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Abstract

Fibrinolysis is the enzymatic degradation of fibrin, the biopolymer that gives blood clots their
mechanical integrity. To reestablish blood flow in vessels occluded by clots, tissue plasminogen
activator (tPA) can be used; however, its efficacy is limited by transport to and into a clot and by
the depletion of its substrate, plasminogen. To overcome these rate limitations, we design a
platform to co-deliver tPA and plasminogen based on microwheels (uwheels), wheel-like
assemblies of superparamagnetic colloidal beads that roll along surfaces at high speeds and carry
therapeutic payloads in applied magnetic fields. By experimentally measuring fibrinolysis of
plasma clots at varying concentrations of tPA and plasminogen, the biochemical speed limit was
first determined. These data, in conjunction with measurements of pwheel translation, activity of
immobilized tPA on beads, and plasminogen release kinetics from magnetic mesoporous silica
nanoparticles (mMSN), were used in a mathematical model to identify the optimal
tPA:plasminogen ratio and guide the coupling of plasminogen-loaded mMSN to tPA-
functionalized superparamagnetic beads. Once coupled, particle-bead assemblies form into a co-
delivery vehicle that rolls to plasma clot interfaces and lyses them at rates comparable to the
biochemical speed limit. With the addition of mechanical action provided by rotating pwheels to
penetrate clots, this barrier was exceeded by rates 40-fold higher lysis by 50 nM tPA. This co-
delivery of an immobilized enzyme and its substrate via a microbot capable of mechanical work
has the potential to target and rapidly lyse clots that are inaccessible by mechanical

thrombectomy devices or recalcitrant to systemic tPA delivery.
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Introduction

Microbots are promising therapeutic vehicles because of their potential to target drug
delivery to disease-afflicted sites within the body.! Their propulsion can be achieved using
applied magnetic,> electric,* optic,® and acoustic fields.%’. Of these strategies, magnetic field-
based propulsion approaches are particularly well suited for in vivo applications because
magnetic fields do not attenuate in tissue® and are not harmful to the human body. As a result,
magnetically-controlled microbots have been proposed for the treatment of cancer,”!? ocular
surgery,'! and tissue damage'? where targeted drug delivery could provide substantial benefit.
Building on these studies, we have recently shown that microbots can not only deliver drug but
also impart mechanical action to aid in drug efficacy, specifically in the targeting of blood clots
for the treatment of stroke.'?

Fibrinolysis is the biochemical breakdown of fibrin, which is the biopolymer that gives
clots their mechanical integrity.'# It can be used to reestablish blood flow in various types of
thrombosis including myocardial infarction,'> deep vein thrombosis,'® pulmonary embolism,!’
ischemic stroke,'®!° and limb ischemia.?’ Recombinant tissue plasminogen activators (tPAs) are
the only currently Food and Drug Administration approved thrombolytic drug. They work by
binding to and converting the zymogen plasminogen to the enzyme plasmin, an interaction that is
greatly accelerated in the presence of its co-factor fibrin.?! Plasmin in turn cleaves lysyl and
arginyl bonds at many different sites to transect cross-linked fibrin fibers producing several

different fragments.??

The rate of fibrinolysis by tPA is limited by both transport processes and biochemical
reactions.?? The transport of tPA to the clot periphery can be the rate limiting step in intravenous

delivery because it is diffusion-dominated in occluded vessels with low or no blood flow (Fig.
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1A).242 tPA (alteplase) has a half-life of minutes in blood due to inactivation by its endogenous
inhibitors plasminogen activator inhibitors 1 and 2 and thus is often eliminated before it reaches
the thrombus.?%2” These limitations can be partially overcome by catheter directed intraarterial
delivery, however only 20% of stroke patients have large artery occlusions that are accessible to
catheters.?® Tenecteplase is an engineered tPA that is less susceptible to endogenous inhibitors
and has a higher affinity for fibrin,?® but it has not shown superior performance to alteplase in
clinical trials for ischemic stroke.>* Even once delivered, penetration of tPA is limited by its high
binding affinity to fibrin fibers which localizes it to the first few micrometers of the thrombus
interface.3!3? Acting as an effective affinity filter, this leads to surface erosion with little
penetration of tPA into the clot. While a direct strategy of increasing tPA concentration to
overcome slow diffusion rates would seem desirable, this is bounded by the bleeding risks
associated with degradation of fibrinogen, plasminogen, and a2-antiplasmin, lysis of hemostatic

clots, and tPA neurotoxicity.333

Counterintuitively, the speed of fibrinolysis does not increase monotonically with tPA
concentration. Rather, a bell-shaped curve has been reported with a maximum lysis rate
occurring at ~20 nM tPA for compacted plasma clots.?® This is surprising because the plasma
concentration of plasminogen (~2 uM) is much higher than the therapeutic tPA concentration (5-
50 nM), an observation explained by consumption of /ocal plasminogen due its high affinity
binding to partially degraded fibrin and subsequent conversion to plasmin.*¢—3° Supplemental
plasminogen and platelet derived plasminogen enhance the fibrinolysis rates*>*! suggesting that
plasminogen is the limiting factor in the presence of high plasminogen activator concentrations

