
SBIR Phase 1 Application: Triple analysis of Blood Clotting using Driven and Diffusing Microbeads 
 

Significance 
Population studies and drug research require a high-throughput measurement of clot stiffness, permeability. 

The single largest cause of death in the US over the latter half of the 20th century was and remains a 
thrombotic event: a blood clot in the heart, brain, or lungs. Assessing blood clot quality is essential for studying, 
diagnosing, and treating disease. A properly functioning clot must: form promptly; achieve hemostasis; remain 
mechanically stable against pressure-driven blood flow; and ultimately lyse and disappear. Conventional blood 
coagulation tests can be grouped into three areas: 
1. Clotting Time: Most tests performed today are kinetic—they measure only how fast the clot forms. These 

include prothrombin time (PT), activated partial thromboplastin time (aPTT), and clotting factor assays. 
2. Mechanical Stability: Clot stiffness measurements such as ROTEM® and TEG® predict likelihood of 

bleeding 1, indicate treatment course in surgery 2, and monitor postoperative transfusion 3.  
3. Permeability: This most direct gauge of hemostatic potential entails measuring the pressure-driven fluid 

flow rate through a blood clot. Permeability has demonstrated clinical relevance: it differs from normal in 
cases of in-stent thrombosis 4, idiopathic venous thromboembolism 5, type 2 diabetes 6, hemophilia 7, 
ischemic stroke 8, 9, and myocardial infarction at an early age 10. 

Clot stiffness and permeability are correlated with a broad range of diseases, but because they are not 
available in high throughput screening (HTS) format, the tests are under-applied. An HTS system for these 
tests would illuminate the relationship of disease etiology and abnormalities of blood clots. In basic and clinical 
research, we see a market for large-population screens (please see attached letter from Prof. X.) and for 
development of new pharmaceuticals designed specifically to bring clot stiffness or permeability into normal 
range. We anticipate that these measurements will one day provide superior clinical monitoring for patients 
receiving treatment that modifies thrombotic activity. 

Microbead techniques enable triple-analysis (Figure 1). We have taken inspiration from microbead 
techniques 11, 12 to develop HTS-
compatible assays that perform all 
three tests: 
1. Clotting time: Microbeads (1-5 

µm) freely diffuse in plasma until 
a forming clot traps them. 

2. Mechanical Stability (Figure 
2a): Our patented magnetic 
force technology 13, 14, 15 pulls on 
microbeads with calibrated force 
(<1 pN–10 nN) to measure the 
stiffness of the gel; a similar 
technique was used in 16. 

3. Permeability (Figure 2b-c): 
Using our prototype automated 
microscopy platform, we have 
observed that the hindered 
diffusion of nanoparticles 17 in 
clots can be used to derive the 
clot’s permeability by applying 
the effective medium theory 18.  

Because these methods use high-
resolution microscopy, they could be 
performed as part of other imaging-
based experiments such as imaging 
the clot structure or measuring cell migration. The bead’s shape or surface chemistry could be tuned to study 
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Fig. 1: We will build an imaging/magnetics platform (Aim 1) to enable bead-based triple 
analysis of clotting (Aim 2). Clotting time: Big beads become trapped in the clot as it 
forms. Clot stiffness: Using our magnetics technology, we pull on the bead with a calibrated 
force and measure the local compliance. Permeability: We extract clot permeability from 
diffusion of small beads (<600 nm) using a gel physics equation, the effective medium theory.
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novel drug delivery strategies. 
This Phase 1 SBIR will test the feasibility of an HTS “triple analysis” that will simultaneously and 

automatically measure clot kinetics, strength, and permeability. We will evaluate whether our bead 
techniques can be sufficiently automated to gain wide adoption by blood pathologists and hematologists. We 
are aware of no existing system (commercial or otherwise) that can perform all three measurements, let alone 
perform them simultaneously, automatically, or in high throughput. [NewCo] is targeting this technology initially 
at research markets; the technology is readily adaptable to diagnostic environments.	  
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Fig 2. (a) We use our magnetic force system and image analysis software to measure bead displacement during clot formation. Because we can calibrate the 
applied force, we can extract the local stiffness of the clot over time. (b) We can also characterize clot structure by measuring the diffusion coefficient Deff of small 
fluorescent beads embedded in the clot. Note how bead mobility drops because clot pore size is decreasing, as shown by confocal microscopy (inset). (c) A 
correlation plot showing that the effective medium theory successfully derives clot permeability from diffusion. To generate this plot, 
we performed a classic permeability measurement to measure the Darcy constant, KPerm. We then applied the effective medium theory to the data from (d) to 
derive KEM In summary, this automated diffusion protocol is a high throughput measurement of clot permeability.
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Objectives and Innovation 

