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microscopy, [ 8 ]  quadriwave lateral shearing interferometry, [ 9 ]  
and quantitative phase tomography. [ 10 ]  Despite its success in 
quantifying cellular density, this technology has limitations in 
monitoring subtle morphological changes, manipulating cells, 
or triggering and quantifying various cellular events without 
requiring sophisticated fabrication or components. Alterna-
tively, magnetophoresis was used to separate cells based on 
their native magnetic properties, such as deoxygenated red 
blood cells (RBCs) from whole blood [ 11 ]  and malaria-infected 
RBCs from healthy RBCs. [ 12 ]  Magnetic repulsion was also used 
for label-free separation of cells spiked in magnetic solutions 
with respect to their size, elasticity, and magnetic property. [ 13 ]  
However, these technologies are limited to analyze various cell 
populations. Moreover, up until now, magnetic levitation has 
been used for analyses of densities and magnetic susceptibili-
ties of individual, macroscopic objects and as a means effective 
in: i) separating foods, [ 14 ]  determining the fat content in milk, 
cheese, and peanut butter, ii) comparing a variety of grains on 
the basis of their intrinsic densities, iii) guiding self-assembly of 
objects, [ 15,16 ]  and iv) characterizing forensic-related evidence, [ 17 ]  
and noncontact orientation of objects. [ 18 ]  Recently, a method has 
been demonstrated by using a magnetic levitation approach to 
measure metal-amplifi ed changes in the density of beads labeled 
with biomolecules. [ 19 ]  By using gold-nanoparticle-labeled bio-
molecules, and electroless deposition of gold or silver, change 
in the density of the beads was observed. These earlier magnetic 
levitation-based experiments were performed using large setups 
that had limited compatibility with microscopy. [ 16,20 ]  

 Here, we report a simple, yet powerful magnetic levitation-
based device (Figure S1, Supporting Information), fully compat-
ible with upright or inverted fl uorescence microscopes, which 
allows real-time, label-free separation, as well as high-resolution 
monitoring of cell populations. While at current stage this tech-
nology does not aim to isolate or purify cell subpopulation, it 
offers rapid spatial separation of different cell populations based 
on their unique magnetic and density signatures, without the 
use of antibody-tagged magnetic beads, centrifugation steps, or 
the use of a specialized, continuous, or discontinuous density 
gradient media. The levitation platform enables unique moni-
toring functional responses of cell populations, i) to a variety of 
stimuli, ii) over time, and iii) on a cell-by-cell basis. 

 Negative differences between the magnetic susceptibilities 
of suspending objects,  χ  0  (e.g., a heterogeneous group of cells) 
and suspending medium ( χ  medium ) create a magnetic force fi eld 
causing objects to be confi ned at different heights depending 
on the balance between buoyancy forces and magnetic forces 
( Figure    1  a). Until an object, e.g., an RBC suspended in a 
paramagnetic medium reaches the equilibrium height, a set 
of forces, i.e., fl uidic drag, inertial, gravitational, and mag-
netic forces, continuously acts on the object. As the object 

  A wide variety of cellular processes, both physiological and 
pathological, are accompanied by transient or permanent 
changes in a cell’s fundamental characteristics as a biological 
material: i) volumetric mass density or ii) magnetic signature 
due to formation or quenching of intracellular paramagnetic 
reactive species such as, reactive oxygen species (ROS), and 
reactive nitrogen species (RNS). These events include cell-
cycle stage, [ 1 ]  differentiation, [ 2 ]  cell-death (apoptosis/necrosis), [ 3 ]  
malignancy, disease state, [ 4 ]  activation, phagocytosis, in vivo 
and ex vivo cell aging (e.g., red blood cells), viral infection, and 
specifi c, as well as non-specifi c responses to drugs. Therefore, 
reliable tools designed for high spatial resolution, real-time 
monitoring, and quantifi cation of magnetic signatures and vol-
umetric mass densities of cells will help elucidate the intricate 
cellular mechanisms. [ 5 ]  