(Fig. 1B).
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The functionalization of micro- and nanoparticles with tPA overcomes some of the
transport and kinetic limitations of fibrinolysis by protecting tPA from inhibition and using
targeting moieties to platelets and fibrin that localize particles on a clot while maintaining low
circulating concentrations.*> Microparticles manipulated by external fields, or microbots, offer
further advantages of not relying on blood flow for delivery.**** For example, tPA functionalized
magnetic particles pulled towards a clot with a magnetic field gradient improves thrombolytic

outcomes in mice* and rats*¢—48

models of thrombosis compared to free tPA. Rotating magnetic
microbots can also act as local mixers, reducing concentration gradients near the interface of a

clot to accelerate tPA-mediated thrombolysis.**

In previous work with assemblies of superparamagnetic microparticles functionalized
with tPA (tPA-pwheels), we have shown that actuation using rotating magnetic fields enables
both delivery at high concentrations and mechanical disruption of clots, ultimately leading to an
inside-out bulk erosion (Fig. 1C).!* However, while we were able to achieve local tPA
concentrations that were three orders-of-magnitude higher than those by diffusive delivery of
tPA, this resulted in only a one order-of-magnitude increase in fibrinolysis speed. Based on these
results it appears that fibrinolysis using tPA-pwheels is plasminogen limited as reported in other
studies of fibrinolysis at high tPA concentrations.*’ To overcome this limitation and further
enhance lysis speed, we develop here a pwheel-based strategy of delivering both tPA and
plasminogen using tPA-uwheels coupled with mesoporous silica nanoparticles (MSN), which we
have previously used to achieve controlled release of proteins.’*? These co-laden pwheels break
the biochemical speed limit by supplementing fresh plasminogen and burrowing their way into

plasma-derived clots (Fig. 1D).
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Figure 1: A) The rate-limiting steps of fibrinolysis include the transport to a clot and binding of
tPA to fibrin fibers at low tPA concentrations. B) At sufficiently high tPA concentrations, its
substrate plasminogen (pgn), becomes the limiting factor in fibrinolysis. C) These rate-limiting
steps are overcome using magnetically powered uwheels, superparamagentic beads (orange
spheres) that self-assemble in rotating magnetic fields. When pwheeels are coupled to tPA (tPA-
uwheels) they accumulate at the clot interface leading to high tPA concentrations and
plasminogen limited fibrinolysis. D) By attaching plasminogen releasing nanoparticles (green
spheres) to pwheels (tPA-pgn-uwheels) co-delivery of both enzyme and substrate are achieved
yielding fibrinolysis rates that overcomes plasminogen-limited fibrinolysis.

Results

Plasminogen depletion limits fibrinolysis rate at high tPA concentrations

To measure the extent to which fibrinolysis is rate-limited by tPA, we exposed a plasma
clot formed with thrombin to varying concentrations of tPA and plasminogen (Fig. 2A). For a
physiologic plasminogen concentration of 1 uM, the fibrinolysis rate, defined by the dissolution
of the fibrin front over time, increases with increasing tPA concentrations from 50 nM up to 200
nM tPA (Fig. 2A, first column). However, at tPA concentrations > 200 nM the lysis rate
decreases. Doubling the plasminogen concentration to 2 uM while holding tPA concentration at
50 nM resulted in a 65% increase in lysis rate and up to a 120% increase in lysis rate at tPA
concentrations of 250-800 nM. Note that there is an optimal plasminogen concentration for a

given tPA concentration that yields the maximum lysis rate (Fig. 2B). Plasminogen


https://doi.org/10.1101/2021.05.05.440940
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.05.440940; this version posted May 5, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

concentrations above this optimum attenuate fibrinolysis suggesting a competition for fibrin
binding sites between tPA and plasminogen. Probing further, we measured fibrinolysis rates for a
range of tPA:plasminogen ratios and identified accelerated fibrinolysis (AF) zones, defined as
regions where lysis rates are within 10% of the maximum, or exceed 13.5 um/min (Fig. 2A).
Here, it is apparent that there is a biochemical speed limit in the range to 200-600 nM tPA and 2-
4 uM plasminogen, suggesting that a strategy of co-delivering tPA and plasminogen at these
concentrations could significantly accelerate fibrinolysis. uWheels are well-suited for such a
strategy because they are assembled from component, potentially-multifunctional, building
blocks and can be driven to and accumulate at the edge of a clot, achieving a high local

concentration of both the enzyme and its substrate adjacent to their co-factor.
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Figure 2: Measuring the fibrinolytic speed limit of plasma clots. A) Heat map of lysis rates as a
function of tPA and plasminogen (pgn) concentrations. The bold border outlines the accelerated
fibrinolysis (AF) zone. Symbols denote data shown in panel B. B) Dissolution of fibrin at 400
nM tPA with endogeneous plasma plasminogen concentration (1 uM) and the addition of
exogenous plasminogen up to 6 uM total plasminogen concentration.