[NewCo] will develop the first small volume, HTS-compatible assay for clot stiffness and permeability. 
Phase 1 Specific Aims 

1. Assemble and qualify an imaging/magnetics platform to perform automated bead-based clot tests 
2. Evaluate the performance of bead based-clotting tests against standard protocols 

Anticipated Phase 2 aims: 
1. Implement multi-specimen (20-100 clots/tray) instrument that requires <2 µL of clot 
2. Demonstrate a “one-button” high throughput (>20 specimen), triple analysis of clotting 

Innovations of Aim 1: (a) An imaging platform and (b) magnetic force technology driven by (c) a custom 
system to “Launch Events When Optimally Synchronized” (LEWOS). 

(1a) Integrated, automated imaging system. We have designed an optical system (component testing 
ground shown in Fig.3) that achieves 60Hz video, 20nm bead-tracking resolution, and three imaging modes: 
red fluorescence 
(RFL), green 
fluorescence (GFL), 
and brightfield (BF). 
The data of Fig.2 
were collected 
using the system in 
Fig.3.	  Our target 
application in 
diagnostics will use 
fluorescence for the 
permeability 
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measurement (non-magnetic nanoparticles) and brightfield for the clotting time and stiffness measurement 
(magnetic microparticles). However, our research customers may elect to use the three imaging channels in 
other ways. For example, our colleague Dr. Y studies thrombin generation over cell cultures 19. In that system, 
cells could be stained for RFL, and GFL used to measure permeability as a function of height from the cell. 
Clotting time as a function of distance from the cells and clot stiffness would be measured with magnetic beads 
in BF. Such an experiment cannot be performed with any system currently on the market.  

(1b) Magnetic force technology. Our patented thin-foil magnetic force technology 13 can apply a wide 
range of forces (<1pN–10 nN) and is fast (bandwidth >3kHz). It is biocompatible, temperature controlled, and 
integrates with high-NA microscopes. Our single-specimen magnetics lid (see Figure 4) incorporates flux-
generating coils in a circuit board, and thin film magnetic pole tips to keep the entire system thin (~3 mm). We 
have miniaturized and re-packaged this technology into 96-well microplate geometry, and we have thoroughly 
calibrated the applied forces and on/off times of the system 15. The on/off times for applying forces are under 1 
ms, enabling broadband (0.1–1,000 Hz) compliance measurements using a stress relaxation analysis. Finally, 
our system requires as little as 1µL of sample volume, on the order of 1/100th conventional tests, and is 
adaptable to a 96-well format. 

!

Fig 4. Magnetic force technology. (left) Single-
specimen design uses a “lid” (far left) with built-in 
pole tips (left top) that conduct magnetic flux 
generated by PCB coils (left bottom). (above) We 
have also implemented a 96-well compatible 
version of the magnetics technology. A “magnetics 
block” incorporates the coils (above left) and a 
“magnetic microplate” with the pole tips (above 
right).

Single Specimen System HTS System (96-well compatible)

Fig. 5. Rheomics is building a layer of 
custom hardware and software that sits 
between the user’s computer and the 
microscope subsystems. LEWOS is like 
a microscope operating system: it 
synchronizes magnets, illumination 
modes, cameras, and stages.

  
(1c) LEWOS. [NewCo] is building a system to “Launch Events With Optimal Synchronization” (LEWOS). It 

can be though of as an operating system for a microscope. Our product comprises many high-speed 
components (high-bandwidth magnetics, LEDs, a 60 Hz camera, fast positioning stages). Without LEWOS, the 
optical and magnetics subsystems would not be tightly synchronized, making the our product awkward to use.  
More importantly, high-precision event scheduling will improve the speed of data collection without 
compromising data quantity or quality. For example, we combine LEWOS with real-time analysis to collect data 
for only as long as necessary to get a statistically significant sample of beads. We also expect our research 
customers to take advantage of this functionality to measure clot heterogeneity. In such samples, getting an 
even number density of beads throughout the specimen is difficult and our closed-loop method would 
automatically gather the needed data in all sub-regions of such heterogeneous samples. 
Innovation of Aim 2: Triple analysis of clot formation, stiffness, and permeability featuring simultaneity, small 
sample volume, and high throughput compatibility. 