 Hitherto, there have been attempts to measure the funda-
mental material properties of biological living materials with 
high precision such as the density of single living cells. [ 6 ]  One 
such technology involves nanofabricated, suspended micro-
channel resonators that offer low throughput, and the neces-
sity to use a sophisticated pump mechanism to transfer cells 
between fl uids with different densities. [ 5 ]  Other approaches 
include phase-shifting interferometry, [ 7 ]  digital holographic 
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approaches equilibrium, its velocity, and thus drag and inertial 
forces, become progressively smaller (Figure  1 b and Figure S2, 
Supporting Information). In our experimental setup, a micro-
capillary tube with a 1 mm × 1 mm square cross-section is 
placed between two permanent neodymium magnets (NdFeB) 
in a confi guration where same poles face each other. Using this 
confi guration, magnetic forces exerting on the objects oppose 
the buoyancy forces, allowing objects to levitate at a height that 
depends on their density. To induce large magnetic forces on 
the objects, high grade (N52) NdFeB are chosen and they are 
placed closed to each other (1 mm). Two gold-coated mirrors are 
placed at each open side of the microcapillary at 45° to create a 
device compatible with conventional microscopy systems for 
high-resolution, spatiotemporal monitoring of cells during levi-
tation (Figure  1 c). For higher-resolution bright-fi eld and fl uo-
rescence imaging (20×, 40×, and 60×), we used a mirror-free 
setup coupled to a fl uorescence upright microscope leveled on 
its side (see the Experimental Section). Due to the symmetric 
placement of the two magnets, the symmetric magnetic fi eld 

strength distribution with respect to each axis reaching up to 
0.4 T (Figure  1 d) was achieved. Hence, the suspended cells levi-
tate at a position that depends on: i) the location of minimum 
fi eld strength and ii) the ratios of the magnetic susceptibility 
and cellular density. To test our setup, we suspended RBCs iso-
lated from a healthy donor in the 40 × 10 −3   M  gadolinium-based 
(Gd + ) paramagnetic medium (see the Experimental Section). [ 21 ]  
The paramagnetic solution used for all experiments presented 
here is currently employed for MRI investigations in humans. 
This medium is nontoxic, iso-osmolar at the concentration used 
for imaging, and fully compatible with human blood cells (see 
Figure S3 in the Supporting Information). Following 10 min 
of magnetic confi nement, RBCs stably levitated at a height of 
approximately 300 µm from the bottom magnet, forming a 
small, wall-less, blood stream-like assembly that can be easily 
imaged with high enough resolution to accurately quantify the 
basic parameters such as, shape, size, optical density, and multi-
channel fl uorescence of individual cells for post-acquisition 
image cytometry (Figure  1 e).  
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 Figure 1.    Magnetic levitation–based device for static separation, cytometry, and functional interrogation of cells. a) Schematic of the magnetic levita-
tion and cell manipulation in a magnetic fi eld. b) Negative difference between the magnetic susceptibilities of an object ( χ  o ) and suspending medium 
( χ  medium ) causes the object to move away from a larger magnetic fi eld strength site to lower magnetic fi eld strength. Until the object reaches the 
equilibrium, fl uidic drag ( F  d ), inertial ( F  i ), buoyancy ( F  g ), and magnetic forces ( F  m ) act on the object. As the object gets closer to the equilibrium, its 
migration velocity, and thus drug and inertial forces, become smaller. c) Front, 3D, and side views of the magnetic levitation setup. A capillary with 
1 mm × 1 mm square cross-section is placed between two permanent neodymium magnets (NdFeB) in a confi guration where same poles face each 
other. Scale bar is 3 mm. d) Controlling the position and orientation of objects with magnetic fi eld gradients. Contour plot of the magnetic fi eld for two 
magnets with same poles facing each other. The magnitude of the magnetic fi eld is constrained between 0 T and 0.4 T. More information on modeling 
is given in the Supporting Information. e) Confi nement of RBCs in the 50 × 10 −3   M  Gd +  solution. Scale bar is 40 µm.
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 Mass density distribution of human blood cells varies 
between 1.055 and 1.11 g mL −1  ( Figure    2  a). Volumetric mass 
density defi ned as mass per unit volume is one of the most 