Synthesis and characterization of plasminogen releasing magnetic colloids

To create tPA-uwheels, we functionalize streptavidin Dynabeads™ (beads) with
biotinylated tPA (tPA-beads) (Fig. 3A). These tPA-beads readily assemble into tPA-puwheels

with application of a magnetic field.!3 To co-deliver plasminogen and tPA, we use mesoporous
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silica nanoparticles (MSN) with incorporated iron oxide nanoparticles to make them magnetic
and increase coupling rate of beads and MSNs. We covalently coupled biotinylated magnetic
mesoporous silica nanoparticles (mMSN) to beads to create studded beads, then functionalized
the studded beads with tPA (tPA-studded beads) (Fig. 3A). Finally, the tPA-studded beads were
incubated with plasminogen to load the mMSN to yield a superparamagnetic bead that can

release plasminogen and carry immobilized tPA (pgn-tPA-beads) (Fig. 3A).

The mMSN were synthesized with an average diameter 161 = 57 nm and circularity 0.61
+ 0.17 and imaged using transmission electron microscopy (TEM) (Fig. 3B). Iron oxide content
was measured at 10.5 wt% with 90% confidence using quantitative energy dispersive X-ray

spectroscopy (EDS) (Fig. 3C). Nitrogen sorption isotherms show adsorption at relative pressures

between 0.3 and 1.0 with most hysteresis occurring at Pi = (.7 (Fig. 3D), indicating the presence
0

of both micro- and mesopores with a wide range of pore sizes. The Barrett-Joyner-Halenda
(BJH) method was used to determine an accessible pore volume of 1.3 cm?/g distributed over a
wide range of pore sizes with an average of 14.6 + 5.7 nm. Magnetization curves for the mMSN
confirmed that the particles are paramagnetic and amenable to magnetic control (Fig. 3E)
allowing us to couple them to superparamagnetic beads with long-range magnetic attractions
more efficiently than by mixing alone. Coupling between mMSN and beads was verified using

scanning electron microscopy (SEM) (Fig. 3F).
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Figure 3: Synthesis and characterization of magnetic mesoporous silica nanoparticles (mMSN)
and their coupling to superparamagnetic beads. A) Schematic of tPA-functionalization, mMSN-
bead coupling, and plasminogen (pgn) loading to create tPA- and tPA-pgn-uwheels. B)
Transmission electron microraph (TEM) of mMSN. Darker areas are Fe3O4 domains
incorporated into the silica matrix. C) High-angle annular dark field energy-dispersive X-ray
(HAADF-EDS) spectrum showing iron oxide domains (blue) distributed throughout silica matrix
(green). D) Representative BJH isotherm data with TEM image of pore structure (inset). E)
Magnetization profile for mMSN. F) Scanning electron micrograph (SEM) of studded beads.

Designing co-delivery strategy for tPA and plasminogen

A strategy that relies solely on higher tPA concentrations does not necessarily lead to
faster lysis (Fig. 2B). One of the features of the synthesis approach (Fig. 3A) is that the relative
concentrations of tPA and plasminogen can be adjusted independently by varying the ratio of
tPA-beads to plasminogen-loaded mMSN. To predict appropriate relative concentrations, we
developed a mathematical model (see Methods) to estimate the local concentrations of tPA and
plasminogen at a fibrin front. The model requires inputs of experimental data, presented below,
to calculate pwheel number density at the clot interface and plasminogen release rate from

mMSN.
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Under the influence of rotating magnetic fields, both tPA-beads and pgn-tPA-beads self-
assemble into pwheels. The velocity profiles of pwheels consisting of various numbers of beads,
or ‘-mers’, are shown in Fig. 4A-B. uWheels consisting of tPA-beads translate with a lognormal
velocity profiles (Eqn 2, Fig. 4A) and an average velocity of 6.8 um/s. Larger tPA-uwheels
translate faster than smaller tPA-uwheels as previously reported.> pWheels consisting of pgn-
tPA-beads translate with a negatively skewed Gaussian velocity profile (Eqn 3, Fig. 4B) and an
average velocity of 7.7 um/s. Differences here can be ascribed to asperities on the surface of
beads that increase their translational velocity>* and the mMSNs on the pgn-tPA-beads likely

perform in a similar fashion.