The [NewCo] coagulometer innovates past existing systems because it will provide three critical features: 
• Simultaneity. All three measurements will be performed in the same clot, automatically. Simultaneity 

minimizes error introduced when the three measurements are performed on separate clots. It reduces the 
labor and time involved in clot characterization. In the case of permeability, we aim to perform the 
measurement 60x faster (see work plan for detailed discussion). 

• Small volume. We have performed our bead measurements with as little as 10 µL of clot, and the 
techniques should scale to as little as 1 µL. The small volume requirement makes this technology especially 
appealing for pediatric, small animal-model, and drug discovery applications, where blood or clotting 
reagents must be conserved. 

• High throughput compatibility. Today there is no instrument to measure clot stiffness in high throughput, 
and there is no commercial permeability-measuring instrument of any kind. [NewCo] bead technology will 



make it possible to perform large-population clinical screens and chemical searches for pharmaceuticals. 
Some current clot diagnostics are bead based. Our technique innovates beyond these approaches by 

applying a quantitative physics interpretation to the measurement. This includes calculation of the permeability 
by the effective medium theory 18, the clotting time from the diffusion coefficient 20, and the clot stiffness using a 
driven microbead rheology approach 21. 
Analysis summary. Analysis begins with (x(t), y(t)), the trajectory of a particle over time. We calculate r(t) = (x2 + y2)1/2. 
This radial position r(t) provides the basis for calculating the mean squared displacement, and subsequently the diffusion 
coefficient and clotting time. Stiffness is based on the applied force and how far the particle moves during a pull.

Analysis summary. Analysis begins with (x(t), y(t)), the trajectory of a particle over time. We calculate r(t) = (x2 + y2)1/2. 
This radial position r(t) provides the basis for calculating the mean squared displacement, and subsequently the diffusion 
coefficient and clotting time. Stiffness is based on the applied force and how far the particle moves during a pull.
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This radial position r(t) provides the basis for calculating the mean squared displacement, and subsequently the diffusion 
coefficient and clotting time. Stiffness is based on the applied force and how far the particle moves during a pull.

Analysis summary. Analysis begins with (x(t), y(t)), the trajectory of a particle over time. We calculate r(t) = (x2 + y2)1/2. 
This radial position r(t) provides the basis for calculating the mean squared displacement, and subsequently the diffusion 
coefficient and clotting time. Stiffness is based on the applied force and how far the particle moves during a pull.

Provides permeability using 
effective medium theory (see Fig. 
2c

Inflection point in Deff 
provides clotting half-
time, t50.

Clotting time tc is defined to be the 
time after t50 when Deff has largely 
leveled off.

We use the same 
definition of stiffness as 
other MBR studies

  
Finally, our product must be easy to use. While our instrument is a technically intricate combination of 

microscopy, magnetics, and analysis, our product will be a single-button, triple-analysis of clot character and 
quality. While this Phase 1 SBIR focuses on the feasibility of our approach (we defer explicit productization to 
Phase 2), usability is a fundamental part of our system design. In this Aim we will develop a seamless 
pipeline from data collection through analysis and presentation of clotting time, stiffness, and permeability. This 
means the instrument will automatically identify beads, apply magnetic forces, record images and tracking 
beads in all three imaging channels (BF, RFL, & GFL). Particle position will be tracked within the videos, 
translated into the reference frame of the magnetic pole tip, and normalized by the applied force. The 
algorithms required for each step in this pipeline have been developed and tested; key among them, 
CISMM Video Spot Tracker (see www.cismm.org/downloads), which auto-identifies and tracks beads. 

Work Plan 
This work plan tests the feasibility of a high throughput triple analysis of clotting—specifically, the 

throughput that an HTS system could achieve. The work is broken into two specific aims: (1) hardware 
assembly and qualification and (2) development and testing of the clot measurements. The aims will be 
pursued in parallel. We have identified milestones and quantitative metrics for each aim. 
Aim 1: Build and qualify (a) imaging platform + LEWOS and (b) clot-compatible magnetics system 
Test Demonstrated Spec Target Specification 
Max framerate (200nm bead) 20 fps 40 fps 
Bead tracking resolution 20 nm 20 nm 
Synchronization precision Untested 1 µs 
Max force 10 nN 10 nN 

The work of Aim 1 follows the typical engineering pattern of design, build, and test. Success in this Aim is 
defined as a system that performs adequately to achieve the objectives of Aim 2. We have already completed 
extensive component testing and initial data collection using this system with optical bottom 96-well 
microplates (commercially available, eg NUNC brand). Therefore, we know that our system will work with 
plasma-purified fibrinogen and platelet-poor plasma clots. 