fundamental physical parameters that characterize a cell. Sev-
eral cellular events such as differentiation, cell death (apop-
tosis/necrosis), malignancy, phagocytosis, and cell age cause 
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 Figure 2.    Characterization of cell separation using magnetic levitation. a) Density histogram of monocytes, lymphocytes, basophils, PMNs, eosino-
phils, and RBCs. b) Magnetically driven, density-based separation of fl uorescently labeled blood cells. Freshly purifi ed RBCs (RBCs, labeled red), PMNs 
(PMNs, labeled green), and lymphocytes (L, labeled blue) were mixed and magnetically confi ned for 15 min in the 30 × 10 −3   M  Gd +  solution. Scale bar 
is 40 µm. c) Levitation of RBCs at different molarities of suspending Gd +  solution, from left to right: 20, 35, 50, and 100 × 10 −3   M  Gd +  solution. Scale 
bar is 40 µm. d) Separation of young and old RBCs by age (Supporting Information, Movie S1). Time-lapse images showing the density separation of a 
mixed population of purifi ed young and old RBCs. Scale bar is 160 µm. e) Fluorescently labeled young (green) and old (red) RBCs at their equilibrium 
levitation height. Scale bar is 100 µm. f) Analytical equilibration time as a function of equilibration height of old and young RBCs. g) True magnetic 
levitation in whole blood (diluted 1:1000). Sedimented RBCs were loaded into the magnetic levitation device and cells imaged for 20 min. Scale bar is 
40 µm. h) Time-dependent location of RBCs levitating from bottom surface of microcapillary toward their equilibration point.
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sity. We fi rst assessed the cell-separation resolution of the setup 
by magnetically focusing previously isolated and fl uorescently 
labeled RBCs (red), polymorphonuclear leukocytes (PMNs) 
(green), and lymphocytes (blue) (Figure  2 b). Our results showed 
that cells suspended in the 30 × 10 −3   M  Gd +  solution form dis-
trict density, and cell-type specifi c confi nement bands populated 
by RBCs, PMNs, and lymphocytes alone. Then, we investigated 
the effect of magnetic strength and density of the suspension 
solution on the focusing height of RBCs by progressively 
increasing the molarity of Gd +  solution used for RBC suspension 
(Figure  2 c). We found that, as predicted by the formulas pre-
sented in the Supporting Information (Equation 11–12c), 
increases in the molarity of Gd + , and thus magnetic suscepti-
bility of the suspension media, and in a lesser degree of Gd +  
solution density (1.027 g dL −1  at 100 × 10 −3   M ) caused a gradual 
increase in the focusing height of RBCs.  