Plasminogen release kinetics from pgn-mMSN and pgn-tPA-beads were measured by UV
absorbance (Fig. 4C). Pgn-tPA-beads have a lower loading capacity than pgn-mMSN, likely
because some pores are inaccessible when coupled to beads. The amount of plasminogen
released from pgn-tPA-beads was 66 & 2% of that released from pgn-mMSN for a fixed mMSN
number density. The activity of tPA- and pgn-tPA-beads is equivalent to 8 nM tPA, a value not
significantly affected by co-functionalization with pgn-mMSN (Fig. 4D). We measured the tPA
activity on pgn-tPA-beads using a fluorogenic substrate as a function of coverage. As more
mMSNs are bound to the beads, the surface available for tPA functionalization decreases as

reflected in the decrease of tPA activity with higher coverage (Fig. 5A).
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Figure 4: Representative velocity profile for tPA-beads (A) and pgn-tPA-beads (B). C)
Plasminogen release profile for pgn-mMSN and pgn-tPA-beads at a number density of 10%/uL.
Fractional release is normalized to the total plasminogen loading as measured by spectrometry.
D) Activity of 10°/uL bead populations compared to solvated tPA.

Mass action kinetics were used to model the binding of tPA and plasminogen to fibrin, as
well as the conversion of plasminogen to plasmin (Eqns 6-9). The velocity (Fig. 4A),
plasminogen release (Fig. 4C), and tPA activity (Figs 4D, 5A) data are used to calculate the rate
of transport of pgn- and tPA-laden pwheels to the fibrin front and the local plasminogen and tPA
concentrations (Eqns 5, 7, and 9). This model permits the prediction of plasminogen and tPA

concentrations over time for a given number of mMSN/bead.

We used the model to calculate the percentage of time during a 60 min experiment in the
AF zones defined in Fig. 2B as concentration ratios where lysis rates exceed 13.5 ym/min.
Coverage of 10-20 yielded the most favorable results with both species being maintained at

target concentrations for at least 45 min (Fig. 5B). The model predicts that lower coverage
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results in faster plasminogen depletion than replenishment, while high coverage limits the

available tPA on the bead surface.
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Figure 5: A) tPA activity as a function of coverage as measured using a fluorogenic substrate in a
plate reader. B) Percentage of a 60 min experiment during which plasminogen concentration is
within the accelerated fibrinolysis (AF) zones, defined as regions where lysis exceeds 13.5
um/min (see Fig. 2B). C) Coverage of mMSN to beads as a function of mixing time in the with
and without a 4 mT magnetic field. D) Histogram of coverage for t = 24 hr in the presence of a 4

mT magnetic field (n=50). Data in (A) and (C) expressed as average and standard deviation of n
=3 and 25, respectively.

To control the coverage, we varied the mixing time of the streptavidin beads and
biotinylated mMSN (Fig. 5C). The coverage is 0-2 after 3 hr and 3-5 after 48 hr, a relatively
slow association rate likely limited by steric hindrance at the bead surface. To achieve higher
coverage, a 4 mT uniform magnetic field was applied across the sample, roughly doubling the

coverage ratio for all mixing times (Fig. 5C). The distribution of coverage for a mixing time of
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24 hr and a 4 mT field is shown in Fig. 5D. An average coverage of 8§ mMSN/bead was achieved
in 48 hr with a 4 mT field, a ratio where pwheels are predicted to achieve lysis in the AF zone
for at least 40% of 1 hr experiment. This mixing time and magnetic field were used to synthesize

pgn-tPA-beads for fibrinolysis experiments.

Fibrinolysis with uwheel co-delivery of tPA and plasminogen

Fibrinolysis experiments were conducted on plasma clots with four formulations: free tPA, tPA-
beads, tPA-beads and pgn-mMSN (uncoupled), and pgn-tPA-beads (coupled) (Fig. 6A, Video
S1). Particles with an initial activity equivalent to 5 nM tPA or free tPA (50 nM) were injected 1
mm from the fibrin front and a rotating magnetic field (6.2 mT, 10 Hz) was used to roll magnetic
particles and their pwheel assemblies to the fibrin gel front. Free tPA diffused slowly to the
fibrin front, resulting in negligible lysis for the first 20 min of the experiment (Fig. 6B). Our
model estimates that the concentration of tPA at the fibrin front after 60 min is only 15 nM,
indicating that transport is the rate-limiting process in this case (Fig. S1A). Once measurable,
lysis proceeded at a linear rate of 0.42 + 0.13 um/min for the duration of the experiment (Fig.

6B,0).

Experiments using tPA-beads were characterized by a shorter lag time (~10 min) than
tPA as pwheels translate and accumulate at the fibrin front faster than diffusion (Fig. 6B). After
this lag time, lysis rate accelerates as the accumulation of tPA-pwheels increases until it reaches
a maximum of 2.9 £ 0.7 um/min (Fig. 6C) and then decreases after ~35 min. Our mathematical
model estimates that tPA reaches 250 nM in 5 min and that plasminogen is depleted after 40 min
(Fig. S1B) with tPA-uwheels. When tPA-uwheels are supplemented with uncoupled pgn-
mMSN, the maximum lysis rate increases to 4.5 = 1.2 um/min (Fig. 6B). This relatively modest

increase compared to tPA-beads alone is due to a limited amount of plasminogen replenishment;
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after 60 min, the plasminogen concentration is estimated to be 0.3 uM at the clot front (Fig.

