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ABSTRACT OF THE DISSERTATION 

 

High-Speed Manipulation of Cells and Particles 

for Single-Cell Analysis and Mechanophenotyping 

 

by 

 

Daniel Robert Gossett 

Doctor of Philosophy in Biomedical Engineering 

University of California, Los Angeles, 2012 

Professor Dino Di Carlo, Chair 

 

 

Due to the heterogeneity of cellular populations it is important to assay individual cells to garner 

an accurate representation of the system of interest, and oftentimes the cells which are most 

critical to detect are in a minority. High-throughput single-cell analysis methods, especially flow 

cytometry, possess this ability and have had a significant impact on the way many diseases are 

diagnosed and monitored and the way research in biology is performed. The frontiers of single-

cell analysis lie in extending the accessibility of these methods to the point-of-care, where the 

cell manipulation strategies of traditional flow cytometry are ill-suited, and expanding upon the 

number and type of biomarkers which can be measured. This dissertation reports the 

development of new strategies for manipulating cells and particles in high-speed flows, a critical 

step toward meeting the needs of next-generation cytometric technologies. These strategies 
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employ inertial phenomena present in finite Reynolds number confined flows to transfer cells 

and particles across laminar streamlines and perform operations on cells. Specifically, this 

dissertation reports the development of (1) a theoretical background and design criteria for 

inertial focusing at high Reynolds number, (2) a method for performing continuous rapid 

solution exchange around cells, and (3) a tool for assaying the mechanical properties of cells at a 

throughput comparable to flow cytometry (‘deformability cytometry’). These generalized design 

rules, developed in the earlier work, were employed to develop tools for automated cellular 

sample preparation (‘rapid inertial solution exchange’) and to focus cells to ensure uniform 

hydrodynamic stretching in the deformability cytometry method and will be applicable to many 

future applications of inertial focusing for cytometry, imaging, and bead-based tools. Rapid 

inertial solution exchange will increase the accessibility of complicated assays to the point-of-

care by increasing repeatability of cell-based protocols and minimizing labor-associated time and 

cost requirements while the label-free metrics provided by deformability cytometry stand in 

contrast to the variability and cost associated with label-based methods, and potentially extend 

the use of cytometric methods to new arenas and for more frequent and accurate monitoring of 

disease. 
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Chapter 1 

High-speed manipulation of cells and particles for single-cell analysis and mechanophenotyping 

 

Cellular populations within tissues, tumors, and blood are heterogeneous, with subsets 

performing markedly different functions. Assays of the bulk tissue or a small number of cells can 

inaccurately describe the sample (Figure 1-1) (1, 2). Life or death can originate in a single cell, 

and appreciation of this fact has led to the development of technologies which can manipulate 

and analyze single cells. The gold standard for single-cell biochemical analysis is the flow 

cytometer. With a throughput up to ~100,000 cells per second and advanced models measuring 

up to 17 different colors of fluorescence probes (3), flow cytometry is an immensely powerful 

tool for understanding complex biological systems such as the immune system (4), detecting rare 

cells (5, 6), diagnosing blood cancers (7), and validating more accurate biomarkers for disease 

progression (8). Critical diagnostic and prognostics subsets of cells exist within biological 

samples. The ability to identify and isolate immune cell subsets (9), stem cells (10, 11), 

circulating endothelial progenitors (12), circulating fetal cells (13, 14), circulating tumor cells 

(15), and subsets of tumor cells including cancer stem cells within a tissue or tumor (16–18) is 

highly coveted due to the information these cells contain about the state of disease or the value 

some these cells may possess for tissue regeneration or other therapies. 

 

Clearly, it is important to be sensitive to these subsets and to know how many cells to assay 

given the accuracy of a method of classification. The work of Rosenblatt et al describes a 

probabilistic strategy for calculating the number of events, n, that must be measured to detect 
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rare cells and provides reference tables for several frequencies of cells (19). For example, if one 

needed to detect one cell in a sample where its frequency is one in a million with a 95% 

assurance, n=2,990,000 sorting decisions would be required (assuming 100% sorting efficiency). 

Being able to sort at a rate of 100,000/s would enable this task to be carried out in 30 seconds. 

But, if any aspect of the tool (cell manipulation, detection, or data processing) is slower the task 

may be prohibitively long (e.g. at 2,500/s the task would take almost 20 minutes, and that is in 

the unlikely case that one can be 100% confident in the sort decision). 

 

Beyond assaying an adequate number of cells to accurately describe a sample, for cells that are 

not fixed to freeze cellular processes, a high throughput (units of cells/time) is critical due to 

endocytic recycling of surface proteins (20) and constantly changing gene expression profiles 

(21). The throughput of a flow-through analytical method, like flow cytometry, is governed by 

cell concentration, C, (cells per volume) and volumetric flow rate, Q, (or fluid velocity, U): 

Throughput=C·Q. While cell concentration must be low enough to limit interactions between 

cells or coincident cells within an interrogation region, flow rate can be increased until meeting 

limits related to the sensitivity of the detector, the speed of the cell manipulation method, or the 

viability of the cells. Improving the sensitivity of detectors and selecting optimal detectors for 

specific signals (e.g. avalanche photodiodes versus photomultiplier tubes) has been an active area 

of research (22, 23). Here we focus on evaluating the speed of cell manipulation methods, the 

force outputs responsible for these speeds, and identify opportunities for future research.  

 

Manipulating cells in flow 
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Flow cytometry as a gold standard. A seemingly simple but critical module of single-cell 

analytical tools is a focuser for uniformly positioning cells in flow for analysis. Flow cytometers 

employ hydrodynamic focusing (sheath flow) for this task (23). For reasons which will be 

discussed later, hydrodynamic methods of cell control or actuation may be best tailored to 

working with cells in flow. Most flows which are employed in cytometric methods are 

Newtonian and laminar, or predictable. Such a flow can be described by a Reynolds number 

(Re=ρUL/μ; where ρ is the density of the fluid, U is the velocity of the fluid, L is a characteristic 

length scale, and μ is the dynamic viscosity of the fluid). Flows may transition from laminar to 

turbulent when Re is greater than 2000 (24). When Re describing a flow is much less than unity 

inertial forces can be considered negligible compared to viscous forces, and spherical cells and 

particles can be expected to follow fluid streamlines at their geometric center. As will be 

discussed in more detail later, many cell manipulation methods operate in an intermediate regime 

(1 < Re < 2000) where flow is laminar, but cells or particles may not follow fluid streamlines. In 

flow cytometry cells are pumped through a core capillary or flow cell then sheathed by a buffer 

fluid. This sheath stream squeezes the cell suspension, forcing it into a narrower stream. Given 

the parabolic distribution of velocities in a microchannel or capillary, this positions cells 

uniformly in space and velocity.  

 

The average force acting on a cell by a sheath stream can be estimated by calculating the velocity 

to move a cell from a position at the outer edge of the core to its center. Cells, with densities 

close to water, can be considered neutrally buoyant and will be quickly accelerated to achieve 

this average lateral velocity. The average lateral drag force induced by the fluid to accelerate the 
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cell from zero to this average lateral velocity, U, can be estimated by Stokes’ law (Fs=3πμaU), 

where a is the cell diameter. 

 

Actuation of cells for sorting by flow cytometry is typically carried out by droplet sorting. In this 

method a binary decision is made by gating cells into predefined groups based on the acquired 

measurements. The stream of cells is broken into droplets and a charge is applied to droplets 

from one group. Droplets are directed past a charged deflection plate which separates charged 

from uncharged droplets. Commercial droplet sorters can perform sort decisions at a rate of 

50,000 to 100,000 sort decisions per second (23). 

 

Microfluidic methods for manipulating cells. Hydrodynamic focusing is the gold standard 

method for focusing in flow cytometers, but reservoirs of sheath fluid and its associated pumps 

may be prohibitive for point-of-care flow cytometers and other single-cell analysis tools (25). 

Cytometers have also been introduced without flow focusing (e.g. Guava easyCyte); however, 

there are trade-offs with sensitivity for a large optical spot (and therefore throughput). Recent 

additions to the flow cytometry market, including the Attune® Acoustic Focusing Flow 

Cytometer (Life Technologies), have offered alternative methods. Methods which not only focus 

cells without hydrodynamic focusing but also automate some stages of the sample preparation by 

advanced cell manipulation will improve the consistency of the data collection and enhance 

accessibility of the tools. Numerous studies have demonstrated passive manipulation of cells 

with forces which are dependent on intrinsic properties of cells (e.g. volume, surface area, shape, 

density, mechanical properties, acoustic properties, dielectric properties, magnetic susceptibility, 
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charge, and refractive index) (26–28). Other methods, including chemically tethering cells to 

beads or encapsulation, enable other means of manipulation. 

 

It is important to consider the forces these methods can generate on a single-cell (and therefore 

speeds of operation).  In general the force must be sufficient to drag cells as far as half the 

diameter of a channel in the time that it takes the cell to be convected the channel’s length. 

Increasing the channel length is not always an option as exceedingly long channels may result in 

prohibitively large channel pressures when operating at high flow rates, resulting in failure or 

expensive pumping instrumentation. Focusing with some of the highest flow rates (29) have been 

achieved by acoustic (30–32) and inertial focusing (33, 34). These methods are capable of 

generating forces in the nN scale (35). Several authors have recently reviewed methods for 

continuous separation of cells in flow and provided equations for forces in several of the 

common methods employed for particle focusing and manipulation (27, 28). These equations, 

along with those for inertial forces are provided in Table 1-1. Note, this is not meant to be a 

comprehensive review of these forces but is useful for comparing the scaling of these forces and 

predicting the efficacy of these techniques at high throughputs. 

 

Inertial effects for focusing and sorting cells 

As the limits of throughput in cell manipulation systems are continually pushed by operation at 

higher flow rates two challenges arise. First, as flow rate is increased cells are convected 

downstream faster than external forces can drag them across streamlines. Second, despite 

preconceived notions about inertia in microfluidic systems, a simple calculation of the Reynolds 
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number will reveal that inertial forces may be larger than viscous forces. Because we are 

interested in the interaction between a cell and the flow around it, a particle Reynolds number, 

ReP (ReP =ρUma
2
/μH, where Um is the maximum channel velocity, a is the particle diameter, and 

H is the channel dimension), best describes the balance of inertial to viscous forces at the particle 

length scale. Many microfluidic methods operate near an inertially-dominated regime, and 

competing effects from hydrodynamic (both viscous and inertial) forces should be expected as 

flow rate is increased. Unlike techniques which rely on external forces to manipulate cells, 

methods which employ fluid forces to manipulate cells do not suffer from diminished control at 

high flow rates. While these effects were recently reviewed (36), several new applications of 

inertial miocrofluidics have been explored and new understanding has been garnered. Inertial 

phenomena of importance include secondary flows generated in microchannels with curvature or 

structure, recirculating vortices that can form for channels with abrupt changes in geometry, and 

inertial lift forces. 

 

Secondary flows to manipulate cells. Induction of secondary flows in channels or in droplets 

(37) is a common strategy to mix fluids(38–41) in microfluidic systems where mixing is 

otherwise diffusion limited and slow compared to downstream convective timescales (i.e. Peclet 

number is high). Secondary flows have been used in conjunction with a two-dimensional sheath 

flow to generate a three-dimensional sheath flow (42) in a planar microchannel. Secondary flows 

can be created by both viscous and inertial forces. Changes in cross-section dimension can lead 

to a secondary flow in a Stokes flow regime as fluid streamlines adapt to the new distribution of 

velocities in the new aspect ratio. In the inertial case, faster moving fluid at the center of a 

microchannel moves toward the outer wall of the channel as the channel turns with a radius of 
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curvature, r, displacing slower moving fluid near the wall. This results in Dean flow—counter 

rotating vortices perpendicular to the primary flow direction (41, 43). These vortices can entrain 

cells with a force estimated by Stokes’ law (FD≈ρU
2
aH

2
/(2r)) and displace cells within the cross-

section of the microchannel. Dean flow has been employed in conjunction with inertial lift forces 

for cell and particle manipulation (33, 34, 44–46) and an engineered balanced of these forces is 

presented in Chapter 2. 

 

Inertial lift forces to focus and position cells. Radial migration of particles flowing in a pipe to 

an annular dynamic equilibrium was observed half a century ago (47), and an understanding of 

this phenomenon as being due to inertial lift forces has been developed in the time since (48–51). 

More recently, inertial lift-induced migration was put to practical use in microfluidic channels of 

varying geometry for manipulating cells and particles (36). Two principle inertial lift forces act 

on cells in confined flows; the balance of these forces contributes to the dynamic equilibrium 

positions of cells in a particular channel. One lift force acts down the gradient in shear rate 

(Shear gradient lift: FL = fLSUm
2
a

3
/H, where fLS is a lift coefficient that is proportional to 

product of the shear rate and the shear gradient—the gradient in shear rate or second derivative 

of velocity—and dependent on the local shear rate, shear gradient, and Reynolds number) and 

one directs particles away from walls (Wall effect lift: FL = fLWUm
2
a

6
/H

4
, with a lift coefficient 

which does not depend strongly on the curvature of the velocity field and is instead proportional 

to the shear rate squared) (35, 48). Because of the dependence of the lift coefficients on the 

curvature of the velocity field which depends on channel aspect ratio and symmetry, the number 

of equilibrium positions in a channel corresponds to its symmetry. For example, a square or 

rectangular channel has four equilibrium positions; a circular channel would have an infinite 
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number of positions or an annulus; and a triangular channel would have three. However, high 

aspect ratio microchannels (rectangular cross section) have only two equilibrium positions or 

planes at its wide faces for a range of flow rates (35, 52–55). This reduction in equilibrium 

positions is attributable to the blunted velocity profile along the long axis of a high aspect ratio 

channel. With a negligible shear gradient acting toward the wall, except in close proximity to the 

wall, the wall effect is dominant and cells are directed toward the channel center on that axis 

(35). A more complete understanding of this phenomenon and its application to transferring cells 

and particles across streams and into new solutions is presented in Chapter 3. As stated earlier, 

focusing is a critical cell manipulation step in sample preparation and cell analysis, and the 

inertial focusing to two equilibrium positions in high aspect ratio channels has been applied in 

several sorting and imaging methods. Hur et al generated a massively parallel array of tall 

channels to position blood cells at the same height for image-based blood cell counting (55). This 

device would be amenable to other arrayed or parallelized detection schemes and even other 

objects such as barcoded particles or sandwich assay beads. Bhagat et al employed inertial 

focusing in a high aspect ratio channel which allowed a region of the flow with concentrated 

particles to be siphoned off the initial suspension (52). Mach and Di Carlo applied an inertial 

filtration method to the application of removing bacteria from blood (e.g. in cases of multi-drug 

resistant bacteria) (54). The channel employed in this work was a high aspect ratio channel 

upstream, so blood cells focus to the long faces. The short axis is gradually expanded, 

minimizing flow separation and allowing cells to remain near the wall. With blood cells near the 

wall a larger volume of bacteria contaminated plasma can be siphoned off the blood suspension. 

