic field was then used to induce cork-
screw motion of the beads directed into the thrombus. Thrombus 
formation and lysis were monitored through an inverted micro-
scope (Olympus, IX81, 20× objective, NA 0.45) equipped with a 
16-bit CCD camera (ORCA-R2, Hamamatsu).

Statistical Analysis: Gel front positions were determined from 
stored video for all conditions investigated. With N = 3 measure-
ments 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.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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