S10).

The lysis rate of pgn-tPA-puwheels reaches a maximum rate of 13.6 = 0.9 yum/min (Fig.
6C) for the first 30 min of the experiment (Fig. 6B), consistent with the measured plasminogen
release kinetics (Fig. 4C). The lag time is reduced for pgn-tPA-uwheels because of their
increased average translation speed relative to tPA-uwheels (Fig. 4A-B). After 30 min, the pgn-
tPA-uwheel lysis rate approaches the rate of tPA-puwheels since most plasminogen has been
released. Notably, this formulation reaches the biochemical speed limit of ~15 ym/min (Fig. 2B)
suggesting that both tPA and plasminogen are near their target concentrations. The mathematical
model predicts that tPA reaches 250 nM after 10 min and plasminogen concentration remains

above 1 uM for the duration of the experiment (Fig. S1D).

In order to break the biochemical speed limit, we used the magnetic field to manipulate
uwheels along a corkscrew trajectory as we have previously demonstrated that this allows
uwheels to penetrate into clots.!* Pgn-tPA-pwheels following a corkscrew trajectory (Video S2)
are 40-fold more effective fibrinolytics than 50 nM tPA and reach a maximum lysis rate of 20.3
+ 1.0 gum/min (Fig. 6C). As uwheels burrow their way into a clot (Video S3), new fibrin fibers
are available for binding of tPA and plasmin(ogen) that are not accessible during surface erosion.
This mechanical penetration combined with high tPA and plasminogen concentration yields an
inside-out lysis pattern that exceeds the maximum lysis rate achieved using only biochemical

means (Fig. 2B).
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Figure 6: A) Time lapse of lysis of plasma clots using different pwheel formulations. Brightfield
at left, and fluorescently labeled fibrin(ogen) at right. Dashed lines indicate the front position. B)
Representative lysis curves for each formulation. Lines indicate periods of maximum lysis rates
lasting for a minimum of 10 min. C) Maximum lysis rates for each formulation. Corkscrew
condition uses pgn-tPA-uwheels. Dashed line indicates biochemical speed limit (see Fig. 2B).
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Discussion

The speed of fibrinolysis is governed by a series of rate-limiting transport and
biochemical reaction steps. We have attempted to overcome each of those steps with the co-
delivery of a fibrinolytic enzyme, tPA, and its substrate, plasminogen, with a magnetically
powered microbot. We measured the biochemical speed limit of fibrinolysis using different
combinations of tPA and plasminogen concentrations and found that we can break that limit
using this co-delivery strategy in combination with mechanical action created through corkscrew

motion of pwheels.

The first rate-limiting step that must be overcome to achieve thrombolysis is the transport
of fibrinolytics like tPA to a clot. Systemic delivery of fibrinolytic agents relies on diffusion to
reach an impermeable occlusive clot,?* which is slow compared to active modes of transport or
convection. We overcome this transport barrier by immobilizing tPA on magnetic beads which
are assembled into pwheels that roll along a straight path to the clot. Using the active transport
reduced the lag time to the start of fibrinolysis. Active transport also provides the opportunity to
have a subtherapeutic circulating concentration of tPA immobilized on beads that accumulates at

the clot at very high concentration.

The second rate-limiting step is the binding of tPA to fibrin. This step can be accelerated
by increasing the concentration of tPA in systemic or intraarterial delivery. However, this
approach is limited by the bleeding risk associated with high systemic concentrations of tPA.
Using a pwheel delivery strategy offers an alternative solution because pwheels can be injected
at subtherapeutic systemic concentration of tPA and subsequently localize at high concentrations
at the clot interface. For example, in this study the tPA activity on our injected tPA-pgn-beads

was comparable to 5 nM of free tPA, while the tPA activity of the accumulated pwheels at the
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clot interface is > 250 nM. tPA immobilized on microparticles is also less likely to enter the
extravascular space due to their size and therefore has the potential to be less neurotoxic in stroke

applications.

At sufficiently high tPA concentrations, plasminogen is the limiting factor in fibrinolysis
speed.* Once the fibrin front is replete with tPA, increasing tPA concentration further inhibits
fibrinolysis because tPA both consumes the available plasminogen and competes with plasmin
and plasminogen for fibrin binding sites. Here, we demonstrate that this limitation can not only
be overcome by co-delivering a plasminogen payload with tPA using a microbot platform but

can also approach the biochemical speed limit.

Both tPA and plasminogen have high affinity for fibrin fibers which limits their
penetration into a clot leading to surface erosion of a clot with minimal penetration into low
permeability clots. Thus, the last rate limiting step to overcome is the number of accessible fibrin
binding sites.” We have previously shown the potential to access binding sites within the interior
of a clot, and a bulk erosion from the inside-out, using a pwheel corkscrew motion.'* Here we
show that the corkscrew motion, in combination with co-delivery of tPA and plasminogen,

breaks the biochemical speed limit by allowing uwheels to penetrate into the clot.