Hur and Mach have also used shear gradient lift in high aspect ratio channels to improve cell 

trapping in vortices, which form suddenly upon expanding the channel (56, 57). In this work, 
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large cells are directed down the shear gradient into microscale vortices and remain trapped, 

while smaller cells, particles, or dyes can be washed through the channel. It is important to note 

how simple it is to parallelize a cell manipulation system that does not require any 

implementation of external force fields. Well-controlled pumping and robust channel 

manufacturing are the key requirements for multiplexing inertial systems. 

 

Integrating secondary flows with inertial lift forces to enhance cell manipulation. At high 

flow rates high aspect ratio channels can have four equilibrium positions, which is less desirable 

for cytometric or sorting applications. Inertial focusing in microchannels with curvature has been 

selected for applications in traditional flow cytometry and other cytometric methods in flow (46, 

58). This is due to the broader range of flow rates at which robust single-position or single-plane 

focusing can be achieved robustly. As will be discussed in Chapter 2, secondary Dean flow 

modifies inertial equilibrium positions and helps cells sample a channel cross-section and find an 

equilibrium in a shorter channel length than in a straight channel relying solely on inertial lift 

forces (33, 34). Secondary Dean flows have been realized in symmetric and asymmetric curving 

channels (33, 34, 45) (repeating half circles with either equal or unequal radius of curvature) as 

well as arc and spiral channels (44, 59, 60). In Chapter 2 a dimensionless ratio of these forces, 

Rf, is validated as a predictor of focusing behavior in curving microchannels. Briefly, it is 

instructive to consider the extremes. Channels with very small radii of curvature will have 

stronger Dean flows which may be much stronger than lift forces, whereas, channels with very 

large radii of curvature (e.g. a straight channel) will have very weak Dean flows and lateral cell 

migration will be dictated by inertial lift forces. The region where these forces are of similar 

order of magnitude is where optimal focusing was found empirically across a large range of flow 
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rates. Chapters 1 and 2 address an incomplete understanding of focusing behavior in curving 

microchannels and high aspect ratio channels and provide design rules for implementing these 

methods in single-cell analytical tools. 

 

Ordering concentrated cells to enhance throughput. As stated earlier, increasing cell 

concentration is another method for enhancing throughput, but intuitively crowding or 

interactions between cells will limit the ability of cell manipulation methods to function. While 

most work reviewed here used diluted suspensions of particles or cells, recent work has revealed 

that inertial forces may still be applicable in dense cell suspensions such as whole blood—a 

phenomenon difficult to observe with traditional high-speed brightfield microscopy or streak 

imaging (61). However, interrogation of cells within extremely dense solutions, in flow 

cytometry for example, is also limited by light absorbing and scattering properties of background 

cells such as red blood cells. Several studies have reported observation of or have made us of 

ordering of focused particles in flow (i.e. flowing cell lattices) (33, 55). Lee et al recently 

proposed a mechanism to explain this ordering phenomenon which involves continuous 

refocusing of cells, which are being minutely displaced by viscous disturbances of neighboring 

cells, to their equilibrium (62). This ordering phenomenon does suggest a strategy for 

maximizing the cell concentration at which accurate focusing can be achieved in an inertial 

microfluidic system, and has been applied to in both high aspect ratio (53) and now curving 

microchannels (63) to increase occupancy of single-cell droplets. 
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In summary, the magnitude of inertial lift forces and Dean drag forces increases with U
2
, which 

enhances their efficacy at high flow rates and thus high throughput. While not ideally suited to 

every application (for example when particle diameter becomes small), inertial methods of 

particles manipulation are already demonstrating great utility in flow cytometric methods and 

single-cell analysis. 

 

Flow-through methods for mechanophenotyping 

The focus, thus far, has been on the application of forces to relocate cells and particles in a flow. 

Some of these forces can also be applied to deform cells in a flow, a requirement for flow-

through methods for mechanical assessment of single-cells. While a majority of analytical 

single-cell methods assess biochemical phenotype, physical changes accompany phenotypic and 

state changes as well (64–66). Changes in cellular deformability, which affect the ability of a cell 

to move, deform through tight gaps, or resist stress, can be indicative of membrane, cytoskeletal, 

and nuclear reorganization, induced by pathways in disease and development (65, 67). Many of 

these transformations are discussed and explored in Chapter 4 where a new method to measure 

these changes is presented. There are numerous advantages to using a label-free marker over a 

traditional immunocytochemical marker, including the reduction in assay time and variability 

between operators or labs due to sample preparation (labeling and washing steps) and the 

reduction of cost related to the price of antibodies and the time an operator spends preparing 

samples. These benefits could expand the use of testing when no other test would be performed 

and increase the frequency of testing for more accurate monitoring when a traditional test is 

currently employed. 
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Micromechanical tools have been developed to investigate these changes and have made 

significant contributions to our knowledge of cell mechanics (66, 68–71). However, these 

methods have had little impact on how medicine is practiced or how cells are characterized in 

research settings (64). As discussed earlier, either rigorous sample preparation or high-

throughput methods are required to accurately characterize heterogeneous biological samples. 

Flow cytometry had a transformative effect on biomedicine by enabling high-throughput single-

cell biochemical measurements and did so by serially interrogating cells in a continuous flow-

through format. Intuitively, the throughput of any flow-through method is limited by cell 

velocity (Figure 1-2). For a biophysical flow cytometer to match the throughput of a traditional 

flow cytometer, the fluid velocity must be on the order of 1 m/s. Assuming visual observation of 

changes to cell shape, a cell would traverse a microscopic field-of-view of 500 μm in 0.5 ms, so 

observable strain must be exacted in this time. While red blood cells readily deform in flow (72–

75) and their deformability is diagnostic for several diseases (65), white blood cells and tissue 

cells, which likely contain the most diagnostic information, are more difficult to deform (76). 

Therefore, forces must be large to deform most cells in flow. Large whole-cell strains and large 

strain rates help probe nuclear mechanics and limit variability due to variable point of contact 

with a probe. Further, operating with cells in suspension limits variability due to differences in 

attachment and spreading on a substrate for different cell types and hastens the assay by 

eliminating the need for cells to sediment, attach, and spread. Given the immense differences in 

the information yielded by the multitude of techniques available, one should not discount the 

value of traditional methods based solely on metrics such as throughput and strain rate. However, 
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the ability to analyze heterogeneous samples with a high throughput confers enhanced statistical 

confidence and a lower cost per data point, which will enable the use of the biomarker clinically. 

 

Perhaps the most straightforward approach to measuring cell mechanics at a high-throughput is 

to measure the rate at which suspended cells squeeze through constrictions, pores, or membranes 

when a pressure is applied to the suspension. An early embodiment, the cell transit analyzer (77), 

measured changes in an electrical signal as cells transited through micropores. Numerous 

variations of this method have been implemented with the aim of increasing throughput through 

parallelization or improving accuracy of data by using alternative forms of measuring transit 

time (imaging, pressure, impedance) or by extracting additional metrics through imaging (78–

81). Some of the predictable challenges with these methods involve the role of cell size and 

adhesiveness in an objects translation through a constriction as well as a propensity for 

permanent occlusion, which will not only limit throughput but also affect the pressure drop over 

parallel micropores. The range of forces found exacted by these tools should be similar to that of 

micropipette methods (Table 1-2). 

 

Optical forces, the transfer of momentum to objects onto which electromagnetic fields are 

incident, have been exploited for many forms of cell and particle manipulation (82). One 

example is the microfluidic optical stretcher (pioneered by Guck et al) which traps cells between 

counter-propagating laser beams, then increases power to exert a force sufficient to deform cells 

(83, 84). Dependent on the refractive indices of the cell and the surrounding media and the 

optical power, typical forces with two 1 W lasers are between 200 and 500 pN. This force allows 
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a throughput of approximately 1 cell/min (84, 85). Optical forces acting on 10 μm cells can be 

estimated to an order magnitude as 1 pN/mW (86). Microfluidic optical stretching has been 

applied to diagnosing malignancy in an in vitro model (85), screening suspicious lesions for oral 

cancer (87), and exploring links between cell mechanics and motility in disease (88). While red 

blood cells exhibit large strains, nucleated cells deform only ~5% (76). The magnitude of strain 

will determine what cytoskeletal components affect the measure. For example, with small strains 

intermediate filaments are not expected to contribute (88). Electrodeformation is a method which 

operates on cells in suspension and employs dielectrophoretic forces up to approximately 10 nN 

(89, 90) to generate moderate deformations (10-30%). While not demonstrated in a flow-through 

format, cells can be strained by electrodeformation and relax in tens of seconds suggesting a 

potential throughput comparable to microfluidic optical stretching. Electroporative flow 

cytometry has one of the highest reported throughputs (5 cells/s). Osmotic swelling (up to 100% 

increase in size) is induced in cells flowing ~0.1-0.25 cm/s in under 200 ms (91). Still, cell 

velocity is three orders of magnitude lower than traditional flow cytometry and may be limited 

by the rate of swelling. One should note that, due to differences in applied stress, strain rate, and 

maximum strain generated by these methods, the specific mechanical properties of cells that are 

being assayed can vary drastically. 

 

As discussed earlier, hydrodynamic forces increase with flow rate. However, it is non-trivial to 

exact large strains on nucleated cells. Deformability cytometry (92) is a method which uses 

purely hydrodynamic forces to position and deform cells in flow which will be covered in great 

detail in Chapter 4. Briefly, the method employs asymmetric curving microchannels, optimized 

in Chapter 2, to control the position and velocity (3.5 m/s) of cells. Two of these streams are 
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directed opposite one another, and where they meet two outlet channels are oriented 

perpendicular to the inlet channels. At the junction an extensional flow is created, similar to 

those employed to study the mechanics of biopolymers such as DNA (93, 94). Fast-moving cells 

reach the center of the extensional flow, are deformed in tens of microseconds, and exit through 

either outlet channel. High-speed images are recorded of the deformation and automated image 

analysis extracts a deformability metric and the initial diameter of the cell. Likely a combination 

of fluid forces are responsible for the deformation. We predict a compressive force due to the 

momentum of the fluid acting on a cell positioned at the center of the extensional flow as a 

pressure drag, FD=0.5ρU
2
CDAP, where ρ is the density of the fluid, U is the fluid velocity, CD is 

the drag coefficient on a sphere, and AP is the cross-sectional area of a sphere. With a fluid 

density of 1000 kg/m
3
, a fluid velocity of up to 3.5 m/s, a lift coefficient for a sphere of 0.47, and 

a cross-sectional area of a cell with a diameter, a=20 μm, of π(a/2)
2
, the pressure drag acting on a 

cell (pressure drag acting on one half of the cell multiplied by two) is greater than 1 μN. Acting 

perpendicular to the pressure drag, there is a shear stress acting on the cell. The shear stress 

acting on a cell in the extensional flow may be estimated as τ=  μ where    is the shear rate and μ 

is the dynamic viscosity.    may be estimated as the difference between the mean fluid velocity 

(3.5 m/s) and the velocity of the stationary cell (0 m/s) divided by the diameter of the cell.  The 

dynamic viscosity of the fluid is 0.001 Pa·s. The shear stress multiplied by half the surface area 

of the sphere results in a much smaller force of approximately 1 nN, suggesting that stretching of 

an object in our conditions is due to fluid momentum and resulting normal stresses. In Chapter 4 

deformability is demonstrated to be a useful metric for distinguishing mouse and human 

embryonic stem cells from their differentiated progeny, cancerous cells from benign mesothelial 

cells within pleural fluids, and activated white blood cells from resting white blood cells. Due to 
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the high flow rates and rates of deformation, deformability cytometry has a throughput of several 

thousand cells per second, approaching that of traditional flow cytometry and enabling the use of 

a mechanical biomarker for phenotyping cells within complex biological samples. 

 

Chapters 2, 3, and 4 detail three powerful tools for manipulating cells at a high-throughput. 

These technologies address critical needs in biomedicine: (1) a method for positioning cells in 

flow for point-of-care flow cytometers which does not require sheath flow or external forces 

which cannot perform at high speeds, (2) a method for automated sample preparation to improve 

accuracy and expand accessibility of high-speed single-cell analysis tools, and (3) a method for 

measuring single-cell deformability, a biomarker which does not rely on labels, with a 

throughput comparable to flow cytometry. 
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Figures 

 

Figure 1-1. Single-cell analysis may reveal phenomena masked by bulk averages. Hypothetical 

scenarios where the signal (e.g. gene expression) from a single-cell or subpopulation of cells 

(pink) is masked by the signal of a majority population (blue) in a bulk average reading (green). 
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Figure 1-2. Comparison of forces applied by flow-through single-cell mechanical analysis tools. 

Only hydrodynamic stretching increases with fluid velocity. 
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Force type Equation Variables Ref. 

Hydrodynamic 

focusing 
         , dynamic viscosity of the fluid 

 , diameter of the cell 

 , velocity of the fluid 

NA 

DEP forces         , dipole moment of the particle 

  , electric field gradient 

(95) 

Acoustic forces 
    

       

  
  

       

      
 
  

  
      

   

 
  

  , pressure amplitude 

  , volume of particle 

 , relative compressibility of the 

particle and fluid 

 , wavelength of the ultrasound 

 , relative density of particle, p, and 

fluid, f 

 , is the distance from a pressure node 

(27, 30) 

Magnetic forces            , magnetic field gradient 

 , magnetic moment 

(96) 

Optical forces 
  

   

 
 

 , power of light ray hitting a particle 

 , refractive index of the medium 

 , speed of light 

(76) 

Inertial lift and 

Dean drag forces    
      

   

 
 

   
      

   

   

 

   
      

 

  
 

   , and    , lift coefficients for shear 

gradient and wall effect lift forces 

  , maximum velocity of the fluid 

 , density of the fluid 

 , diameter of the cell 

 , height of the channel 

  , hydraulic diameter of the channel 

 , radius of curvature of the channel 

(33, 35, 

50) 

Table 1-1. Summary of commonly employed forces for manipulating cells in flow. Note the 

dipoles in DEP and magnetic forces are often induced thus they also depend on the relative 

polarizability/susceptibility of the cells compared to the surrounding media. 
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Method Type of Force Magnitude of Force Throughput Ref. 