 RBCs are formed in bone marrow by hematopoietic stem 
cells (HSCs) and circulate in average for 100–120 d before they 
are recycled by tissue macrophages. Circulating RBCs through 
a complement-mediated process continuously release micro-
particles that progressively decrease their size and surface-to-
volume ratio and increase their density. [ 22 ]  To investigate if the 
sensitivity resolution of the setup was precise enough to sepa-
rate young (1.09 g mL −1 ) from old (1.11 g mL −1 ) RBCs based 
on their different volumetric mass densities, we levitated in a 
30 × 10 −3   M  Gd +  solution, a mixture of fl uorescently labeled 
young (green) and old (red) RBCs, which were isolated by Per-
coll gradient (see the Experimental Section), using our pub-
lished protocol. [ 23 ]  RBCs, which were initially in a random 
distribution in the microcapillary, started to focus at different 
levitation heights when exposed to magnetic fi eld (snapshots 
of the time lapse recording are shown in Figure  2 d) (Sup-
porting Information, Movie S1). Fluorescently labeled young 
and old RBCs at their respective equilibrium levitation heights 
are shown in Figure  2 e. Using the time-lapse recording of the 
levitation process, we evaluated analytically the specifi c equilib-
rium time function of focusing height of old and young RBCs 
(Figure  2 f). Briefl y, equilibrium heights were measured from 
the bottom magnet for young and old RBCs and were found to 
be 0.156 mm and 0.092 mm, respectively. Density differences 
between each cell and suspension liquid were calculated using 
Figure S2 in the Supporting Information (plotted by Equation 
11). By substituting density differences into Equation 14 and 
15, equilibrium times were plotted (Figure  2 f). Next, we tested 
the capability of the setup to levitate gravitationally sedimented 
cells. RBCs were loaded in the glass microcapillary tube and 
then placed on the bench for 15 min until all cells passively 
(gravitationally) sedimented along the bottom of the microcapil-
lary. The microcapillary tube was then loaded in the magnetic 
levitation setup. Due to their relative diamagnetic properties 
compared to the suspension liquid, cells started to move away 
from the magnet and levitate toward their density-dependent 
equilibrium point shown in Figure  2 g. We fi nally quantifi ed the 
location of cells during magnetic focusing as a function of time 
using time-lapse microscopy (Figure  2 h). 

 PMNs are phagocytes, i.e., cells capable of sensing and 
responding to microorganism-specifi c danger signals 
followed by specifi c binding and internalization of foreign 

microorganisms or particles. Phagocytic events result in the 
formation of reactive oxygen species (ROS) and ROS-mediated 
activation of hydrolytic enzymes. Generation of ROS and reac-
tive nitrogen species (RNS) will cause changes in the magnetic 
signature of phagocytes, whereas the dynamic interplay between 
the endocytic and exocytic processes during phagocytosis would 
directly impact the volumetric mass density of activated PMNs. 
To test the effect of cell activation on levitation height and cell 
morphology, we incubated freshly isolated PMNs with phorbol 
12-myristate 13-acetate (PMA) (10 × 10 −9   M ) for 10 min. As a 
control, PMNs were left in buffer for 10 min. Cells were then 
washed, fl uorescently labeled, mixed together, and loaded into 
the magnetic levitation setup. Magnetic focusing revealed dis-
tinct differences between control and activated PMNs both in 
terms of size, shape, optical density, and magnetic and mass 
density signatures ( Figure    3  a). Activated PMNs generate intra-
cellular paramagnetic ROS that actively reduces the difference 
between the magnetic susceptibilities of the cells and the sus-
pending medium. As a consequence, activated PMNs would be 
expected to “sink” compared to buffer-treated ones. However, 
our results show that the decrease in density promoted by cell 
activation [ 24 ]  is more pronounced than the transient increase in 
magnetic properties and, as a result, the cells levitated to higher 
elevations than the control. The morphological differences 
between activated and normal PMNs were evaluated by meas-
uring the roundness of cells, defi ned as  perimeter  2 /(4π area ). 
Calculated roundness values indicated signifi cant difference 
between PMA-activated and buffer-treated PMNs (Figure  3 c). 
The same samples were simultaneously examined by fl ow 
cytometry for changes in forward and side-scatter properties of 
PMNs associated with PMA activation (Figure  3 d). When com-
pared to fl ow cytometry, magnetic levitation allows direct visu-
alization of cells, as well as increased shape and size-detection 
sensitivity and resolution, while simultaneously providing real-
time density measurements on a cell-by-cell basis. To further 
understand the effect of intracellular ROS on the fi nal position 
of levitating cells, we used cell permeable glutathione (GSH), 
a known ROS scavenger. Our results showed that GSH-treated 
PMNs equilibrated slightly below the resting PMNs, whereas 
activated, low-density PMNs were focused as expected above 
these two groups (Figure  3 e). These results support the hypoth-
esis that ROS potentially changes the magnetic susceptibilities 
of the cells to an extent in which the levitation heights differ. To 
test the density resolution of the setup, we next levitated a mix-
ture of PMNs (PMN), lymphocytes (L), and platelets (P). High-
magnifi cation imaging of the resting PMNs revealed that, while 
most of the cells were non-activated, a few (Figure  3 f, arrow) 
showed early signs of activation, through both shape changes 
and height positions, indicative of lower cell density. In addi-
tion, contaminating eosinophils were positioned at the bottom 
of the PMN column, consistent with their density being equal 
to or greater than that of the densest PMNs (see Figure  2 a). Two 
hours after continuous levitation, PMNs underwent self-activa-
tion [ 25 ]  followed by integrin-mediated homo-typical aggregation 
(Figure  3 g). Of note, some of the PMN clusters also displayed 
a lower position compared to non-activated PMNs, suggesting 
that intracellular, paramagnetic ROS species formed during acti-
vation also infl uenced the confi nement height of the cells. Next, 
we studied the relative density changes during human PMN 
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phagocytosis by incubating freshly isolated PMNs with fl uores-
cently labeled  Salmonella montevideo  (Figure  3 h). Our results 
show that phagocytic PMNs have signifi cantly decreased density 
although there was no clear relationship between the numbers 
of  Salmonella  ingested (shown as red in Figure  3 h) and the con-
fi nement height of the PMNs. Our experiments also showed 