Using magnetically actuated pgn-tPA-puwheels, we have overcome each rate limiting step
and achieved lysis rates that exceed even supratherapeutic concentrations of tPA. Our 40-fold
increase in lysis rate over therapeutic concentrations of 50 nM tPA is a larger relative increase
compared to other approaches that use magnetic particles as adjuvants or drug delivery
vehicles.*? For example, using magnetic microparticles to augment tPA penetration into clots
approximately doubles thrombolysis rates,*® a rate that can be further enhanced with the addition

of ultrasound. Magnetic rod mixers can enhance the mass transfer of tPA such that fibrinolysis at
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lower concentrations of tPA can approach, but not exceed, that of supratherapeutic
concentrations.** However, strategies that increase the accessibility of local tPA ultimately run
up against the limit of plasminogen availability. Because our approach uses beads encapsulating
iron oxide, further enhancement of fibrinolysis rate could be achieved using high frequency
magnetic fields to induce local hyperthermia, which has been shown to accelerate fibrinolysis in
vitro and in vivo using tPA-functionalized iron oxide nanocubes.*’ Taken together, the
combination of multifunctional magnetic particles combined with dynamic magnetic fields has
great potential to improve the rate of recanalization of occluded blood vessels, especially in cases

like lacunar strokes where clots are not accessible to mechanical thrombectomy devices.
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Materials and Methods
Materials

10 nm (ILIII) iron oxide nanoparticles (CAS 900084), cetyltrimethylammonium bromide
(CTAB, CAS 57-09-0), sodium dodecyl sulfate (SDS, CAS 151-21-3), sodium borohydride
(NaBH4, CAS 16940-66-2), bovine serum albumin (BSA, CAS 9048-46-A), fibrinogen from
human plasma (CAS 9001-32-5), and human plasminogen (SRP6518) were purchased from
Sigma-Aldrich (St. Louis, MO). Ethyl acetate (142-89-2), ammonium hydroxide (1336-21-6)
were obtained from Spectrum (New Brunswick, NJ). (Zeba desalting columns (89882), EZ-
Link™ Sulfo-NHS-Biotin kits (A39256), Dynabeads™ MyOne™ Streptavidin T1 (65601),
tetraethyl orthosilicate (TEOS, O46174), and Alexa 555 (A20174) were obtained from Thermo
Fisher Scientific (Waltham, MA). Normal pooled plasma (NPP) was purchased from George
King Bio-Medical, Inc. (Overland Park, KS). Human alpha thrombin was obtained through
Enzyme Research Laboratories (South Bend, IN). Recombinant human tPA was purchased from

Abcam (Cambridge, UK).
Synthesis of magnetic mesoporous silica nanoparticles (mMSN)

Synthesis of mMSN was adapted from Suteewong et al.>” where 15 mg of 10 nm iron oxide
nanoparticles in chloroform were passivated in 54.8 mM CTAB via 5 min homogenization. The
resulting emulsion was heated to 70°C for 10 min to evaporate the chloroform before being
diluted 20x in 18.2 MQ-cm DI water. Ethyl acetate, ammonium hydroxide, and TEOS at 0.062
M, 0.46 M and 0.015 M respectively were allowed to react for 8 min before being neutralized
using 2 M HCI. The resulting particles were calcinated at 500 °C for 8 hr to remove the

surfactant template before being resuspended in DI water with 0.1 wt% SDS. The entire reaction
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was carried out in a directional, no-gradient 4 mT magnetic field to bias the orientation of the
iron oxide domains and maximize magnetic response. For some samples, mMSN were etched

with NaBH4 for 4 hr to increase pore diameter after neutralization.
Characterization of mMSN

Scanning transmission electron microscopy (STEM) images were captured using a Talos F200X
microscope at an accelerating voltage of 200 keV. High-angle annular dark field energy-
dispersive X-ray (HAADF-EDS) spectra were also generated. Exposure times were greater than
30 min to allow for estimation of sample composition within a 90% confidence interval. Pore
size distribution was measured using a Micromeritics Tristar 3000 sorptometer and calculated
using the Barrett-Joyner-Halenda (BJH) method.*® Magnetization was characterized in an

MPMS3 Quantum Design magnetometer at 25 °C from -0.5 to 0.5 T.
Co-functionalization of Dynabeads™ with tPA and pgn-mMSN