Risks remain for more turbid types of clots that we have not tested, namely platelet-rich plasma (PRP) and 
whole-blood clots. The measurement occurs <100µm into the specimen, so epi-fluorescence will be minimally 
affected. By contrast, BF illumination must pass through the full specimen volume, where the light is scattered 
primarily by the fibrin fibers 22 and red blood cells (RBCs) 23 and absorbed by hemoglobin. Longer-wavelength 
illumination reduces the scattering and hemoglobin absorption, so IR BF illumination would solve this problem. 
For example, IR illumination is used in both the Roche CoaguChekR and the Helena Laboratories Cascade 
POC and Abrazo systems. 

Magnetics design. A key risk and task in this Aim is in redesigning the magnetics system to be more 
compatible with blood clot measurements. Thanks to our prior experience with magnetics (Figure 4), we know 
how to maintain the force and bandwidth features of our technology as we change the physical packaging and 



dimensions. Critical parameters are drive core cross-section, coil impedance, and extensive ground-flux 
shielding of adjacent coils. We have also developed pacification strategies to avoid corrosion, and degauss 
strategies to eliminate magnetic remanence. 

We will mechanically integrate the magnetics technology with the microscope. (Figure 1, top left). Our 
current design has pole tips mounted onto glass slides, and the combination is glued to the drive core. The tips 
then face downward when mounted into the magnetics lid, and approach from above a specimen that lies on a 
separate cover slip, positioned below so that it can itself be viewed by an inverted optical microscope. We will 
revise this mechanical design to make our cover slip/pole tip configuration into an integrated specimen 
chamber with the pole tips. The coils, currently built into the lid, will be built into the microscope base, 
effectively flipping our current lid design over. A central hole allows access by the optical imaging system from 
below. This is the permanent part of the instrument. We will design disposable coverglass substrates that have 
integrated pole tips that will then be placed, not glued, onto the magnetic baseplate. In addition, a software 
engineer will add magnetics control into LEWOS, enabling automatic force application synced with imaging. 

Beads: Size, characterization, surface chemistry, and dosing. The beads that we use are 0.2-3µm in 
size and commercially available. We 13, 24, 14, 15 and others 25, 17, 26 have published with them before. We calibrate 
the magnetic force using a technique 15 that does not require knowledge of the magnetic properties of the 
bead. We see a 10% spread in applied force 24; this variation is due to the distribution in both magnetic loading 
and bead size. ([NewCo] will ship pre-calibrated pole tip consumables.) The sub-micron beads are fluorescent 
dye–infused polystyrene. Polystyrene is 100% non-magnetic. 

We beads with exposed COOH groups, enabling easy modification of the beads’ surface. We can attach a 
fluorescent dye to the surface of the magnetic particles if a specific application requires it. (Usually BF is 
adequate to observe these magnetic particles.) We functionalize the beads with 2kDa polyethylene glycol 
(PEG) because it minimizes fibrin-bead interaction 17; thus we do not anticipate bead-platelet or bead-red blood 
cell (RBC) interactions, but we will continue to use direct clot imaging (as in Fig.2b) to look for any changes in 
clot structure due to the presence of the beads. 

In this Phase 1 SBIR, we will add beads (and calcium for citrated samples) to samples by standard 
pipetting techniques, which dilute the sample by ~5%. We are also pursuing patents on novel zero-dilution 
dosing strategies. Implementing this technology is another area of activity for [NewCo], but is outside the scope 
of this application. 
Aim 2: Implement bead tests, qualify throughput, validate against standard clotting tests 
Test Minimum Throughput (sec/clot) Target Throughput (sec/clot) 
Clotting time throughput 2 0.15 
Stiffness 10 0.15 
Permeability 120 30 

Implementation and throughput qualification. Because [NewCo] is building an HTS coagulometer, the 
key question is throughput, the time required to make a measurement and move to the next location. In the 
multi-specimen assay, the system will measure each clot in series, then return to the first clot to take the next 
measurement. Multiplying the measurement time by the number of clots being measured provides a raster 
time—the time between subsequent measurements on the same clot. For a dynamic measurement—clotting 
time, for example—the raster time defines the temporal resolution of the measurement. We set the quantitative 
metrics for this work plan by establishing the required temporal resolution, which provides a raster time, which 
in turn indicates the number of clots that an HTS version of this system would be able to process. Below we 
summarize our implementation plan, indicating risks and mitigation strategies as appropriate. 