that labeling the cells with fl uorescent dyes did not alter the levi-
tation height of cells (Figure S4, Supporting Information).  

 To demonstrate the wide applicability of this magnetic levi-
tation–based approach over different cell types, we used circu-
lating cancer cells and sickled RBCs. Metastasis is a process 
responsible for spreading malignant cells from the primary site 
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 Figure 3.    Static levitation of functionally altered blood cells. a–c) Changes in PMN density associated with PMA activation. a) Low-magnifi cation 
fl uorescence image of magnetically focused PMNs treated with 10 × 10 −9   M  PMA (activated PMNs, red) or buffer (resting PMNs, blue). Scale bar is 
40 µm. b) Low-magnifi cation bright-fi eld image of the levitating PMN. Scale bar is 40 µm. Inset, showing the shape and optical density differences 
between resting and activated PMNs. Scale bar is 20 µm. c) Roundness differences between normal and activated PMNs. d) Flow cytometry results 
for normal PMN (left) and activated PMN with PMA (right). e) Scavenging intracellular ROS alters PMN confi nement height. Activated PMNs (green), 
resting PMNs (unstained), and GSH-treated PMNs (red). Scale bar is 40 µm. f) Magnetically driven density separation of blood cells. Left panel, low 
magnifi cation (4×) of buffy coat cell levitated in 30 × 10 −3   M  Gd +  solution for 15 min, showing PMNs (PMN), lymphocytes (L), and platelets (P). Scale 
bar is 200 µm. Right panel, high magnifi cation (40×) of resting PMNs, showing an activated PMN with rough partial outline (arrow) and two eosino-
phils showing darker granules in the cytoplasm (arrowheads). Scale bar is 20 µm. g) Low magnifi cation (10×), 2 h after levitation, PMNs underwent 
self-activation followed by homo-typical aggregation (red dotted circles). Scale bar is 80 µm. h) Phagocytosis of  Salmonella  by human PMNs. Resting 
PMNs (blue) and PMNs (green) preincubated with Alexa-594-labeled  Salmonella  were mixed, resuspended in 30 × 10 −3   M  Gd +  200 µL, and magnetically 
confi ned for 20 min. Arrowheads point to ingested  Salmonella . Scale bar is 100 µm.
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to another non-adjacent site. When malignant cells break away 
from a tumor, they migrate to other areas of the body through the 
bloodstream or the lymph system, becoming circulating tumor 
cells (CTC). We prepared a heterogeneous group of cells by 
spiking normal blood with breast cancer cells (CTC) ( Figure    4  a) 
prestained with the cell permeable, DNA-specifi c dye Hoechst 
33342. The cell mixture was then magnetically focused for 
15 min in a 20 × 10 −3   M  Gd +  solution that allowed levitation 
only of PMNs and lymphocytes (L), but not that of RBCs. CTCs 
were readily identifi ed (nucleus stained blue in Figure  4 b, 
and overlay in Figure  4 c) from the multicell suspension being 
confi ned close to the center of the microcapillary tube, tens to 
hundreds of micrometers away from lymphocytes and PMNs, 
respectively. Although we used a signifi cantly larger number of 
tumor cells that would normally be found in blood of a patient, 
the aim of the experiment was to test the device to spatially dis-
tinguish blood cells from cells with high genetic and morpho-
logical variability such as tumor cell. We also tested the ability of 
magnetic levitation to provide a binary answer, critical for rapid 
tests aimed at point of care (POC)-type settings. We levitated 
and recorded the responses of RBCs isolated from a healthy 
donor and a patient homozygous (SS) for sickle cell disease in 
the absence (Figure S5, Supporting Information) or presence 
of 10 × 10 −3   M  sodium metabisulfi te. [ 26 ]  Our results show that 
while sodium metabisulfi te does not alter the density of healthy 
RBCs (Figure  4 d), RBCs from SS patients fail to maintain their 
initial densities, rendering a subpopulation of sickle RBCs sig-
nifi cantly denser (Figure  4 e), displaying a distribution pattern 
that is both unique and easily quantifi able with standard image 
analysis methods (Figure S6, Supporting Information).  