Microfluidic Transit 

Analyzers 

Mechanical 10-7 to 10-10 N 100 to 101/s (66, 77, 78) 

Microfluidic Optical Stretcher 

(μOS) 

Optically induced 

surface forces 

10-11 to 10-10 N 10-2/s (76, 84, 85) 

Electrodeformation DEP forces 10-8 to 10-9 N NA (89, 90) 

Electroporative Flow 

Cytometry 

Osmotic pressure 

differences 

Not estimated 100 to 101/s (91) 

Hydrodynamic Stretching Compressive and shear 

fluid forces 

10-7 to 10-6 N 103/s (92) 

Table 1-2. Summary of forces applied by methods capable of deforming nucleated cells in flow. 
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Chapter 2 

Particle Focusing Mechanisms in Curving Confined Flows 

 

Abstract 

Particles in finite-inertia confined channel flows are known to segregate and focus to equilibrium 

positions whose number corresponds with the fold symmetry of the channel’s cross section.  The 

addition of curvature into channels presumably modifies these equilibrium inertial focusing 

positions, because of the secondary flow induced in curved channels.  Here, we identify the 

critical interaction of the secondary flow field with inertial lift forces to create complex sets of 

particle focusing positions that vary with the channel Reynolds number (ReC) and the inertial 

force ratio, which is a new dimensionless parameter that is based on the ratio of inertial lift to 

drag forces from the secondary flow.  We use these results to identify microfluidic channel 

geometries to focus particles at rates an order of magnitude higher than previously shown 

(channel Reynolds number, ReC = 270) and develop design criteria for the focusing of potentially 

arbitrary-sized particles.  In addition, our results indicate that channel curvature can lead to 

microfluidic designs with reduced fluidic resistance, useful for lower power inertial focusing or 

separation. These results will enable design of practical particle/cell separation, filtration, and 

focusing systems for critical applications in biomedicine and environmental cleanup. 

 

Introduction 

Fluid inertia is usually not considered important in microfluidic systems as the Reynolds number, 

the ratio of inertial to viscous forces, of these systems tends to be small, such that particles 

suspended in microfluidic flows have been expected to follow fluid streamlines.  Lateral 
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migration of particles across streamlines due to fluid inertia was first observed by Segré and 

Silberberg, where inertial lift forces acted to focus neutrally buoyant rigid spheres in flow 

through centimeter-scale cylindrical tubes to an annulus (1, 2).  Very recently, these inertial lift 

forces have also been shown to be extremely useful in microfluidic systems for a number of 

particle manipulation applications including focusing
 
(3, 4), ordering (3), separation (3, 5–7), 

filtration
 
(5, 8–12), segregation (13), and extraction (12).  For applications including focusing 

and separation multiple geometries have been explored including straight channels (8, 12), 

spirals (7, 9), and asymmetrically curved turns (3, 5).  Critically, there is little and conflicting 

understanding of the underlying physical forces governing these systems and how to best design 

systems for separating arbitrary-sized particles at desired high rates.  This understanding would 

enable practical high-throughput cell focusing, blood filtration, and water treatment in a cost-

effective filterless platform. 

 

Among the conflicting descriptions, particle focusing in curved channels has been described as a 

balance of lift forces from the wall, centrifugal forces, Saffman and Magnus forces, and Dean 

vortex flow (9).  Saffman forces require the assumption that particles lead or lag flow; however, 

others contend neutrally buoyant particles are entrained in flow (3, 7) and focusing behavior is a 

balance of inertial lift forces and entrainment in Dean flow.  The numerical relationship between 

the Dean number and the Dean velocity has also been defined with different scaling (3, 7).  

Another area of incomplete understanding involves the inertial lift force; several papers (3, 7) 

rely on derivations of the inertial lift force (14) which use a point-particle assumption, while 

recent results suggest a finite particle size assumption provides a more accurate description (13). 
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Inertial lift forces have been identified as one of the underlying players in focusing of particles of 

diameter, a, in channels of hydraulic diameter, Dh, at finite channel Reynolds numbers 

(ReC = ρUDh/μ). Here, ρ is the fluid density, μ is the fluid viscosity, and U is the mean channel 

velocity.  Using point-particle assumptions, the lift force leading to lateral migration and 

focusing was found to scale uniformly throughout the channel (FL = fLρU
2
a

4
/Dh

2
 where fL may be 

regarded as a lift coefficient dependent on the particle’s position in the channel, the channel 

Reynolds number, and the aspect ratio of the channel) (14–16).  Recently, we showed what 

appears to be a finite-particle size effect that leads to a more complex dependence of lift force on 

channel position and particle size: (FL = f1ρU
2
a

3
/Dh near the channel centerline and 

FL = f2ρU
2
a

6
/Dh

4
 near the wall) (13).  Assuming the near centerline scaling leads to slower lateral 

particle migration than near the channel wall, the lateral migration distance for a given 

downstream distance can be shown to be proportional to a particle Reynolds number, ReP 

(ReP = ρUa
2
/(μDh)) (15). 

 

In curved channel geometries non-intuitive lateral particle migration is observed.  Secondary 

flows due to centrifugal effects on the fluid (i.e. Dean flow) have been postulated to act on 

particles and affect equilibrium positions but has not been systematically observed (3, 5–7, 10).  

Secondary flows capable of segregating suspended microparticles can also be generated by 

microstructured channels and can lead to particle localization, even at very high particle volume 

fractions (17).  Dean flow is characterized by counter-rotating vortices such that flow at the 

midline of a channel cross-section is directed outward around a turn and, satisfying conservation 

of mass, slower moving fluid at the top and bottom of the channel is directed inward.  Two 

dimensionless groups prescribe the flow in these channels of radius of curvature, r, the Dean 
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number, De (defined as De = ReC[Dh/(2r)]
1/2

), and the curvature ratio, δ (defined as δ = Dh/(2r)) 

(18–20).  Dean flow, scaling with De
2
 leads to a drag force upon particles lagging the secondary 

flow and directed in its direction.  The maximum value of this force can be estimated by Stokes 

drag (FD ~ρU
2
aDh

2
/(2r)). 

 

Our current understanding of focusing in curved channel systems is based on previous work with 

asymmetrically curved channels and suggests a balance between inertial lift and entrainment by 

secondary vortices (3, 5).  Here, we analyze this assumption in detail and provide definitive 

support of this hypothesis.  We quantify equilibrium position stability across a large range of 

Reynolds numbers allowing us to develop a state diagram for the balance of these forces, and 

expand focusing to an order of magnitude higher Reynolds numbers and throughputs (ReC = 270, 

~41,000 particles/s).  We identify important geometric factors of the microchannels that allow 

for further increases in throughput or focusing of potentially arbitrary particle sizes. 

 

Experimental Section 

Microfabrication. Microfluidic devices were fabricated using a standard polydimethylsiloxane 

(PDMS) replica molding process described previously (5).  Briefly, standard lithographic 

techniques were used to produce a SU-8 50 (MicroChem Corp.) on silicon mold.  PDMS chips 

were produced from this mold using Sylgard 184 Elastomer Kit (Dow Corning Corporation).  

Inlet and outlet holes were punched through PDMS using a coated round punch from Technical 

Innovations, Inc.  PDMS and glass were activated by air plasma and bonded together to form 

channels. 
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Microfluidic Channel Designs. Designs consisted of several single-turn devices along with 

twenty-two multiple-turn microchannels with systematically varied geometries. The variables 

considered were hydraulic diameter, radius of curvature, and aspect ratio.  Every channel 

contained an inlet, a filter region, 40 turns, a straight region for imaging, and an outlet.  The inlet 

and outlet were large enough to fit tubing for the injection of particle suspensions.  The filter 

region contained large rectangular posts closely spaced to trap dust particles and aggregates.  

Forty turns were followed by a short straight or trapezoidal region where the channel width was 

adjusted to 100 μm then a straight region leading to an outlet. 

 

Particle Suspensions. Internally dyed green fluorescent polystyrene microspheres were 

purchased from Thermo Scientific. 9.9 μm (Product No. G1000), 4.8 μm (Product No. G0500), 

2.2 μm (Product No. G0100) and were diluted to 0.1 % (weight/weight) with deionized water 

with 0.1% Tween 80 (Fisher Chemical Product No. T164).  For experiments where non-uniform 

conditions were desired we suspended particles in a more dense solution of 10% (wt/vol) 

Potassium Iodide such that particles “settled” to the top of our tubing and entered our 

microchannels from a narrow location.  

 

Microparticle suspensions were pumped through the devices by a Harvard Apparatus PHD 2000 

syringe pump.  The loaded syringe was connected to 1/32 in. × 0.02 in. PEEK tubing (Upchurch 

Scientific Product No. 1569) by a ½-in. luer stub (Instech Solomon Product No. LS25) and 

tubing was secured in the punched hole. 
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Fluorescence Imaging. Fluorescent images were recorded using a Photometrics CoolSNAP HQ
2
 

CCD camera mounted on a Nikon Eclipse Ti microscope.  Images were captured with Nikon 

NIS-Elements AR 3.0 software.  In the characterization of the original devices, for 2.2-, 4.8-, and 

9.9-μm fluorescent microparticles exposure times of 5, 2, and 1 s, respectively, were used.  

Particle suspensions were pumped through the microchannels at an initial flow rate of 

50 μL/min.  The flow rate was increased by 50 μL/min every 10 s.  Using the Nikon software we 

assembled vertical slices from ND2 acquired videos. (Figure 2-S-1, 2-S-2).  Fluorescent images 

are pseudo-colored. 

 

Measurements and High Speed Imaging. Lateral particle migration velocity was calculated 

from 1-s fluorescent streak images of 9.9 μm fluorescent beads before and after a single high 

aspect ratio turn.  The distance of the particle center from the inner channel wall before and after 

the turn was measured.  The absolute value of the difference of these distances was divided by an 

estimated residence time of particles in the turn—the length of the turn along the center of the 

channel divided by the mean channel velocity.  These velocities were confirmed by analyzing 

images recorded using a Phantom v7.3 high speed camera (Vision Research, Inc.) and Phantom 

Camera Control software.  All high speed images were taken using 1-μs exposure times. 

 

Results 

Modification of Particle Equilibrium Positions in Curved Channels.  We evaluated the 

hypothesis that Dean flow is responsible for modifying inertial focusing equilibrium positions in 

curved channels by observing the transverse motion of aligned incoming particle streams around 

a single turn (see Figure 2-1).  We were able to create an input of two well-focused particle 
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streams in straight rectangular channels (30 μm wide by 54 μm tall) using inertial migration.  In 

rectangular channels, migration of particles to two equilibrium positions centered on the long 

channel faces was observed (see Figure 2-1a-d) as was reported previously (13, 21).  This 

allowed us to observe the transverse motion of uniformly located particle streams around a single 

turn of constant radius of curvature r, as a function of increasing channel Reynolds number, ReC.  

Through a turn, particles were observed to migrate in paths corresponding to that of the 

secondary Dean flow in these systems (i.e. counter-rotating vortices where flow at the midline of 

the cross-section is directed to the outside of the turn and flow at the top and bottom of the 

channel is directed inward).  Figures 2-1a and 2-1b respectively show side and top views of how 

the particles focused at the two midplanes are expected to behave in counter-rotating vortices.  

At sufficiently high Dean number (De), fluorescent streak images of focused particles verified 

this behavior (see Figure 2-1c).  For higher De, the particle stream near the inner wall was 

observed to migrate outward, through the channel curve, while the stream focused near the outer 

wall was seen to migrate inward, presumably over the top or bottom of the channel midplane.  

Note this inward migration is contrary to any dominant centrifugal effect on the particle itself.  In 

order to better determine the particle motion out of plane we used high speed microscopic 

imaging and observed that particles starting in the inner stream followed a uniform path across 

the channel at one z-plane, while particles in the outer stream began at a single z-plane then 

changed focus as they move inward, returning to the original z-plane at the inner channel wall 

(see Figure 2-1d).  This result is consistent with Figure 2-1a and provides strong support for the 

role of Dean flow in modifying inertial lift equilibrium positions.  We went on to perform this 

observation across a range of flow rates to verify a scaling of lateral particle migration velocity 

with Dean number.  In the absence of dominant inertial lift forces we would expect this velocity 
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to scale with De
2
 (UD ~De

2
μ/Dhρ) or the average downstream velocity squared (U

2
) for a channel 

of constant curvature (22).  We measured the particle migration perpendicular to the primary 

flow direction (UP) for particles beginning in both inner and outer focusing positions as they 

moved across the channel (Figure 2-1e).  For particles in the inner stream, we observed 

UP = 0.036U
2
 (R

2
 = 0.99) while for particles in the outer stream, UP = 0.13(U - 1.34)

2
 

(R
2
 = 0.94).  The parabolic fit for the outer stream was shifted to intersect zero at a higher mean 

channel velocity as at lower velocities (less than ~1.3 m/s), particles were observed to migrate 

vertically only (i.e. UP = 0).  Above U ~1.3 m/s, particles were able to travel far enough 

vertically to follow the secondary flow that is directed across the channel.  These results also 

suggest an asymmetry in the system such that the drag on particles directed vertically and inward 

around a turn is significantly less than drag directed outward around the turn.  The quadratic 

behavior of particle velocity scaling provides further support for the critical effect of Dean flow 

on perturbing inertial focusing equilibrium positions.  Care must be taken when interpreting 

these results as lift forces are also acting on the particles.  To visualize this, consider a particle 

initially focused to the inner stream when the De value is low.  In this case, the particle motion 

outward will be reduced by an inward directed lift force while the particle does not cross the 

midline of the channel.  Thus, the measured UP value will be reduced by the shear gradient lift 

force in this case.  If the De value is sufficiently large that the particle does cross the channel 

midline, balanced lift directed inward (before crossing the midline) and outward (after crossing 

the midline) should lead to less of an effect on the measured Up. 

