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Table S1. Cost estimation for EV-Lev platform

Component Price EV-Lev Estimated Total
Price (e.a.)

Magnet $5.75 $11.50
Price (50-piece)

Mirror $33 $1.32
Price (e.a.)

Needle $0.40 $0.80
per sq ft

PMMA ~$6 ~$0.5
100 ft

Tubing ~$100 $1
$14.62



3

Table S2. Theoretical maximum EV recovery using PS and PMMA beads using the average EV 
size of 100 nm which closely aligns with the measured sizes of eluted EVs
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Table S3. Comparison of size number for EVs eluted from different antibody and bead combinations using a t-test
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Table S4. Comparison of particle number for EVs eluted from different antibody and bead combinations using a t-test
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Table S5. Comparison of particle number of EVs eluted from the beads collected from top and bottom channels of EV-Lev and EVs 

collected by ultracentrifuge using an ordinary one-way ANOVA.

Number of families 1
Number of comparisons per family 3
Alpha 0.05

Tukey's multiple comparisons test Mean Diff. 95.00% CI of diff. Below threshold? Summary Adjusted P Value
Top vs. Bottom -13056 -478703458 to 478677347 No ns >0.9999 A-B
Top vs. UC -1138915370 -1617605772 to -660224968 Yes *** 0.0002 A-C
Bottom vs. UC -1138902315 -1617592717 to -660211913 Yes *** 0.0002 B-C

Test details Mean 1 Mean 2 Mean Diff. SE of diff. n1 n2 q DF
Top vs. Bottom 9834630 9847685 -13056 171450372 4 4 0.0001077 9
Top vs. UC 9834630 1148750000 -1138915370 171450372 4 4 9.394 9
Bottom vs. UC 9847685 1148750000 -1138902315 171450372 4 4 9.394 9

Compact letter display
UC A
Bottom B
Top B
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Table S6. Comparison of mean size for EVs eluted from the beads collected from top and bottom channels of EV-Lev and EVs 

collected by ultracentrifuge using an ordinary one-way ANOVA.

Number of families 1
Number of comparisons per family 3
Alpha 0.05

Holm-Šídák's multiple comparisons testMean Diff. Below threshold? Summary Adjusted P Value
Top vs. Bottom 0 No ns >0.9999 A-B
Top vs. UC 4.125 No ns 0.7914 A-C
Bottom vs. UC 4.125 No ns 0.7914 B-C

Test details Mean 1 Mean 2 Mean Diff. SE of diff. n1 n2 t DF
Top vs. Bottom 105.3 105.3 0 4.742 4 4 0 9
Top vs. UC 105.3 101.2 4.125 4.742 4 4 0.8699 9
Bottom vs. UC 105.3 101.2 4.125 4.742 4 4 0.8699 9

Compact letter display
Top A
Bottom A
UC A
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Principle of Co-Isolation of Extracellular Vesicles Using Polymeric Beads and Magnetic 

Levitation:

 

Magnetic levitation has proven to be a versatile tool for a variety of life science and biomedical 

applications1-3. It includes the utilization of micro and/or nano particles for biomolecule 4, 5, cell 5, 

and virus detection6,7 within a confined space between two opposing magnets. The levitation of 

these particles is determined by the interplay of two forces, the buoyancy force and magnetic force, 

which depend on the particle's density and magnetic susceptibility. The strength of the magnetic 

force is proportional to the difference between the magnetic susceptibility of the particle and its 

surrounding paramagnetic medium. 4, 8 Polymer beads are inherently non-magnetic and tend to 

move away from higher magnetic field regions to lower (diamagnetic repulsion). Even though this 

effect is weak, it can be enhanced by submerging the particles in a paramagnetic agent, such as 

Gadolinium (Gd)9. Given the negligible the magnetic susceptibility of polymer beads compared to 

a paramagnetic medium with Gd, their levitation is solely based on their density: higher density 

polymer beads levitate closer to the bottom compared to their less dense counterparts4,9,10 

regardless of their size4. We leveraged this phenomenon to sort beads of different densities, each 

decorated with distinct surface markers to enable the co-isolation of different populations of 

extracellular vesicles.
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“Theoretical Calculation of Maximum EV Binding for PS and PMMA beads:

To eliminate the heterogeneity in EV size, we employed an approach using the average EV size of 

100 nm (which closely aligns with the measured sizes of eluted EVs). Our analysis in Table S2 

assumes a uniform and complete coverage of the bead surface with EVs. According to the 

theoretical maximum calculations, PS and PMMA beads could capture 8.72x 108 and 9.71x 108 

particle, respectively.