 We have demonstrated the versatility of the magnetic levi-
tation platform that allows spatial separation and activation of 
cells, as well as monitoring and quantifying of various mor-
phological attributes, specifi c cellular activities, and agonist 
responses in real time. The strategy presented here allows also 
the examination of temporal responses of cells (Figure S7, 
Supporting Information) that could potentially provide exten-
sive morphological and functional mapping capabilities over 
time on a cell-by-cell basis for a given population. This device 
separated cells in a 1 mm capillary, so the cells are spatially 
enriched in a 3D space. The advantages of the system include: 
i) simple workfl ow, ii) lack of sophisticated micro/nano-fabri-
cation components, iii) disposable designs with the possibility 
of autoclaveable reusable modules, and iv) multidimensional, 
real-time investigation of dynamic cell:cell communications 
such as antigen-presenting cell:T cell and platelet:monocyte 
interactions. [ 27 ]  

 Several fl ow-based microfl uidic devices have been developed 
for isolating and purifying cells in the last decade for numerous 
applications. [ 28 ]  Here, we did not aim to isolate or purify cell 
subpopulations. While fl ow-based microfl uidic approaches 
impart with high throughput, such approaches have to waive a 
simple yet crucial capability, i.e., real-time spatial and morpho-
logical tracking of cell subpopulations and their responses to 
several factors, e.g., ROS formation or phagocytic events over 
large time durations. The presented approach here offers rapid 
spatial separation of different cell populations based on their 
magnetic signatures and densities without the use of antibody-
tagged magnetic beads, [ 29 ]  centrifugation or the use of a special-
ized, continuous, or discontinuous density gradient media. 