 

Secondary flows in curved channels are also shown to selectively perturb equilibrium positions 

that are stable in straight channels and reduce focusing to a smaller subset of equilibrium 
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positions that are stable in the presence of the superposed secondary flow.  In a rectangular 

cross-section microchannel with width 100 μm and height 54 μm, 9.9 μm particles focused to 

four equilibrium positions (a/Dh is lower than that in Figure 2-1; thus, additional equilibrium 

positions are occupied).  After a single turn, particles were predominantly transferred to two 

positions on the top and bottom faces of the channel (see Figure 2-2a).  By comparing intensity 

profiles of fluorescence streak images, we noted that the density of particles in the center streams 

increased with a corresponding decrease in particle density in the side streams (Figure 2-2b).  

Presumably, the center streams were focused near the center of one of the Dean vortices and 

were not appreciably deflected from their inertial equilibrium positions by the rotational flow.  

Particles near the side focusing positions were significantly deflected and were observed to spiral 

into the stable center focusing positions.  These observations suggest a definitive mechanism that 

can explain the reduction of symmetry for inertial focusing in curved microchannels for practical 

applications(3, 7, 10).  We also noted that the middle streaks were closer to the center of the 

channel at a higher De value.  We speculate that particles were shifted closer to the top and 

bottom walls in the z-plane at higher Reynolds number such that the balance between lift and 

Dean flow may have been different. 

 

Because curved microchannels easily perturb flowing particles from unstable positions they can 

be used to enhance the speed of lateral particle migration to stable equilibrium positions.  That is, 

at a sufficient De value curved channels will cause faster focusing to predicted equilibrium 

positions than straight channels.  In a straight channel of width larger than height, focusing to a 

single streak (two z-planes, see Figure 2-S-5) was observed after ~4 cm (see Figure 2-3a).  In a 

repeating curved channel with the same aspect ratio, highly focused streaks were reached within 
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the first six turns (a total length of less than ~1 cm; see Figure 2-3b).  Confirming that this effect 

requires appreciable secondary flow in the curved channels, when the ReC or De value was low 

(22 or 4), the two channels focused particles at approximately the same downstream length (see 

Figure 2-3c).  When ReC or De was increased (to 89 or 17), curved channels induced focusing 

over a shorter distance (see Figure 2-3c).  A critical advantage of a shorter focusing distance is 

decreased fluidic resistance (23) (and, thus, decreased pressure and power required to drive the 

flow).  In fact, it seems that, for optimized geometries shown later, fluidic resistance is the 

limiting factor for increasing the throughput of focusing, since high pressure leads to leakage at 

fluid inlets. 

 

Controlling the Focusing at High Reynolds Numbers.  From our results, it is apparent that 

secondary flow in curved channels is the dominant factor contributing to modified equilibrium 

positions for particles flowing at finite Reynolds numbers.  We also note that this secondary flow 

interacts with the underlying equilibrium positions due to inertial migration in a highly complex 

manner.  It is essential to understand this interplay more quantitatively for applications in high-

throughput particle focusing and separation of arbitrary-sized particles.  As a starting point, we 

made the assumption that inertial lift forces (FL) and drag forces due to the secondary flow (FD) 

act in superposition, such that modification of inertial lift equilibrium positions can be thought of 

as a problem of the relative magnitude of these two forces at each spatial position within the 

channel cross-section.  As we proposed previously(3), and modified using scaling of inertial lift 

for finite size particles(13), an inertial force ratio, Rf ~ FL/FD = ra
2
/Dh

3 
f(ReC, x/w, y/h, h/w), can 

be defined, where f is a dimensionless function that contains the dependency of the two forces on 

particle location, channel Reynolds number, and channel aspect ratio.  This ratio could be useful 
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as a simple parameter to characterize whether particles would (i) become entirely entrained in the 

secondary flow (FL/FD << 1), (ii) remain unaffected by the secondary flow (FL/FD >> 1), or (iii) 

reach modified equilibrium positions from the superposition of the two effects (FL/FD ≈ 1).  As 

stated above, our previous definition of Rf was based on point-particle assumptions and a full 

dependence on f.  Based on the observation that particles do not focus near the wall, we assume 

that the shear gradient lift, not wall effect lift, balances Dean drag.  We therefore selected a new 

scaling of the inertial lift force calculated for particles far from the wall (13).  Here, we define 

Rf = 2ra
2
/Dh

3
.  For a moment, neglecting the complexity of f by setting channel aspect ratio 

constant and noting that the inertial lift coefficient is only weakly dependent on ReC (13), Rf 

becomes the dominant dimensionless group controlling focusing behavior in the three (i-iii) 

regimes.  f ranges from 0.02 to 0.03 between channel Reynolds number 20-95 (13).  The 

omission of the complex f and ReC dependence makes Rf an average for the channel and more 

accessible as a design parameter. 

 

Given the complexity of the spatial and Reynolds number dependence of both inertial lift 

forces(13) and the secondary flow (18, 19), it is not surprising that rich modes of focusing 

behavior were observed in curved channel systems with repeating curvature (see Figure 2-4 and 

Figure 2-S-2).  More surprisingly, the most complex behavior was observed in symmetric 

curving channels (see Figure 2-S-2 (top)).  Interestingly, in cases where we observed bifurcation 

of the focusing streak, the density of particle positions downstream was dependent on initial 

conditions (see Figure 2-S-3).  We visualized the complexity of focusing over a range of 

Reynolds numbers using ReC – space maps that we created by assembling slices of streak images 

for increasing Reynolds numbers (see Figure 2-S-1a-c).  Using this data representation method 
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we observed trends in focusing behavior for symmetric and asymmetric curving channels with 

various hydraulic diameters (Dh), curvature (r), and asymmetry (see Figure 2-4).  In Figure 2-4d, 

we observed several effects that change with channel symmetry (symmetric – asymmetric): (1) 

Focusing to a single streak (containing particles located at two z-heights) occurred at lower ReC 

as asymmetry increased; (2) The symmetric bifurcation of the focused streak that occurred at 

ReC ≈ 70, was pushed to higher ReC with increased asymmetry; and (3) the bifurcation itself 

became more asymmetric, with particles preferring the streak corresponding to the larger radius 

turn.  Qualitatively, we also observed that increasing the radius of curvature while decreasing the 

hydraulic diameter (to increase Rf ) improved single streak focusing (see Figure 2-4e). 

 

We then quantitatively explored the effect of the inertial force ratio (Rf) on particle focusing 

behavior.  We designed a number of curved channels systematically varying the geometry (the 

channel schematic and geometric definitions are shown in Figure 2-4a-c) and particle sizes.  To 

demonstrate the importance of Rf quantitatively, we created state diagrams of focusing accuracy 

as a function of ReC and Rf  (see Figure 2-5a).  The z-axis (focusing accuracy) corresponds to the 

width of a Gaussian function fit to the intensity profile of a focused streak normalized by the 

diameter of a single particle (see Figure 2-S-1d for analysis method).  We designated points 

where the width of either a single particle streak (denoted by a solid circle, ●) or a 

distinguishable streak among multiple focused streaks (denoted by a solid triangle, ▲) is less 

than twice the diameter of a single particle.  In agreement with our above analysis, for a Rf value 

below a threshold level (Rf ≈0.037), the concentration of particles to a streamline larger than 

twice the diameter of the particle was also noted (as shown by a cross, +), or no migration was 

observed (as shown by a times sign, ×).  Besides the critical role of Rf, plotting the focusing data 
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as a function of other dimensionless parameters suggests the importance of a sufficiently large 

ReP (see Figure 2-S-4).  In previous work we experimentally validated a/Dh as a design 

parameter (3).  We determined that this number is still useful for predicting focusing behavior in 

these systems and is present within Rf.  However, curvature introduced complex focusing 

behavior which is better predicted in a single parameter by accounting for the complete channel 

geometry that includes the channel curvature.  To validate the usefulness of Rf as a controlling 

dimensionless group, we used the results from the state diagram in Figure 2-4a to design new 

microchannels for which Rf would have a value >0.037 for 2.2-μm particles.  Using these new 

devices we successfully focused 2.2-μm particles with high accuracy (see white symbols in 

Figure 2-5a; also see Figure 2-5b, ReC – space map). 

 

Discussion 

The improved understanding of particle flows in straight and curved microchannels reported here 

provides critical physical insights for the development of higher-throughput, accurate separation 

and focusing systems for many sizes of particles and cells.  Our best designs based on this work 

allowed us to focus particles to narrow streaks equal to the diameter of the particle at a channel 

Reynolds number of 270 in a channel that has various widths (>100 μm) and a height of 50 μm; 

these values are several orders of magnitude higher than most microfluidic focusing systems (24) 

with a single inlet channel and no externally applied forces.   
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Figures 

 

Figure 2-1.  Lateral particle migration in a single turn: (a) in a schematic of the cross section of a 

microchannel with a single turn, particles move in the direction of secondary flow; (b) in a 

schematic of the top view of a microchannel with a single turn, particles migrate laterally across 

the channel; (c) fluorescent streak images of particles in single turns at three flow rates are 

shown, demonstrating the schematically shown behavior (the channels are 30 μm wide and 54 

μm tall); (d) high-speed images show that a particle aligned at the inside wall before the turn 

migrates laterally across the channel, remaining in one focal plane, while a particle at the outer 

wall moves out of focus while migrating inward; (e) lateral particle migration velocity (UP is 

plotted against mean flow velocity U and is fit with a quadratic function that agrees with theory). 
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Figure 2-2.  Curved channels help concentrate particles by directing their lateral migration to 

more stable equilibrium positions: (a) fluorescent streak images of 9.9-μm fluorescent particles 

in rectangular (100 μm wide by 50 μm tall) microchannels show how particle densities shift to 

stable mid-stream equilibrium positions after a single turn; (b) this effect is better observed in 

fluorescence intensity profiles across the channel that show that the density of particles in the 

center stream increases after a single turn while the side streams show a corresponding decrease 

in density. 
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Figure 2-3.  Particles migrate faster to geometrically determined equilibrium positions in curved 

microchannels: (a) particles in 100 × 50 μm straight microchannels migrate to well-defined 

single focusing positions downstream (flow rate, 6.7 μL/s); (b) microparticles in 100 × 50 μm 

curved microchannels with small radius of curvature (350 μm) and a large radius of curvature 

(950 μm) migrate to well-defined focusing positions in less than six turns (flow rate, 6.7 μL/s); 

(c) the width of the particle streak, normalized against the diameter of a single particle, is plotted 

versus the traveled distance for particles in straight and curved channels at high channel 

Reynolds number (ReC = 89) and low channel Reynolds number, (ReC = 22).  When the Dean 

number (De) is sufficiently high, curved channels focus particles in a much shorter distance than 

straight channels. 
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Figure 2-4.  Focusing maps in curved channels: (a) microparticles are pumped by a syringe 

pump through tubing into the device’s inlet, through a filter, 40 turns, and collected at the outlet; 

(b) the curved channels consist of two turns with varying radii of curvature r, measured at the 

center of the channel at the apex of the turn; (c) the height h and width w of the channel are also 

defined by the channel’s cross-section at the apex of the turn; (d) we plot ReC–space maps for 

channels with two turns with the same hydraulic diameter (Dh) but various values of r (a 

decrease in particle streak bifurcation symmetry, an increase in bifurcation ReC, and an increase 

in stability of focused streaks over a large range of ReC is observed using this visualization 

method; these channels have uniform widths of 100 μm and heights of 50 μm); (e) when both Dh 

and r are adjusted so that the scaling of the ratio of inertial lift force FL to Dean drag force (FD) is 

high (bottom channel), there is a high degree of focusing over a larger range of ReC.  These 

channels are imaged after the curving region where the width has been reduced to 100 μm for 

consistency.  However, the width varies throughout the curving region (≥100 μm).  The height is 

50 μm. 
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Figure 2-5.  Ratio of forces in the secondary flow direction is a critical factor affecting the 

degree of focusing: (a) a state diagram for particle focusing in curved channels is shown as a 

function of the dimensionless groups Rf and ReC (data points for three sizes of particles are 

indicated by black shapes: the solid circle (●) indicates conditions where a single streak of 

particles less than twice the diameter of a particle was attained, the solid triangle (▲) indicates 

multiples streaks of which one is less than twice the diameter of a particle, the cross symbol (+) 

indicates the concentration of particles to streaks greater than twice the diameter of a particle, 

and the times sign (×) indicates no lateral particle migration; white symbols indicate experiments 

with channels designed to focus 2.2μm particles with guidance from the original state diagram) 

and (b) ReC–space maps of fluorescent streak images, which show how focusing evolves for 

three particle sizes, in relation to the state diagram. 
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Supplemental Figures 

 

Figure 2-S-1.  Quantification of particle focusing: (a) the end of the curved region of a 100 μm 

wide microchannel is observed with light microscopy; (b) a fluorescent streak image (1-s 

exposure time) of flowing fluorescent polystyrene beads (9.9μm diameter) depicts 

geometrically determined focusing positions; (c) the fluorescent images are recorded across a 

range of Reynolds numbers increased at fixed intervals (vertical slices of these images are 

assembled such that the horizontal axis is the channel Reynolds number); (d) a Gaussian function 

is fit to vertical intensity profiles taken across the channel (the streak width corresponds to the 

width at half the amplitude of the function; similar plots are obtained for single particles to allow 

for normalization of focusing accuracy). 
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Figure 2-S-2.  Equilibrium positions become increasingly complex at high Reynolds number.  

ReC-space maps show the complex evolution of focused streaks as ReC increases, especially as 

channel asymmetry decreases. 
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Figure 2-S-3.  Inlet particle distribution affects outlet distribution: (a) after randomly distributed 

particles are flowed through a symmetrically curved channel the outlet particles occupy two 

equilibrium positions at equal density; (b) when the inlet distribution is made intentionally non-

uniform particles migrate to proximal equilibrium positions which may result in differing 

concentrations in the symmetric focusing positions. 
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Figure 2-S-4.  Correlation of other dimensionless groups with accuracy of focusing: (a) a state 

diagram is shown for the ratio of particle size to hydraulic diameter versus Dean number; (b) a 

state diagram is shown for the ratio of curvature versus particle Reynolds number. 
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Figure 2-S-5.  Equilibrium positions in high aspect ratio channels: (a) when observing a high 

aspect ratio channel where the width is larger than the height particles focus to two focal planes 

centered on the channel long face; (b) when observing a high aspect ratio channel where the 

height is larger than the width particles appear in the same focal plane opposite one another at 

the midline. 
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Chapter 3 

Inertial Manipulation and Transfer of Microparticles Across Laminar Fluid Streams 

 

Abstract 

A general strategy for controlling particle movement across streams would enable new 

capabilities in single-cell analysis, solid-phase reaction control, and biophysics research. 