To functionalize mMSN with primary amines, mMSN were incubated in 0.04 M 3-
aminopropyltriethoxysilane (APS) in ethanol for 2 hr at room temperature, and then 1 hr at 80
°C.% The mMSN were then washed with ethanol 4 times via centrifugation at 1500g for 1 min
and finally resuspended in a 1:1 mixture of water and dimethyl sulfoxide (DMSO) (pH = 4.7).
Then mMSN at 10'%/uL were mixed with 2 mL of 0.06M biotin in DMSO under sonication for 2
hr at room temperature. The resulting solution was washed 4 times with tris-buffer solution (pH
=7.4) via centrifugation at 1500g for 1 min. After the final wash cycle, the biotinylated mMSN
were resuspended with 107/uL beads in TBS for 4-48 hr. A magnet was used to separate the
beads from the unbound mMSN in four separate washing cycles. Each time, beads with

covalently attached mMSN (studded beads) were resuspended in TBS. Biotinylated tPA (200


https://doi.org/10.1101/2021.05.05.440940
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.05.440940; this version posted May 5, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ng/mL) was added to the solution and the studded beads allowed to incubate for 12 hr at 2 °C
before four more wash cycles. Finally, the studded beads were incubated in 10 uM plasminogen
in TBS for 12 hr at 4°C. Immediately before use, the resulting beads co-functionalized with tPA
and pgn-mMSN (pgn-tPA-beads) were washed three times in TBS to remove excess

plasminogen.
Magnetic field induced assembly and translation

Under the influence of a rotating magnetic field, tPA-beads and pgn-mMSN spontaneously
assemble into pwheels.>® To direct the pwheels to the fibrin front, a rotating AC magnetic field
was generated using five air-cored solenoids (51 mm inner diameter) with 336 turns each. An
analog output card (National Instruments (NI), NI-9623, Austin, TX) controlled by Matlab,
generated a current that was subsequently amplified (Behringer, EP2000, Willich, Germany).
The final current passing through each coil, measured using an analog input card (NI-USB-
6009), was 2 A, resulting in a field strength of 6.2 mT at the sample. The frequency of the
rotating field was 10 Hz. For corkscrew experiments, the heading direction and camber angle for
each magnetic field were shifted over time such that the beads followed a forward-biased spiral
path with a 1s frequency. pWheel velocity was tracked using brightfield microscopy on a Prior
Open Stand microscope (Prior Scientific, Cambridge, UK) with a PCO Panda camera (PCO

Imaging, Kelheim, Germany).
Loading and release of plasminogen

mMSN (10%/pL) were incubated in a 0.5 mL solution containing 10 pM plasminogen in PBS for
24 hr. Immediately before use, the pgn-mMSN were removed from solution via centrifugation at

5000g for 5 min, washed three times in 0.5 mL PBS, and resuspended in either PBS with 0.1
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wt% SDS or plasma with 1 wt% BSA. A standard curve for plasminogen absorbance at 285 nm
(A285) in PBS (0-20 uM) was measured with a UV-Vis spectrophotometer (Genesys 10S,
ThermoFisher). Pgn-mMSN (10°/uL) were placed in 0.5 mL PBS. Every 5 min for 1 hr, the
sample was centrifuged and the supernatant collected into a cuvette. Once the A285 was
measured, the supernatant was used to resuspend the pgn-mMSN. A285 measurements were

compared against a standard curve to calculate the release of plasminogen over time.
Biotinylation of tPA

Recombinant tPA at 200 ug/mL was biotinylated with an EZ-Link Sulfo-NHS-Biotin kit and
purified in Zeba Spin Desalting Columns according to manufacturer instructions. To prepare tPA
functionalized beads (tPA-beads), 5 uL beads were incubated in 20 pL aliquots of 200 pg/mL
biotinylated tPA at 4 °C for 12 hr (tPA-beads). Excess tPA was removed with four washes via

centrifugation at 1500 g for 1 minute. tPA-beads were resuspended in TBS with 1 wt% BSA.
Measurement of tPA activity on functionalized beads

tPA (0.25, 0.5, 0.75 and 1 uM) and tPA-beads (10° and 10%/uL) were incubated with excess (100
uM) fluorogenic substrate for tPA (SN-18, Haematologic Technologies Inc., Essex Junction,
VT). For solvated tPA experiments, fluorescent intensity was measured in a microplate reader
(Biotek Synergy H1, BioTek U.S. Winooski, VT) every minute for 1 hr. For tPA-bead
experiments, the solution was rotated on a carousel to prevent bead settling. In 5 min intervals,
beads were extracted from solution using a permanent magnet and the fluorescent intensity of the
supernatant measured. Beads and supernatant were remixed after each measurement to ensure

experimental continuity.

Modeling tPA and plasminogen concentrations at the lysis front
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Diffusion of tPA was calculated using Fick’s Law for diffusion into a semi-infinite medium (Eqn

1):

C(zt) _ _ z
_Co =1 erf (—zm) (Eqn 1)

C(z,t) is the concentration at time t and location z of tPA, C, is the injected concentration, and
D is the diffusion constant (D = 5 * 101! m?/s).%° To predict the concentrations of tPA and
plasminogen over time for delivered species, we measured the velocity distribution of drug-laden
pgn-tPA-uwheels as they approached the fibrin front. pWheels were driven in a single direction
for 60 min under a 6 mT magnetic field at 10 Hz. The velocity of each individual bead was
quantified using a macro for the Fiji distribution of ImageJ with the resulting distribution f(v)

lognormal (Eqn 2) or Gaussian (Eqn 3):