In the validation experiments with pre-purified EVs, the initial particle concentration was 8.50 × 

10¹⁰ particles/mL. Concurrently, the maximum theoretical EV concentration (from Table S2) was 

calculated as 9.71 × 10⁹ particles/mL for 40 µm PMMA. The experimental particle concentrations 

after elution from the beads were:

PMMA-CD9: 6.27 × 10⁸ ± 1.01 × 10⁸ particles/mL

PMMA-CD63: 7.04 × 10⁸ ± 1.93 × 10⁸ particles/mL

PMMA-CD81: 5.24 × 10⁸ ± 2.88 × 10⁸ particles/mL

We demonstrated the proof-of-principle for vesicle isolation using inexpensive polymer beads in 

a high-throughput, flow-based platform. The experimental results reveal a recovery yield ~1.3 

order of magnitude lower than the theoretical maximum EV concentration. This discrepancy can 

be attributed to the initial assumption of complete bead surface coverage with EVs, which differs 

from the practical challenges of achieving whole surface functionalization with antibodies at the 

correct orientation. The EV-Lev system can process thousands of beads simultaneously, enabling 

the potential isolation of billions of vesicles, as validated in our experiments.  To further increase 

the rate of recovery from the initial solution, total surface area that captures EVs might be increased 

by increasing the total number of antibody-coated beads in the solution. 

For instance, increasing the number of 40 µm PMMA beads ten-fold to 15170, would theoretically 

allow capture of 9.71 × 109 EVs total. 
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Figure S1: Photo of the EV-Lev-based sorting system. A. Top and bottom outlets are attached to 

two syringe pumps that operate at different flow rates. The EV-Lev platform is placed on a 3D 

printed holder that is mounted on an inverted microscope (EVOS M5000) and imaged during the 

sorting via two side-mirrors attached. B. Close-up photograph of EV-Lev sorter.
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Figure S2. iSCAT analysis of particles collected after ExoTIC purification using 300 µL of 

plasma.

Mean size: 114 nm
Concentration: 4.25 x 1011 
particle/mL
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Figure S3:  Interferometric scattering (iSCAT) microscopy measurements for EVs collected by 

EV-Lev. A. Schematic representation of configuration of the interferometric imaging system. B. 

Images of extracellular vesicles after elution from the beads. Scale bars: 5 µm 
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Figure S4:  Total RNA content of eluting extracellular vesicles after the elution from Anti-CD9, 

-CD63, or CD81 beads using 20 μL of human plasma with 1 x of PS bead solution. 
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Figure S5:  FC analysis of eluted from A. PS-CD9 or B. PS-CD81 beads.  i, ii, and iii represent 

control, sample, and histogram statistics for each condition. Gate 1 and Gate 2 was set according 

to CD9 and CD81 magnetic bead populations in A-i and B-i, respectively. Red-Red or Yellow-

Blue lasers were used for APC-CD9 or PE-CD81 stains, respectively.
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Figure S6: Separation distance of two different beads under different Gd concentrations
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Figure S7: Optimization of flow rate in terms of top and bottom outlet purity for EV-Lev-based 

bead sorting at different flow rate ratios of bottom and top outlets using a mixture of streptavidin-

coated PS and PMMA beads. Sorted polymer beads at top (PS) and bottom (PMMA) outlets placed 

in wells and counted to assess sorting purity.
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Figure S8:  Sorted polymer beads at top and bottom outlets placed in wells and counted for purity 

for optimized flow rate: 50 µL/min for top and 10 µL/min for bottom channels, respectively. 

Photograph of the beads collected from A.  top outlet and B. bottom outlet. C. Assessment of purity 

after the quantification of the beads from each outlet.
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Figure S9:  Sorting purity in top and bottom outlets after incubating human plasma sample with 

an anti-CD9 coated PS bead and anti-CD81 coated PMMA bead mixture. 
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Figure S10: NTA measurement of EVs collected by ultracentrifuge using 450 µL of plasma 

diluted in a 1:2.5 ratio.
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Figure S11:  TEM images of extracellular vesicles collected by A. EV-Lev or B. 

Ultracentrifugation (UC).  TEM images showing the much clean and uniform EVs isolated from 

human plasma using EV-Lev.  In contrast, ultracentrifugation prepares EV in a mixture with small 

aggregates and debris. (Scale bars: 200 nm).
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Video S1:  Sorting of PS and PMMA mixture at 50 μL/min and 10 μL/min flow rates for top and 

bottom outlets, respectively, in a levitation media containing 0.01% of Pluronic and 75 mM Gd in 

PBS. 
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Video S2:  To demonstrate the potential for isolating multiplex bead-EV complexes, we sorted 

three different standard density marker beads (green: 1.02, violet: 1.06, and red: 1.09 g mL⁻¹) in a 

3D-printed magnetic levitation platform. The beads were levitated in a medium containing 0.01% 

of Pluronic and 150 mM of Gd in PBS. Flow rates for top, middle, and bottom channel were 500 

μL/min, 200 μL/min, and 400 μL/min, respectively.
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