Transferring cells across streams is difficult to achieve in a well-controlled manner, since it 

requires precise control of fluid flow along with external force fields or precisely manufactured 

mechanical structures. We instead introduce a strategy for particle transfer based on passive 

inertial lift forces and shifts in the distribution of these forces for channels with shifting aspect 

ratios. Uniquely, we explore and make use of dominant wall-effect lift parallel to the particle 

rotation direction to achieve controllable cross-stream motion. In this way, particles are 

positioned to migrate across laminar streams and enter a new solution without significant 

disturbance of the interface at rates exceeding 1000 particles per second and sub-millisecond 

transfer times. We demonstrate the capabilities of rapid inertial solution exchange (RInSE) for 

preparation of hematological samples and other cellular assays. Lastly, we characterize 

improvements to inline flow cytometry after RInSE of excess fluorescent dye and focusing for 

downstream analysis. The described approach is simply applied to manipulating cells and 

particles and quickly exposing or removing them from a reacting solution, with broader 

applications in control and analysis of low affinity interactions on cells or particles. 
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Introduction 

The ability to manipulate the position of flowing cells and particles and transfer these particles 

quickly between disparate solutions enables cell analysis, solid-phase chemistry, and molecular 

assembly studies. Sample preparation of cells prior to analysis often requires several solution 

exchange steps to label and wash cells (1, 2). Automating this process can lead to simpler point-

of-care assays and increased reliability (3–7). Fast solid-phase chemical reactions on the surface 

of beads (8, 9) can be controlled with high precision by moving particles across streams, 

potentially increasing reaction yields or selecting a kinetic vs. a thermodynamic product. 

Furthermore, fast and efficient solution exchange around cells or microspheres is critical to study 

rapid cellular processes such as Ca
2+

 release (10), molecular assemblies on surfaces (11, 12), and 

low affinity receptor-ligand interactions (13). However, past approaches to cellular analysis or 

molecular analysis on solid-phase supports has relied on mixing of solutions that contain 

particles, which inherently increases distributions in readout and the analysis dead time of the 

reactions. Methods that overcome these limitations would be highly desirable. 

 

Approaches to change the position of particles in continuous flow often rely on external force 

fields or mechanical interactions. Acoustophoretic forces (14–19), dielectrophoretic forces (20, 

21), magnetic forces (22, 23), and size exclusion or sterics (24–27) have been used to exchange 

solutions about cells or particles for a wide range of applications from immunohistochemistry to 

lysis to affinity bead capture of analytes. These approaches have highlighted the need for an 

increased rate of processing to enable applications where either rapid preparation (cell analysis) 

or rapid exchange (solid-phase synthesis and molecular biophysics) are necessary. An optimal 
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approach should be high-throughput and offer additional functionality such as fast, uniform 

exchange of particles between solutions for measurement of dynamic events, precise cell/particle 

positioning for optical analysis, and simple manufacturability to create parallel systems for 

processing large samples. 

 

To these ends, we introduce a general strategy to manipulate particles to passively cross streams 

at high rates. The approach takes advantage of modifications in inertial focusing equilibrium 

position as channels merge and change aspect ratio (28–34). We establish a coflow of a 

suspension and a transfer solution in such a way that particles migrate across fluid streamlines to 

lie within the transfer solution downstream. In particular, we engineer systems in which wall 

effect lift directed along the axis of particle rotation leads to particle migration across laminar 

streams without significant disruption of the interface. Uniquely, the rapid inertial solution 

exchange (RInSE) approach is purely hydrodynamic without external force fields or mechanical 

interactions between particles and surfaces. This minimizes wasted reagents and power, limits 

clogging, and can be parallelized with ease. Lateral migration across streamlines and complete 

solution exchange occurs within milliseconds enabling dynamic measurements and allowing 

short microchannels with small footprints and lower pressures. Lastly, inertial focusing serves 

the dual purpose of being the mechanism for exchange as well as focusing cells downstream (in 

position and velocity) for inline flow cytometric analysis. Here, we demonstrate and characterize 

RInSE and explore practical applications involving preparation of blood and labeling and 

washing of cells for enhanced flow cytometric analysis of weakly stained cells. 
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Results and Discussion 

Design and operating principles of rapid inertial solution exchange. RInSE was developed 

employing multiple design rules for inertial focusing which we have reported in previous work 

(28, 31, 32, 35). Briefly, inertial focusing is a method for precise control of cell position in flow 

by controlling geometry-dependent lift forces and, optionally, secondary flows present in finite-

inertia confined flows (28, 32). A particular design that employs these operating principles is 

depicted in Figure 3-1. For a full description of the dimensions of the microchannels used in this 

work see the Supplemental Text. Cells and particles are injected through asymmetric curving 

channels at a flow velocity sufficiently high to achieve precise focusing (35). Simultaneously, a 

transfer solution is pumped through a straight channel at a volumetric flow rate 1.5 to 2 times 

higher than the rate in the particle channel. Both inlets are immediately followed by size 

exclusion filters which remove large debris and aggregates. Importantly, the channels join at an 

angle (30°) which is low enough to avoid secondary flow-induced mixing or disturbance of the 

interface between the solutions. Once the channels join, the co-flowing fluid streams enter a 

wide, straight rectangular transfer channel. Due to the mismatch in volumetric flow rates of the 

two inlet channels, the transfer solution fills more than half of the transfer channel. Further, there 

is negligible diffusive mixing across the co-flow interface given that the Peclet number 

(Pe=LU/D, where L is the characteristic length scale – channel width, W, here – U is the average 

fluid velocity, and D is the diffusivity of dissolved solutes) is over 10
5
, assuming diffusivities on 

the order of 10
-9

 m
2
/s. In the transfer channel, the previously focused particles of sufficient size 

migrate uniformly to two equilibrium positions at the long face of the microchannel over a range 

of particle Reynolds numbers (29, 33). The particle Reynolds Number, ReP, is defined as 

Uma
2
/µDh where  is the fluid density, Um is the maximum fluid velocity, a is the particle 
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diameter, µ is the dynamic viscosity of the fluid, and Dh is the hydraulic diameter of the channel 

(Dh=2WH/(W+H), a function of the channel height, H, and width, W). When oriented as 

depicted, these equilibrium positions are present at the center of the transfer channel (see Figure 

3-1b) and within the transfer solution, rather than in the original suspending fluid. The resistance 

of the outlets is also tuned such that the resuspended particles in the transfer solution are 

collected in one outlet following the channel bifurcation without contamination by the original 

suspending fluid. 

 

Many previous works employing inertial focusing have made use of the fact that high aspect 

ratio channels can have fewer equilibrium positions than square channels (29, 33, 34, 36); 

however, there is currently no physical explanation for why this occurs. Due to the importance of 

microchannel aspect ratio for the effective operation of RInSE, it is useful to delve into this 

phenomenon. The aspect ratio of a rectangular channel defines the shape of the velocity field 

within the channel, and this velocity field in turn determines the lift forces acting on suspended 

particles (see Figure 3-S-1). The magnitude of two lift forces, acting opposite one another, 

determine the equilibrium position of a particle: one which acts down the gradient in shear rate 

(Shear gradient lift: FL = fLSUm
2
a

3
/H, where fLS is a lift coefficient that is proportional to 

product of the shear rate and the shear gradient and dependent on the local shear rate, shear 

gradient, and Reynolds number; Um is the maximum fluid velocity) and one which directs 

particles away from walls (Wall effect lift: FL = fLWUm
2
a

6
/H

4
, with a lift coefficient which does 

not depend strongly on the curvature of the velocity field and is instead proportional to the shear 

rate squared) (31, 37). 
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The unique velocity field in a high-aspect ratio channel can explain the reduction in equilibrium 

positions through a modified balance of lift forces compared to square channels. In the high 

aspect ratio transfer channel a blunted velocity profile develops within 100 m of the joining of 

the two inlet channels (see Figure 3-S-2). As particles are delivered to the transfer channel distal 

from the wall, well within the blunted region of the velocity profile with a weaker gradient in 

shear rate (see Figure 3-S-1), they are expected to experience smaller shear gradient lift forces. 

This should lead to a dominant wall effect lift and particle migration towards the channel 

centerline. One should note that there are still large shear gradients in the z-axis (along the short 

channel dimension) which have an important role in positioning in that axis. This expected 

behavior is investigated using numerical simulation of the inertial lift forces acting on a 10 µm 

sphere in a high aspect ratio microchannel. The lift force field is shown in one quadrant of the 

channel in Figure 3-1d; see the Materials and Methods section for details. 

 

Simulations reveal a complex force field in which wall-effect lift dominates, leading to focusing 

towards the centerline along planes close to the long faces of the channel. As expected, the 

strongest lift forces are directed in the z-direction such that migration in this direction is expected 

first, for particles entering the channel (out of plane or z-direction motion can be seen in Figure 

3-S-3 for particles migrating in the transfer channel), then towards equilibrium positions along 

the z-axis (red line). It is instructive to compare the forces acting on lines parallel to the long 

channel face (green line and blue line): the forces acting in the y-direction on a line including the 

equilibrium position (z/h=0.5, where h=H/2, green line) are almost always negative (towards the 
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channel centerline) suggesting the wall effect lift controls particle migration along that axis. 

Along the midplane (blue line) shear-gradient lift remains dominant directing particles towards 

the short faces. However, maintenance on this line is unstable, with any small perturbation 

leading to strong forces towards the long faces where particles are again directed towards the 

center by wall-effect lift (see green line). The higher relative strength of wall-effect lift force 

near the long face when compared to the centerline is likely due to local velocity dependent 

differences in the scaling of the two lift force coefficients. The wall-effect lift coefficient 

increases as Reynolds number decreases; thus, as the wall is approached where the local velocity 

is less, the dominant wall effect is even larger (31, 38). Lastly, wall-effect lift is also expected to 

be more dominant due to limited particle rotation in a blunted velocity profile. Previous 

simulations in which rotation was eliminated show a diminished lift towards the wall and a more 

dominant wall-effect lift (31). This previous work however, could not explain the reduction of 

equilibrium positions in AR=2 microchannels since FL was calculated along the z=0 plane only, 

where we see an unstable equilibrium point close to the short wall. Notably, only by looking at 

the entire channel cross-section, as we have done, do numerical calculations reveal a greatly 

diminished shear gradient lift (in fact, a reversal in sign over much of the channel cross-

section—see Figure 3-1c) when AR increases to 2. 

 

Demonstration and characterization of rapid inertial solution exchange. The inertial lift 

forces, employed in this strategy, are dependent on particle size and lead to a critical particle size 

that can be transferred for a specific geometry and flow condition. Further, by analyzing the 

scaling of the lift force with particle diameter we can confirm this mechanism of transfer. 
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The lateral migration velocity of particles is experimentally determined to increase with particle 

size (see Figure 3-2). An automated image analysis algorithm measured particle size and lateral 

migration velocity from high-speed videos. From these velocities, the lift force was calculated 

assuming Stokes drag (FL = 3πµaUL, where µ is the dynamic viscosity of water (0.001 kg/m·s); 

a is the particle diameter; and UL is the lateral migration velocity of the particle). The 

relationship between the particle diameter and the measured lift force is depicted in Figure 3-2b 

(blue). The scaling of a with FL agrees with our previous numerical results for wall effect inertial 

lift for rigid particles from 11 to 18 µm (31); however, beyond this critical size, acrit., which is 

slightly larger than half the channel height, particles span multiple flow planes and likely 

experience stronger shear-gradient lift that reduces the net center-directed force. 

 

Employing this lateral motion we achieve high transfer efficiency, purity, and speeds. Of the 

particles (18.292.31 µm) entering the system 97% exit through the expected collection outlet. 

Additionally, the transfer solution into which particles enter was determined to be 100% pure by 

spectroscopy (i.e. no dilution with solution from the particle inlet). High-speed transfer into or 

out of a solution can also be of use for measuring kinetics or selecting a kinetic reaction product 

versus one that is thermodynamic. Through exploration of flow rate ratios, particle sizes, and 

channel geometries we were able to achieve mixing times as low as 0.9 ms (1.30.3 ms; defined 

as the time between when particles initially contact the exchange solution until they are 

completely immersed). This is two orders of magnitude faster than coaxial flow mixing(10) (60 
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ms) and rapid mix flow cytometry(12) (120 ms) and should lower the barrier to flow cytometric 

measurement of highly dynamic events.  

 

Characterization of inertial solution exchange for cellular sample preparation and analysis.  

Exchanging solutions about cells is efficient as well. The lateral migration velocity of cells in 

RInSE is slower than that of particles (see Figure 3-2b, red). This may be due to z-equilibrium 

positions closer to the channel centerline for cells. Cell deformability has been demonstrated to 

shift inertial equilibrium positions towards the channel centerline (39), farther from the regions 

of the channel where wall effect lift acting in the y-direction is most dominant.  

 

The throughput (cells/s) of a single inertial solution exchange channel is limited by effects which 

detract from inertial focusing accuracy such as interparticle interactions (40) and steric crowding 

of equilibrium positions which arise at high volume fractions of cells. Due to the finite volume of 

focusing regions, a length fraction, which takes these volumes into account, is a better descriptor 

than a volume fraction. We have previously defined the length fraction (32), λ (λ = aAVf/Vc = 

6WHVf/πa
2
, where A is the cross-sectional area of the channel, Vf is the volume fraction of cells 

in suspension, and Vc is the mean volume of a single cell in the suspension). An intuitive 

understanding of the length fraction can be obtained by imagining a cylinder with a diameter 

matching that of the average cell diameter lying within the channel. Due to inertial focusing, 

cells will come to lie within this cylinder; however, at higher concentrations, cells will fill the 

cylinder, prohibiting entry to other cells. The theoretical limit for highly accurate focusing is 

λ=1, but practically, interparticle interactions lead to spacing between cells, and a lower λ should 



62 

be employed for higher efficiency exchange. Further, at extremely high concentrations, cell-fluid 

disturbances are expected to act constructively, mixing the coflow and resulting in lower purity 

of the exchange solution. We measured the transfer efficiency of harvested MCF7 cells into 

trypan blue with a range of λ. As expected, at lower λ (λ < 0.044, 2800 cells/s) efficiency 

remained high (≈90%), and at higher λ efficiency fell consistently below 90% (see Figure 3-3b). 