1 _(nv-p?
fw) = ¢ 202 (Eqn 2)
vo T
_ 15 Eqn 3
f@) = e w7, (Eqn 3)

Here, | is the arithmetic mean, o2 the variance, and a a parameter that accounts for skew. Given

these distribution functions, the probability that pwheels reach a point z at a given time ¢ is:

z/t
p(z,t) =1 —f f(v)dv (Eqn 4)
0

where z is the distance in microns between the fibrin front and bead injection site (1 mm). We
define a rectangular control volume encompassing the area within w = 100 pm of the fibrin

front. The concentration of beads that accumulate in that region is:

C(z,t)
Co

1 0
= Eqn 5
Awa p(z,t) dz (Eqn 5)
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where L = 1000 um is the distance separating the bead injection site from the fibrin front.
Concentrations of tPA and plasminogen are calculated according to the following ordinary

differential equations:

d[Pd—gtn*] = 2k, [Pgn]* — k_;[Pgn*] — kp,[tPA*][Pgn*] (Eqn 6)
% = =2k [Pgn]? + k_;[Pgn*] + ApgnRuwhees (Eqn 7)
LA = 2k, [tPAT? — k_,[tPA"] (Eqn 8)

d[ctiiA] = ApaRywneers — 2k [tPA]? + k_,[tPA*]. (Eqn 9)

Here, [Pgn] is the concentration of free plasminogen, [Pgn*] is the concentration of
plasminogen bound to fibrin, [tPA] is the concentration of free tPA and [tPA*] is the
concentration of tPA bound to fibrin. The rate constants k; and k_; are the on and off rates for
plasminogen binding to fibrin, and k, and k_, are the on and off rates for tPA binding to fibrin.
k:p4 1s the rate at which tPA converts fibrin bound plasminogen to plasmin. Rate constants have
been reported as k; = 1.72 uM's!, k_; =3.8 5161 k, =0.011 pM-!s”!, k_, =0.0036 s' and k;p4
=0.01 pM 1516263 A, ) and A,p, are coefficients representing the active concentrations of
plasminogen released from pgn-mMSN and tPA immobilized on tPA-puwheels respectively and
derived from experimental measurements of plasminogen release and tPA activity as described
above. Ry yneeis 18 the rate of accumulation of beads at the fibrin front and is the derivative with
respect to time of Eqn 2. When solved numerically using the Matlab ode45 solver, these
equations can be used to estimate the tPA and plasminogen concentrations over the timescale of

the fibrinolysis experiments.
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Fabrication of microfluidic devices

A template for the microfluidic channel was 3D printed using a Formlabs Form 3 printer using
clear stereolithography resin (RS-F2-GPCL-04, Formlabs, Somerville, MA). The device has two
inlets for the central channel (h = 50 um) and two auxiliary inlets for the side chamber (h = 100
um). A polydimethylsiloxane (PDMS) mold was made from the template. The PDMS was
prepared using a 10:1 ratio of Sylgard 184 silicone elastomer base to curing agent (Dow Corning
Corporation, Midland, MI). The mold was degassed for 1 hr in a vacuum chamber before being
cured for 1 hr at 80 °C. Once cured, the mold was washed for 5 min in acetone and 5 min in
ethanol in a sonicator before being air-dried. The mold and a glass slide were treated with
oxygen plasma (0.2 torr) for 90 s and immediately bonded. The bonded assembly was annealed

and then placed in a convection oven at 80 °C for 24 hr.

Fibrinolysis experiments

The geometry for the device is shown in Fig. S2A. The two auxiliary inputs were plugged to
prepare for injection of 30 pg/mL of Alexa 555 labeled fibrinogen, 20 mM CaCl, and 9 nM
thrombin to form a fibrin gel in the right channel. The device was enclosed in a Petri dish for 30
min with a moist Kimwipe to prevent evaporation and to allow full gelation. Next, the auxiliary
chamber was filled with NPP and a suspension of tPA-beads and pgn-mMSN was injected 1 mm
from the fibrin front. Lysis experiments were recorded using TRITC fluorescence and brightfield
microscopy through a PCO Panda camera at 5 min intervals through a 40X objective (NA 0.95,

Plan APO).
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Supplementary Information

Video S1: Brightfield (left) and fluorescence (right) time lapses of the dissolution of plasma clots

using soluble tPA and various uwheel populations. Video playback is accelerated 12X.

Video S2: Comparison of direct and corkscrew trajectories for a uwheel monomer driven by a 10

Hz, 6.2 mT rotating magnetic field.

Video S3: Dissolution of plasma clots using pgn-tPA-uwheels in either direct or corkscrew
modes. Front positions are indicated with red lines. For the corkscrew mode, green circles track

penetrating pgn-tPA-uwheels.

Figure S1: Estimates from mathematical model of tPA and plasminogen concentrations for free

tPA and different forumulations of microwheels.

Figure S2: Schematic of microfluidic device used for fibrinolysis experiments.
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