Clotting time. We aim to raster every 15 s because fast clots form in about 1 min, and at least four 
measurements are required to see a clear indication of change over time. We have identified three potential 
strategies: 
• Evaluate whether 1 µm beads are freely diffusing or stuck using an existing method in our lab: measure 

single-particle thermal diffusion. We collect 1 s of video on 5 particle traces, in 2 fields of view (FOVs). A 
single clot therefore requires collecting 2 seconds of video, or 7 clots in 15 s, leaving one second to allow for 
stage translation among FOVs. 

• Use BF strobing to acquire the free/stuck information in 1 video frame. This option has not been developed, 



but would be more than 10x faster. LEWOS would acquire a single brightfield frame but strobe the 
illumination twice, at the beginning and end of the frame. Simultaneous with this double-exposure, LEWOS 
would apply magnetic force sufficient to move a bead in water one bead diameter (3 pN, assuming a 1 µm 
bead imaged at 80 fps). The result is an image of two beads side-by-side. As the clot forms, the double-
images gradually overlap. The measurement signal is the bead travel (found as the square root of the 
absolute value difference of a no-force, single-exposure image from the double-exposure image). Accounting 
for stage translation, this method would enable 100 clot measurements within the 15 s raster time. 

Stiffness. Clot stiffening in standard mechanical assays (TEG or ROTEM) happen over longer timescales 
(20–60 min) than aPTT tests, so the raster time can be as long as 15 minutes. For stiffness measurement, the 
minimum measurement time is a fundamental physical property of the clot, its relaxation time, which in fibrin is 
<1s. Thanks to the fast on/off time of the magnetics system and the synchronization of LEWOS, we can switch 
for force on and off in adjacent frames. We will explore reducing the pulling time as much as possible, 
with a target time of 150 ms/clot including stage motion. In addition, like TEG, our stiffness 
measurement should also be able to measure clot lysis, with no alteration in measurement technique. We 
will experiment with capturing this important clot characteristic. 

 Permeability. Permeability data are 
generated from fluorescence videos of 200 
and 500 nm beads. We calculate permeability 
from the shortest-timescale data, which is set 
by the camera framerate; increasing the 
framerate increases the number of datapoints 
we can gather in a fixed period of time. 
Presently, we collect 10 s of video in 13 
FOVs, or about 2 minutes of video per clot. 
With the improved framerate we seek in Aim 
1 and further examination of the minimum number of FOVs and video length required to achieve good statistics 
on the measurement, we expect quadruple the throughput to 30 s per clot measurement. Note that even in the 
minimum-spec case of 2 minutes per measurement, this technique substantially outpaces traditional 
permeability measurements, which take 15-45 minutes per clot. If we meet our target throughput spec, this 
system will be 60x faster than existing permeability measurements, and it will be automated where existing 
techniques are manual. 

Validation against standard tests. We will validate our three bead measurements against standard 
coagulation tests. These include kinetic tests, 
TEG, cone-plate rheometry, and permeability. In 
the final phase of the project, we will validate the 
system with the tests identified in the table 
above-right. (Please see letter of support from Dr. 
A regarding access to standard coagulation 
diagnostic equipment and strategic guidance on 
assay development.) 

Reagents and procedures. For cost and 
consistency reasons, we will develop the 
analytical methodology using commercially 
available lyophilized plasma (widely available 
through Fisher and others). These commercially 
available plasmas are provided in a range of coagulability that emulates normal and coagulopathic samples. 
Coagulation studies will begin with fibrin concentration sweeps using commercial fibrinogen diluted in citrated, 
fibrinogen depleted plasma. (Clinical range is from 170–410 mg/dL by the Clauss method.) 

For formal validation we will obtain small volumes (1 mL/month) of normal and hemophilic dog blood from 
Dr. A and human blood from Prof. X, and Drs. Y and Z. These samples can also be spun down as needed to 
provide PRP and platelet poor plasma. 

Analysis	   Measured	  Quantity	   Validated	  Against	  

Clotting	  time	  

Microbead	  diffusion	  
Microbead	  blurring	  
Microbead	  displacement	  
under	  applied	  force	  	  

Turbidity	  (Platelet-‐poor	  
plasma	  only),	  PT,	  aPTT	  

Stiffness	   Microbead	  displacement	  
under	  applied	  force	  

Thromboelastography	  
Cone-‐and-‐plate	  rheometer	  

Permeability	  
Nanoparticle	  diffusion	  (200	  
and	  500	  nm	  beads)	  and	  
effective	  medium	  theory	  	  

Manual	  permeability	  
measurement	  and	  Darcy’s	  
Law	  