 

Employing RInSE for cellular sample preparation. In traditional cell-based assays, such as 

immunophenotyping or ploidy analysis by flow cytometry, cells are isolated from complex 

backgrounds (matrix) which confound the results of analytical measurements by centrifugation 

steps. Here, as a proof on concept we prepare stained leukocytes from whole blood via inertial 

solution exchange and without centrifugation steps to remove RBC debris (see Figure 3-3b). 

Whole blood was diluted 10x in a solution of red blood cell lysis buffer (ammonium chloride) 

containing a cell-permeable DNA dye (Hoechst 33324) off chip. After a 10 minute incubation, 

erythrocytes were lysed and leukocytes stained by the solution, but a large fluorescent 

background of hemoglobin and red blood cell ghosts was present without centrifugation. Instead 

of centrifugation, stained leukocytes were inertially transferred into a solution of PBS. As would 

be expected after a traditional wash, fluorescent micrographs of the inlet suspension and both 

outlet suspensions reveal a dramatic 70% reduction in background fluorescence (see the 

Materials and Methods section for details) by inertial solution exchange. As is evidenced by 

photographs of the collected fluid the transfer is not complete. Interactions between red blood 

cell ghosts can be expected to result in contamination of the transfer solution, unlike operations 

with particles or cells from culture with a background that is largely molecular. However, 
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brightfield images of the collected fluid show that this contamination is minimal and should be 

an effective background reduction for downstream analysis.  

 

Cells are not damaged by inertial flow conditions. Previous studies employing inertial lift forces 

for cell manipulation and sorting have demonstrated that the high flow velocity at which cells 

travel does not adversely affect their viability or alter their expression profile (39). While shear 

stresses experienced by cells are similar to those in experiments studying effects of fluid flow on 

cultured cells, the length of the exposure here is 4 to 5 orders of magnitude lower (10-20 ms 

versus minutes to hours). We postulate that transient exposure to shear is not sufficient to 

profoundly impact the cell. 

 

Other types of targeted probes and stains exist for cell imaging (e.g. colorimetric stains for 

cytology) and isolation (e.g. immunomagnetic beads for capturing cells within heterogeneous 

populations). As with immunocytochemistry, use of these probes requires sample preparation. 

Automation of this process will decrease the length and enhance the reliability of diagnostic 

assays which depend on it. We performed two proof-of-principle experiments to demonstrate 

how RInSE can be used in these scenarios. We transferred MCF7 in a solution of methylene blue 

into a clean buffer at a throughput of approximately 1000 cells per second with a 96% efficiency. 

We also transferred MCF7 cells coated with 1 m magnetic particles from a background of 

unbound particles into a clean buffer. In this experiment 91% of MCF7 cells were collected and 

98% of free beads were removed. 
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Inertial solution exchange prior to inline flow cytometry for enhanced SNR. To integrate 

RInSE with flow cytometry we sought to verify that using inertial focusing for cell positioning 

would be compatible. We explored a number of relevant metrics which will impact the quality of 

signals coming from cells. Uniformity of position and velocity are important for accurate 

analysis of cells in flow cytometry because the velocity of a cell as it is measured will affect the 

width of its signal peak (and thus its area)—a useful parameter for estimating cell size (2). Cell 

velocity was uniform: 0.950.03 m/s (meanstandard deviation) for cells (N=81) with diameters 

spanning almost an order of magnitude (11.1 to 19.4 µm). Linear regression was performed and 

it was found that there was no correlation between cell diameter and cell velocity in the direction 

of flow (R
2
=0.08). Flow cytometry typically employs hydrodynamic sheath flow to focus cells to 

a narrow stream. Inertial focusing, as a mechanism for cell delivery in flow cytometry, is 

especially promising due to the fact that no sheath flow is required (41). In this particular design 

the standard deviation of position in the y-dir (4.1 µm) was well within the tolerances of a typical 

focal spot used in commercial flow cytometers (2). 

 

Flow cytometry allows homogeneous ligand-receptor measurements because it can discriminate 

free versus bound probes (e.g. fluorescent probes left in solution with the analyzed cells). It is 

more difficult to perform this function when the binding affinity of probes is low and high 

concentrations of probes are required (13). In this scenario, a high noise level due to the 

concentration of dye molecules in solution prohibits a high signal-to-noise ratio (SNR). We 

constructed a RInSE flow cytometer to demonstrate how inline solution exchange can improve 

the SNR of measurements of high background samples. Unlike a traditional flow cytometer, the 

RInSE flow cytometer uses a fiber probe to allow microscopic imaging in parallel. A full 



65 

description of the flow cytometer is provided in the Materials and Methods, and it is depicted in 

Figure 3-S-4. We first established baseline conditions by delivering fluorescent (Envy Green) 

microspheres suspended in a background of dye (Phycoerythrin) with a nearly identical emission 

spectrum through the particle inlet and a solution of the same dye concentration through the 

exchange inlet. Particles were transferred but were effectively in the same background as the 

initial suspension. They were interrogated by the aligned fiber probe in the collection outlet 

channel. We then switched the exchange solution to water and collected fluorescence 

measurements. It is readily apparent that in the unwashed state peaks can easily be confounded 

with noise but emerge more clearly when particles were inertially transferred to a low 

background solution. Inertial solution exchange improved the SNR from 5.7 to 10 by a factor of 

1.8. This improvement enhances the dynamic range of a flow cytometer and is especially 

important when analyzing dim signals or working with low optical power flow cytometers like 

those being developed for portable use. The ability to rapidly transfer cells immediately prior to 

measurement will also enable measurement of low-affinity ligands that have high off rates. 

 

Conclusions 

In summary, we present a microfluidic solution exchange method with broad functionality, from 

basic cell biology operations to lengthy protocols for complex diagnostic assays. We 

demonstrate its ability to perform several common laboratory tasks involving solution exchange. 

The method employs inertial lift forces present in finite Reynolds number confined flows to 

transfer cells or particles from one solution to another in a coflow. In this work, we have focused 

on applications in cell sample preparation and cytometry, but solution exchange around particles 
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is broadly used across fields (17, 23, 42). This strategy can be applied to particles used as solid 

supports for biochemical reactions, chemical analysis, or separations (e.g. RInSE affinity capture 

and release of low affinity compounds, release upon temperature or pH changes, or selecting 

kinetic versus thermodynamic reaction products). It should be noted, however, that the system 

must be tailored to the diameter of the microparticles (e.g. the microchannel, and flow rates must 

be scaled such that inertial lift forces will be sufficiently large to manipulate smaller particles). 

RInSE is an enabling technology for next-generation flow cytometers with greatly enhanced 

functionality and a general tool for rapid manipulation of solution about cells and particles. 

 

Experimental Section 

Numerical calculation of inertial lift forces. Inertial lift forces were calculated using COMSOL 

Multiphysics (Comsol, Inc., Burlington, MA, USA) as previously described (31). The numerical 

solution is for a 10 µm sphere in a high aspect ratio channel (80 by 40 µm) with a mean flow 

velocity of 1 m/s. The fluid properties, viscosity and density, are that of water. 

 

Measuring size dependence of lateral migration. Polydisperse polydimethylsiloxane (PDMS; 

Sylgard 184 Silicone Elastomer Kit; Dow Corning Corp., Midland, MI, USA) particles were 

synthesized as previously described (43). A 40 µm pore size cell strainer was used to remove 

large particles. The particle suspension was pumped into the particle and cell inlet at 70 µL/min 

while sterile-filtered trypan blue (Thermo Fisher Scientific Inc., Waltham, MA, USA) was 

pumped into the exchange solution inlet at 120 µL/min using PHD 2000 syringe pumps (Harvard 

Apparatus, Holliston, MA, USA). 
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The lateral migration velocity was measured from high-speed video using a custom particle 

tracking algorithm written in MATLAB (MathWorks, Natick, MA, USA). Video was acquired at 

55,555 frames per second (18 µs interval) with a 1 µs shutter speed using a Phantom v7.3 high 

speed camera at 800 x 56 pixels mounted on a Nikon Ti Inverted Microscope and a 10x objective 

lens (resulting in 2.22 µm per pixel). The lateral migration velocity was defined as distance 

traveled perpendicular to primary flow in 325 pixels divided by the time required to travel this 

distance. This method was chosen because automated measures of smaller lateral position were 

not accurate enough to achieve meaningful velocities and within 325 pixels most particles were 

still migrating laterally. Particle migration velocity was measured by a MATLAB script while 

cell migration was measured by hand. 

 

Change in grayscale intensity of polystyrene particles was quantified by ImageJ (U.S. National 

Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/). 

 

Measuring solution exchange efficiency and purity. 19 µm polystyrene particles (CV ≤ 16%; 

Thermo Fisher Scientific Inc., Waltham, MA, USA) were diluted in deionized water and 

transferred into a solution of sterile-filtered trypan blue. High-speed microscopic images were 

recorded at the channel outlet. The transfer efficiency of the 19 µm polystyrene particles was 

calculated from hemacytometer counts of the initial suspension and the outlets. The purity of the 

transfer fluid in the collection outlet, defined as the ratio of absorbance in the collection outlet to 

that of the inlet, was quantified by an Infinite 200 Microplate Reader (Tecan Group Ltd., 
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Männedorf, Switzerland). The cellular preparation efficiency was calculated using multiple 

concentrations of the MCF7 cell line (breast epithelial; culturing and harvesting details below). 

MCF7 cells were transferred into a solution of sterile-filtered trypan blue and visual observation 

of high-speed microscopic images yielded efficiency, (100·Collected Cells/Total Cells 

Observed). 

 

Cell samples and experiments. Whole blood was drawn from consenting donors with approval 

from the UCLA Institutional Review Board. Hoechst 33342, trihydrochloride, trihydrate - 10 

mg⁄mL solution in water (Invitrogen Corp., Carlsbad, CA, USA) was diluted to 1 g/mL in red 

blood cell lysis buffer (ammonium chloride; Roche Diagnostics Corporation, Indianapolis, IN, 

USA). A smaller embodiment of the microchannel was used to work with blood cells (channel 

widths scaled to 75%). 

 

The MCF7 cell line was cultured in Dulbecco’s Modified Eagle Medium (DMEM) with L-

glutamine, 4.5g/L glucose and sodium pyruvate (Mediatech, Inc., Manassas, VA, USA) with 

10% fetal bovine serum (Thermo Fisher Scientific Inc., Waltham, MA, USA) and 1% Penicillin-

Streptomycin (Invitrogen Corp., Carlsbad, CA, USA). MCF7 cells were harvested with 0.25% 

porcine trypsin (Thermo Fisher Scientific Inc., Waltham, MA, USA). In cases where live cells 

were used, the cells were resuspended in Dulbecco's Phosphate Buffered Saline (PBS; Thermo 

Fisher Scientific Inc., Waltham, MA, USA). When fixed cells were used, the cells were 

resuspended in 4% formaldehyde for 10 minutes before being resuspended in PBS. 
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Imaging Methylene Blue-Stained Cells. Cells stained with methylene blue and with a 

background of methylene blue were imaged with a color Go-3 CMOS Camera, employing 

QCapture software (QImaging, Surrey, BC, Canada) to control exposure time. Identical camera 

settings were used when imaging stains before and after processing by RInSE.  

 

Coating cells with 1 m magnetic particles. Fixed MCF7 cells, cultured, harvested, and fixed 

as described above, were incubated for 30 minutes in biotinylated anti-human CD326 (EpCAM) 

(EBioscience, Inc., San Diego, CA, USA). Cells were washed twice with PBS then resuspended 

in PBS with 1 m streptavidin-coupled dynabeads (Invitrogen Corp., Carlsbad, CA, USA) and 

placed on an incubated shaker until used. Flow conditions in rotation experiments with coated 

cells were similar to those for uncoated MCF7 cells. 

 

Fluorescence detection. The fluorescence detection setup is depicted in Figure 3-S-4. A 

continuous-wave laser (Laser Quantum, San Jose, CA, USA) operating at 532 nm was focused 

into a fiber assembly (LEONI Fiber Optics, Inc., Lightfoot, VA, USA) by a fiber coupler to 

deliver 10 mW onto cells in flow. The end of the assembly connected to this lens was a close-

packed bundle of twelve 100 µm multimode fibers. Half way (50 cm) along the fiber bundle it 

was wrapped around a single 400 µm multimode fiber. A fused silica focusing and imaging 

beam probe (Oriel Instruments, Newport Corp., Irvine, CA, USA) was connected to the fiber 

assembly by its SMA connection at the end with all 13 fibers. The beam probe, containing two 

lenses, had a working distance of 12 mm and a magnification of 1x and was focused onto the 

microchannel. Light was collected back through the fiber probe and the 400 µm core multimode 
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fiber. The other end of the core fiber was connected to a 30 mm lens cube by its SMA 

connection. A dichroic beamsplitter directed emitted light through a band-pass filter, with a 

center wavelength of 575 nm and full width half maximum of 40 nm (Chroma Technology 

Corp., Bellows Falls, VT, USA), into a photomultiplier tube (H10723-01; Hamamatsu City, 

Shizuoka Pref., Japan). The signal was digitized by a digitizer (National Instruments, Austin, 

TX, USA) at a sampling rate of 1 MS/s. Low-pass filtering was performed on the digitized signal 

in MATLAB (The MathWorks, Inc., Natick, MA, USA) to remove high-frequency noise on the 

fluorescence signal. 