 Figure 4.    Versatility of magnetic levitation-based approach. a–c) Identifi cation of circulating tumor cells in whole blood. Diluted blood isolated from a 
healthy donor was spiked with breast cancer cells (TC) and magnetically confi ned using a low (15 × 10 −3   M ) Gd +  concentration that allows only levitation of 
TC, PMNs (PMN), and lymphocytes (L) but not that of RBCs. a) Bright-fi eld image of the levitated cells. b) Fluorescent image of the levitated cells. TCs are 
labeled with blue. c) Merged image of bright-fi eld and fl uorescent image. Scale bar is 100 µm. d,e) Identifi cation of sickle cell disease by magnetic levitation. 
Levitation of: d) healthy and e) sickle RBCs in the presence of 10 × 10 −3   M  Na metabisulfi te. Bright-fi eld images of RBCs recorded after 10 min of confi ne-
ment. Enhanced (Roberts fi lter), image analysis-friendly images of the same snapshots are given in Figure S6 (Supporting Information). Scale bar is 100 µm.
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 The magnetic levitation device offers numerous biotech-
nology applications, as well as a platform to study and mon-
itor several fundamental cellular behaviors. It provides unique 
capabilities for cell biology research, where cell densities matter 
and can refl ect various processes such as cell-cycle, phago-
cytosis, apoptosis, and differentiation. This system is also sensi-
tive to magnetic susceptibilities of cells and can thus be used 
for analysis of hemoglobin degradation within the RBCs (e.g., 
stored blood and sickle cells). The capability of monitoring sev-
eral cellular activities can be also signifi cant for drug discovery, 
toxicity testing, and single cell testing. Real-time monitoring of 
levitating cells, followed by protein and nucleic acid analyses, 
will potentially open avenues for research in unique signaling 
mechanisms present only during low gravity conditions. 

 Simplicity, small size scale, and fl exibility of the design can 
potentially make the system compatible with mobile devices for 
telemedicine and use in resource poor settings for screening 
and diagnostics of malaria-infected red blood cells and sickle 
cells. This strategy does not require antibodies, advanced 
microscopy instrumentation, or techniques for reliable diag-
nosis, nor the presence of microscopy specialists. The presented 
magnetic-levitation-based approach provides a broadly appli-
cable tool for high-resolution, real-time cell biology research, as 
well as for binary disease screening and diagnostics suitable for 
point-of-care settings.  

  Experimental Section 
  Antibodies and Reagents:  Hoechst 33342 (H1399, Molecular Probes, 

Eugene, OR, USA); Hank’s balanced salt solution (14025-092), 
cell mask deep red plasma membrane stain (C10046), cell tracker 
green, CMFDA (C-7025), NPE-caged ATP (A-1048, Life Technologies, 
Grand Island, NY, USA); Ficoll (17-5442-03), Percoll (17-0891-01, GE 
Healthcare, Pittsburgh, PA, USA); citrate 4% w/v (S5770), dextran 
T500 (31392), glutathione reduced ethyl ester (GSH-ME) (G1404), 
sodium metabisulfi te (S9000), sodium chloride (S5886, Sigma, St. 
Louis, MI, USA); phorbol 12-myristate 13-acetate (PMA) (1201, Tocris, 
Bristol, UK); VitroTubes square capillary microcells, borosilicate glass 
(8100, Vitrocom, Mountain Glass, NJ, USA); gadolinium-based (Gd + ) 
paramagnetic medium Prohance (Bracco Diagnostics, Princeton, NJ, 
USA); Critoseal (Fisher Scientifi c, Pittsburgh, PA, USA). 

  Magnetic Levitation of Cells:  Cells were resuspended in 200 µL of 
40 × 10 −3   M  gadolinium solution unless otherwise noted, all blood cells 
used were isolated and purifi ed before being diluted (see methods on 
PBMC, PMN, and RBC isolations in the Supporting Information) into the 
1.0 mm × 1.0 mm square microcapillary tubes (wall thickness 0.2 mm) 
by superfi cial tension action. Critoseal was inserted into either end of 
the microcapillary to prevent cells from drifting during analysis. The 
capillary was then loaded into a slot between the magnets and cells were 
imaged using either QImaging Emc 2  EMCCD camera on an Olympus 
BX62 microscope or an Qimaging EXi CCD camera on a Zeiss Axioscope 
microscope. For high-resolution images, we placed a fl uorescence 
microscope leveled on its side perfectly horizontal and used a mirror-free 
magnetic levitation setup. The images were analyzed with Slidebook 5.5. 
(3i, Denver, CO, USA), ImageProPlus 7 (Media Cybernetics, Rockville, 
MD, USA), and iVison 4.7 (Biovision, Exton, PA, USA).  

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