 

10 µm Envy Green (excitation: 525 nm, emission: 565 nm) microspheres (Bangs Laboratories, 

Inc., Fishers, IN, USA) were suspended in a solution of phycoerythrin and inertially transferred 

into a solution of phycoerythrin of the same concentration to mimic the before solution exchange 

state. Beads in the same initial suspension were also inertially transferred into water to mimic the 

after solution exchange state. The fiber probe was situated above the same location of the 

‘collect’ outlet for both measurements. Peak height, noise floor and standard deviation were 

extracted in MATLAB in order to calculate the signal-to-noise ratio. The signal-to-noise 

(SNR=(h-n)/s, where h is the average of absolute peak heights, n is the mean noise level, and s is 

the standard deviation of the noise. Here, we sought to simulate conditions with a dim signal, 

where cell or particle peaks could easily be confused with the noise but on average large enough 

to quantify; thus, we used beads with fairly uniform intensities instead of labeled cells. 
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For this experiment we made small modifications to the microchannel; specifically, we 

lengthened the particle collection outlet to accommodate the spatial needs of the fiber probe and 

the outlet tubing. We also created a second particle inlet to allow greater concentrations of 

particles and improved downstream focusing (See Supplemental Text). For an accurate 

comparison of pre- and post-solution exchange conditions we maintained a fixed position for the 

focal spot; therefore, particle velocity and other factors affecting signal and noise levels would 

be constant. 

 

Statistics. To determine the scaling of particle diameter with lift force, particle diameter and lift 

force were log transformed and linearly fit in MATLAB using the ‘fit’ function. The function 

returned the scaling and a goodness-of-fit coefficient of determination, R
2
. Standard deviations 

were also calculated in MATLAB. Linear regression was performed to determine if there was a 

correlation between cell diameter and cell velocity. 

 

Acknowledgements 

We are grateful to Professor Bahram Jalali at the University of California Los Angeles for 

generously allowing us to use his laser. This work was supported by the U. S. Congressionally 

Directed Medical Research Programs (CDMRP) Breast Cancer Research Program (grant number 

W81XWH1010519). 

  



72 

 

Figure 3-1. Design and operating principles of rapid inertial solution exchange. a. A computer-

aided design of the microchannel used to fabricate the device. b. Inertial lift forces are depicted; 

lift-induced transfer of particles into a coflowing solution is the mechanism of solution exchange. 

c. Numerically calculated lift forces acting on a 10 µm (a/H=0.25) particle in a high aspect ratio 

microchannel (AR=2:1) at particle Reynolds number=2.8. The shear gradient lift force is stronger 

along the short axis of high aspect ratio microchannels (red line) but is greatly diminished along 

the long axis (blue line) and is observed to undergo a reversal of sign when the axis is shifted to 

pass through the stable equilibrium (green line). d. Vector plot of numerically calculated lift 

forces acting on a particle at positions throughout a symmetric quadrant of a high aspect ratio 

microchannel (w=W/2 and h=H/2). 
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Figure 3-2. Size-dependence of rapid inertial solution exchange. a. Overlayed frames of single 

particles migrating laterally in a coflow recorded with high-speed microscopy demonstrate the 

size dependence of inertial solution exchange. b. The resultant inertial lift force, presumed to be 

dominated by wall effect lift, is calculated using a Stokes drag assumption and plotted against 

particle diameter for polydisperse polydimethylsiloxane (PDMS) particles (blue) and MCF7 

breast cancer epithelial cells (red). Below a critical diameter, acrit., the relationship between 

particle diameter and force agrees with the strong scaling of wall effect lift with particle diameter 

that is numerically calculated. Above the critical diameter particles span many velocity planes 

(and shear gradients), some acting opposite the wall effect lift, and thus the resultant lift force is 

not expected to increase as strongly with diameter. The lift force acting on cells is also much 

smaller, presumably because cells focus closer to the channel centerline—where wall effect lift is 

weakest (see Figure 3-1)—due to their deformability (39). 
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Figure 3-3. Demonstration of continuous cellular sample preparation. a. A plot of length fraction 

and throughput versus transfer efficiency for MCF7 breast cancer cells is shown. The inset 

shows the finite volume of a single equilibrium position. b. A schematic for utilization of RInSE 

to perform a typical preparation of stained leukocytes from a lysed whole blood sample using the 

microfluidic device is shown with cropped fluorescence (DAPI) and brightfield micrographs of 

the cellular sample before solution exchange and from the collection and rejection outlets of the 

device. RInSE removes RBC debris and reduces background fluorescence. 
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Figure 3-4. Rapid inertial solution exchange with in-line flow cytometry. a. Schematic of the 

implementation of this strategy for improving SNR of flow cytometry measurements. 

Fluorescent particles are inertially transferred from a high to low background solution 

immediately prior to measurement. b. Improved SNR in PMT signal due to the solution 

exchange. Digitized signal from the PMT was filtered by a 3 kHz low-pass filter (optical setup 

described in Materials and Methods and depicted in Figure 3-S-4). Calculated SNR 

quantitatively demonstrates the improvement provided by solution exchange by a factor of 1.8. 
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Supplemental Text and Figures 

Dimensions of different embodiments of the microchannel. Three different embodiments of 

rapid inertial solution exchange microchannels were used in this work. The transfer channel of 

the primary device has dimensions of W = 110 m, H = 30 m, and L = 1 cm. A second 

embodiment has all features in length and width scaled to 75% and a height reduced to 21 m. A 

third embodiment is depicted in Figure 3-S-5; here, the inlet is bifurcated so that the initial 

suspending fluid forms coflows on two sides of the transfer fluid. As a result there is less 

crowding, and a shorter transfer channel would be sufficient. The transfer channel trifurcates, 

collecting transferred cells in the center outlet. In this embodiment, accurately focused cells are 

farther from corners near the outlet. This should reduce channel fouling and result in faster 

focusing for downstream analysis. 

Additional characterization of rapid inertial solution exchange. In rapid inertial solution 

exchange any disturbance of the coflow interface reduces the purity of the transfer fluid. 

Particles rotating at high rates in flow can create secondary flows in microchannels (44). 

Importantly, the rotation of cells or particles determines the direction of mass transport; mass is 

transported radially from the axis of rotation. In the work of Amini et al microchannels were 

oriented such that a coflow divided the microchannel along its shorter face. With an orientation 

opposite that of used here, particles remain in one equilibrium position lying within one solution 

of the coflow and do not migrate. There, they rotate on an axis parallel to the primary flow 

direction, transporting mass across the channel, disturbing the coflow. In RInSE, the channel is 

oriented oppositely (see Figure 3-1, Figure 3-S-1, and Figure 3-S-2). Here, the particle axis of 

rotation is in the y-direction (confirmed by high-speed microscopic images of microspheres 
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tethered molecularly to cells translating laterally in the transfer channel, Figure 3-S-2), thus mass 

transport is not in the y-direction and the coflow interface is not significantly disturbed. 

  



78 

 

Figure 3-S-1. Numerical calculation of lift shape factors in high aspect ratio channels. a. Aspect 

ratios (AR) of 1:1, 2:1, 4:1, 8:1 were analyzed. The shorter dimension was 40 m. b. The velocity 

field in the direction of flow,   
  

  
. c. The shear rate along the wide axis of the channel, 

  

  
. d. 

The shear gradient along the wide axis of the channel,  
   

   
. e. The wall effect lift shape factor 

along the wide axis of the channel,  
  

  
 
 

. f. The shear gradient lift shape factor along the wide 

axis of the channel, 
  

  
 
   

   
. 
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Figure 3-S-2. The impact of the flow field on particle rotation and mass transport. a. Numerical 

calculation of the fluid velocity field where channels delivering the particle suspension and 

transfer solutions join reveal a blunted velocity profile develops within 100 m (i.e. appreciable 

shear gradients y-direction in the transfer channel are only proximal to the wall). b. As the axis 

of particle rotation (y-direction) is expected to be perpendicular to the primary flow direction (x-

direction) there is no particle-induced mass transport (44) in the y-direction. c. Molecularly-
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tethered microspheres on the cell surface reveal a cell’s rotation around the y-axis as it translates 

laterally (~1 m/s) in the transfer channel. This is expected as the y-direction vorticity away from 

the walls in a wide, high AR microchannel is large compared to the z-direction.  
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Figure 3-S-3. Z-direction motion. High-speed microscopic videos of particles reveals not only y-

direction motion toward the transfer fluid, but positive and negative z-direction motion (different 

focal planes) confirming numerical simulations of stronger lift forces acting on a particles in the 

z-directions in a high aspect ratio channel. The apparent migration in both z-directions rules out 

differences in focal plane due to a tilted microchannel. 
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Figure 3-S-4. Rapid solution exchange flow cytometer. a. Computer-aided drawing of the 

microchannel used to fabricate the 3-inlet embodiment of the device with arrows depicting the 

direction of flow of the bead suspension (green) and the exchange solution (blue). The green 

circle marks the position of the fiber probe. b. Schematic of the optical setup and orientation with 

the microchannel. c. Depictions of the cross-sections of the fiber bundles employed in the optical 

setup at the three ends. 
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Chapter 4 

Hydrodynamic Stretching of Single Cells for Large Population Mechanical Phenotyping 

 

Abstract 

Cell state is often assayed through measurement of biochemical and biophysical markers. 

Although biochemical markers have been widely used, intrinsic biophysical markers, such as the 

ability to mechanically deform under a load, are advantageous in that they do not require costly 

labeling or sample preparation. However, current techniques that assay cell mechanical 

properties have had limited adoption in clinical and cell biology research applications. Here, we 

demonstrate an automated microfluidic technology capable of probing single-cell deformability 

at ~2,000 cells/sec. The method uses inertial focusing to uniformly deliver cells to a stretching 

extensional flow where cells are deformed at high strain rates, imaged with a high-speed camera, 

and computationally analyzed to extract quantitative parameters. This approach allows us to 

analyze cells at throughputs orders of magnitude faster than previously reported biophysical flow 

cytometers and single-cell mechanics tools, while creating easily observable larger strains and 

limiting user time commitment and bias through automation. Using this approach we rapidly 

assay the deformability of native populations of leukocytes and malignant cells in pleural 

effusions and accurately predict disease state in patients with cancer and immune activation with 

a sensitivity of 91% and a specificity of 86%. As a tool for biological research, we show the 

deformability we measure is an early biomarker for pluripotent stem cell differentiation and is 

likely linked to nuclear structural changes. Microfluidic deformability cytometry brings the 

statistical accuracy of traditional flow cytometric techniques to label-free biophysical 
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biomarkers, enabling applications in clinical diagnostics, stem cell characterization, and single-

cell biophysics. 

 

Introduction 

There is growing evidence that cell deformability (i.e. the ability to change shape under load) is a 

useful indicator of changes in the cytoskeleton and nuclear organization and may provide a label-

free biomarker for determining cell states or properties such as metastatic potential (1–3), cell 

cycle stage (4), degree of differentiation (5, 6), and leukocyte activation (7). Clinically, a 

measure of malignancy and metastatic potential in tissues or biological fluids could guide 

treatment decisions, or a measure of degree of differentiation could prevent transplantation of 

undifferentiated, tumorigenic stem cells in regenerative therapies. For drug discovery and 

personalized medicine, a simple measure of cytoskeletal integrity could allow screening for 

cytoskeletal-acting drugs or evaluation of cytoskeletal drug resistance in biopsied samples. 

Additionally, measures of leukocyte activation are strong predictors of disease prognosis and 

response to treatment in persons with HIV-1 infection (8) or rejection of allografts (9). Currently, 

major barriers to clinical use of flow cytometry-based assays for these applications are 

requirements for costly fluorescent-labeled antibodies and skilled technicians to prepare samples 

and interpret results. A simple label-free deformability measurement in which cells are 

minimally handled thus has the potential to greatly reduce costs and allow routine cell screening 

and classification in clinical and research applications (10). 
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A wide variety of platforms have been engineered to perform mechanical measurements on cells 

(11). Generally, these techniques can be divided into two categories based on the samples they 

act on: bulk and single-cell (12). Bulk platforms, such as microfiltration, tend to have high 

throughput, but they yield one endpoint measurement and do not take into account heterogeneity 

or size differences within the sample population of cells. Disease may develop from 

abnormalities in a single cell (12) or small subset, such that accurately detecting rare events or 

small populations is important, and bulk measurement may result in misleading averages (13). 

Single-cell platforms that can assay this heterogeneity include micropipette aspiration (5), atomic 

force microscopy (AFM) (3), magnetic bead-based rheology, microfluidic optical stretching (2, 

14), and microfluidic cell transit analyzers (12, 15–17). In particular, microfluidic single-cell 

mechanics assays have been promising, yielding more automated measurements through 

microscopically observed cell transit through microchannels or pores (12, 15–17). In these 

approaches the transit time at a constant pressure is indicative of mechanical properties; 

however, cell size and adhesiveness also can contribute to the measurement, which is especially 

relevant when dealing with heterogeneous cell solutions. In general, current approaches, usually 

optimized for biophysics research, operate at rates from 1 cell/min (AFM and optical stretching) 

to ~1-5 cells/sec (microfluidic cell transit analyzers, electroporative flow cytometry (18)). 

 

A unique combination of inertial focusing, hydrodynamic stretching, and automated image 

analysis enables us to carry out tunable single-cell mechanical measurements of cells with a 

throughput several orders of magnitude greater than current systems (~2,000 cells/s). Cells are 

carried and measured surrounded by fluid, and never contact, adhere to, or foul channel surfaces 

which can lead to clogging. Moreover, the method results in high strains, which are easy to 
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visualize, and high strain rates which deliver unique insights into cell mechanics. The large 

observed strains are due to stresses approximately an order of magnitude greater than current 

methods (See Supplemental Text) (19). 

 

Briefly, we employ inertial focusing, a sheath-less method of ordering cells in flow (20–22), to 

deliver suspended cells uniformly to an extensional flow (23, 24) region where they are 

deformed (see Figure 4-1a-d). Uniform delivery leads to increased uniformity in the 

hydrodynamic stresses and resulting deformation of individual cells. A microfluidic approach 

also allows tuning of the magnitude of hydrodynamic stresses which is important to be able to 

obtain sensitive measurements for cells with a range of deformabilities (see Figure 4-S-1). After 

entering the extensional flow region, an inverted microscope-mounted high-speed camera 

records several thousand deformations per second. Then, an automated image analysis algorithm 

finds and tracks cells to quantify initial diameter and deformability (the length of the long axis of 

a deformed cell divided by a perpendicular shorter axis) which are plotted in flow cytometry-like 

2D scatter plots (see Figure 4-1e-f and Figure 4-S-2). This automation limits user bias and 

strengthens repeatability which are notable issues with manual mechanical measurements. 

Further, the ability to measure whole cell deformation of spherical cells in suspension limits 

variability due to the contact point of AFM tips or micropipettes on mechanically heterogeneous 

attached cells (e.g. significant differences in stiffness in the vicinity or far from actin stress 

fibers) (25). However, in cases where this heterogeneity during adhesion is of interest we cannot 

directly probe cells (a task which can be performed by AFM and micropipettes). 
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In this work, we thoroughly characterize the method and provide demonstrations of its 

robustness and utility with over 100,000 single-cell mechanical measurements: in clinical 

screening of pleural fluids for malignant cells and characterization of stem cell differentiation 

state. Mechanistic and experimental details are provided in the Materials and Methods and 

Supplemental Methods sections. Specifically, we discuss modes of deformation, standard 

operating protocols (cell densities, flow rates), and methods of controlling for mechanical drift 

(see Figure 4-S-3) that occurs when adherent cells are brought into suspension. 

 

Results and Discussion 

Validation and calibration of measurements. Clearly, cells are complex viscoelastic objects; 

however, we investigated the deformation of several simple model systems to validate and 

calibrate our measurements. Surfactant-stabilized oil droplets of low surface tension and known 

viscosity were measured to confirm that deformability cytometry could distinguish between 

objects of different viscoelastic properties. Droplets from 500 to 10,000 cSt, deformed an amount 

trending with their internal viscosity (external viscosity was held constant; see Supplemental 

Methods and Figure 4-S-4), allowing for evaluation of an effective viscosity of a deformed cell. 

We describe the viscosities of these emulsions as ratios of their internal dynamic viscosity, µi, to 

that of water, µo.(λ = µi/ µo) (26, 27). Cell mechanical behavior is predominantly determined by 

viscous properties at high strain rates (28, 29). Generally, cells deformed like emulsions with 

λ < 9650. As further validation, we also see a large decrease in deformability upon chemically 

crosslinking proteins in HeLa cells (cervical carcinoma cells fixed with 4% formaldehyde; see 

Figure 4-S-4). 
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Next, we characterized the intrinsic noise level of deformability cytometry by measuring 

physical properties of rigid polystyrene microspheres (see Figure 4-S-4). The semi-interquartile 

range of the deformability measurement was an order of magnitude lower than that of a cancer 

cell line, suggesting that variability in cellular deformation measures is not due to measurement 

error. A correctable systematic error in the deformability of these rigid particles was also 

observed which can be attributed to 1-μs exposure time blur in the direction of particle motion. 

 

Certainly, a barrier to translation of biophysical measurements is repeatability and variability 

between labs. We measured the deformability of the breast cancer epithelial MCF7 cell line on 

different days in different replicas of the device and found no statistical difference 

(nonparametric Wilcoxon ranked sum; p=0.22; see Figure 4-S-3). It will still be important to 

confirm this minimal variability when the technique is applied in other labs. 

 

Identification of inflammation and malignancy in pleural fluids. Confident in the accuracy of 

our deformability measurements we initiated studies to examine the mechanical properties of 

cells suspended within blood and pleural fluids, analysis of which provides insight into various 

diseases such as inflammation, bacterial infections, and tumor progression (3). It has been 

hypothesized that the invasiveness of metastatic cells, which may accumulate in these fluids, is 

conferred by increased deformability (1), and there is a precedent for using mechanical 

measurements of small sample sizes of biopsied cells for clinical diagnostics (30) in which 

mechanical measurements correlated with current immunohistochemical methods (3). Work by 
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Cross et al. showed that metastatic cancer cells disseminated in pleural fluid were 70% softer 

than benign cells from the same sample (N=40 cells) while Remmerbach et al. found that oral 

squamous cell carcinoma cells obtained by mucosal biopsy were 3.5 times more compliant than 

cells from healthy patients using a sample of 71 cells. However, in these previous studies time-

consuming protocols are first needed to select cells to measure. By using deformability 

cytometry, sampling thousands instead of tens of cells is possible such that all cells in a complex 

population can be measured without pre-selection. Improved statistical accuracy is conferred, 

and identification of outlier populations is possible. 

 

Pleural fluids – the fluid that accumulates in the space between the lungs and the chest cavity - is 

of diagnostic importance for metastatic disease. Cytological examination of pleural fluids for 

detection of malignancy is not always reliable, with an overall sensitivity rate ranging from 40% 

to 90%, with higher false-negative rates for mesotheliomas and lymphomas (31, 32). 

Furthermore, the preparation of cell smears and blocks (see Figure 4-2d-g (right)) requires 

technician-intensive fixation, labeling, and sample preparation, followed by manual microscopic 

scanning of slides by the cytopathologist to visually identify cells with suspicious features. 

Immunofluorescence flow cytometry is not routinely performed in the clinic. The reason is that 

the reagents and instruments for these systems must be routinely calibrated – (i) the fluorophore-

conjugated antibody must have extensive quality control to make sure there are minimal batch to 

batch variations in fluorescence, (ii) the flow cytometer laser power and detector sensitivity must 

also be routinely calibrated with uniform intensity standard fluorescent beads. Notably, a 

deformability measurement is an intrinsic property of a cell and therefore does not depend on the 

quality of a label or power of a detector. 
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Pleural fluid contains a high density of blood cells which may obscure cells of interest. To gain 

insight into how this leukocyte population would appear in the pleural fluid, we first measured 

the deformability of resting peripheral blood mononuclear cells (PBMCs) and PBMCs activated 

with an anti-CD3 antibody (12F6) or phytohaemagglutinin (PHA) for two days. On average, 

stimulated PBMCs were much more deformable and slightly larger (12F6 activated PBMCs: 

median deformability=1.47, N=3,474; PHA activated PBMCs: median deformability=1.45, 

N=4,765) than unstimulated PBMCs (median deformability=1.18, N=4,377; see Figure 4-2a). 

Activated PBMCs deformed similarly to oil-in-water emulsions with λ ≤ 760 while untreated 

control PBMCs deformed similar to emulsions with λ = 970. Microfilaments, microtubules, and 

the intermediate filament, vimentin, reorganize during activation. It is hypothesized that this 

reorganization—a loss of rigidity—enables transendothelial migration (33, 34). On the other 

hand, granulocytes were expected to become less deformable upon stimulation. Here, in vitro 

activation of granulocytes with fMLP treatment shifted the median deformability value from 

1.19 to 1.33 (p<0.001, Nresting=3,200, Nactivated=3,374) and increased the number of highly 

deformable cells above deformability = 1.4 (see Figure 4-2b). While this does not agree with 

previous studies, previous measurement methods are prone to misinterpret changes in cell size 

and adhesiveness as increases in cell stiffness (35). Most importantly, we have reproducibly 

measured these differences and expected to be able to detect these changes for stimulated 

leukocytes in vivo. 
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Through characterization of cells from the pleural fluids of 47 patients we constructed 

deformability cytometry profiles of the primary cell populations associated with the common 

disease states detectable by cytological analysis and developed a 2-dimensional gating strategy to 

classify unknown samples (see Figure 4-2c). These profiles are based on our initial scatter plots 

for PBMCs and stimulated PBMCs as well as correlation with the cytology diagnosis. We 

performed deformability cytometry on pleural effusions collected within the same day in parallel 

with traditional cytological methods; possible cytological diagnoses included: negative for 

malignancy, positive for malignancy, acute inflammation associated with an increased neutrophil 

population, and chronic inflammation—associated with a larger fraction of lymphocytes and 

histiocytes. In the diagnosed carcinoma cases, the tissue of origin was often known from patient 

history. Prior to deformability cytometry, any red blood cells in the pleural fluids were 

hypotonically lysed leaving behind white blood cells, benign mesothelial cells, and cancer cells, 

if present. Leukocytes make up a majority of the cellular population in pleural fluids, but 

metastasized tumor cells from ovarian cancer, breast cancer, lung cancer, gastrointestinal track 

cancer, mesothelioma, and lymphoma can accumulate in the pleural fluid. Benign mesothelial 

cells, which are contaminants of the thoracentesis—the process of draining pleural fluids—are 

also present in the samples which we analyzed. 

 

As expected, patients diagnosed negative for malignancy and without diagnoses of acute or 

chronic inflammation were measured to have small rigid cells, features corresponding to 

unactivated leukocytes (see Figure 4-2d). As indicated in cell blocks and cell smears benign 

mesothelial cells are also present. These likely appear as large rigid cells in our assay (see Figure 

4-2d (center)). Patient samples with a larger fraction of lymphocytes and histiocytes (tissue 



96 

macrophages and dendritic cells) due to prolonged immune activation are diagnosed as chronic 

inflammation. Deformability scatter plots obtained from a majority of these samples show a 

strong similarity to those for in vitro activation of PBMCs, in which we observe a slight increase 

in median initial diameter and a large increase in median deformability (see Figure 4-2e). Pleural 

fluids from patients with a larger fraction of neutrophils are diagnosed as acute inflammation. In 

agreement with our in vitro measurements of stimulated neutrophils we observed many small 

cells and a greater quantity of highly deformable small cells than for measurements of resting 

leukocytes (see Figure 4-2f). 

 

The deformability cytometry profiles of patients diagnosed with malignancy are markedly 

different from all other outcomes (see Figure 4-2g). In these cases, we observe many large cells 

(>17 m) which are also highly deformable (>1.4). Gating in this region for all carcinoma and 

mesothelioma cases (N=11), yields a high percentage of cells in this region: 15.7±8.7% (µ±σ). 

Whereas similar gating of negative outcome cases (N=9) yields 0.8±0.3% (µ±σ) in this upper 

right quadrant. Thus, if we use less than 1% of cells measuring within the gate as a selection 

criteria for a true negative outcome, the deformability assays achieves an overall sensitivity of 

91% and specificity of 65% in detecting malignancy when screening against all patient outcomes 

(N=47). Specificity can be improved to 86% without affecting sensitivity by algorithmically 

identifying chronic inflammation cases in which there are also large deformable cells that lie on 

the border of the gate (see Figure 4-S-5 and Supplemental Text). In some patients with a 

diagnosed negative outcome, large, rigid putative mesothelial cells are also present which can 

confound diagnoses of malignancy based on cell size alone (see Figure 4-2d (center)). Table 4-S-
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1 contains patient diagnoses based on traditional cytological methods and deformability 

cytometry. 

 

Given the predictive power of our label-free cytological method, we envision deformability 

cytometry could complement histological analysis of pleural fluids following a thoracentesis, or 

even disaggregated biopsies, with high-throughput ensuring thorough sampling of the tumor 

mass that is often not possible with manual inspection of pathology slides. As a negative 

cytology result is not conclusive, the higher sensitivity conferred by deformability cytometry has 

the potential to eliminate costly patient follow-up procedures and invasive biopsies.  

 

Identification of stem cell state. Leukocyte activation and cancer malignancy are often 

associated with changes in cell differentiation state. The unique mechanical signatures for these 

cells directed us to examine the mechanical properties of embryonic stem cells (ESCs). It is 

currently difficult to confidently discriminate embryonic stem cells (36) and induced pluripotent 

stem cells (IPSC) (37), which are being explored for use in cell-based regenerative medicine, 

from their differentiated progeny using solely biochemical markers. These markers, including 

SSEA4, OCT4, and NANOG (38), exhibit significant overlap and variable expression over 

orders of magnitude when measured with flow cytometry (see Supplemental Text for further 

discussion). We were able to classify stem cells and their differentiated progeny using our high-

throughput deformability measurement. Previously, small sample sizes of mouse ESCs (mESCs) 

and human ESCs (hESCs) and their nuclei were found to be more deformable than their 

differentiated progeny using atomic force microscopy and micropipette aspiration, suggesting 
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deformability may be a viable biomarker for pluripotency (5, 6). Here, with orders of magnitude 

higher throughput and statistical significance, we show that differentiated cells generated from 

mESCs by two alternate methods of differentiation including adherent (median 

deformability=1.28; N=3,427) and embryoid body (EB) differentiation protocols (1.54; 

N=1,046) are less deformable than undifferentiated mESC (1.68; N=3,535) (see Figure 4-3a,c). 

Furthermore, we confirmed this trend with hESCs (median deformability=1.82; N=2,523) and 

hESCs differentiated using an adherent differentiation protocol for 9 days (1.48; N=1,718) and 

14 days (1.59; N=2,283; Fig. 3d,h). Interestingly, mESC and hESC were both more deformable 

than the lowest viscosity emulsions that we were able to measure (λ < 480). Differentiation of 

hESCs was confirmed by an absence of alkaline phosphatase (AP), reduced expression of 

SSEA4 and TRA1-60 observed by flow cytometry, and a reduction of OCT4 protein on days 9 

and 14 of the protocol (see Figure 4-3e-g). Differentiation of mESCs was confirmed by a 

reduction of OCT4 protein after EB and adherent differentiation protocols (see Figure 4-3b). Our 

data suggest that the deformability biomarker is an earlier indicator of differentiation that 

precedes loss of OCT4 expression in hESCs given that a statistically significant decrease in 

deformability for day 9 differentiated cells (p<0.001) was observed prior to a reduction in OCT4 

protein levels. The ability for a biophysical marker to change prior to molecular markers has 

been observed in neural (39) and mesenchymal stem cells (40) as well. 

 

A significant capability of our single-cell measurement approach is the ability to observe the 

distribution of cell behaviors and identify sub-populations within two-dimensional scatter plots - 

similar to traditional flow cytometry plots. Interestingly, density scatter plots for stem cells 

reveal one large population centered at a deformability of 1.8, and size of 16 μm (88.9%), and a 
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smaller population at 1.15, 11 μm (10.1%) that corresponds with the smaller fibroblast feeder 

cells used in culture (see Figure 4-3d; see Figure 4-S-6 for a scatter plot for pure fibroblast 

feeders). After 14 days of differentiation we also notice a broad distribution of sizes and 

deformability (although generally less deformable) that corresponds to the multiple terminally 

differentiated lineages. Using this type of multiparametric data we also demonstrated high 

statistical accuracy of classification for the combination of biophysical biomarkers (i.e. size and 

deformability). We constructed a classification tree (See Figure 4-S-7) to identify 

undifferentiated hESC and 9 day adherent differentiated hESC with the cost of misclassifying an 

undifferentiated hESC being 4 times greater than misclassifying differentiated cells (i.e. the tree 

was designed to avoid misclassifying undifferentiated cells as they will be especially dangerous 

if delivered in vivo). The tree achieved an area under the curve (AUC) of 0.91 with a sensitivity 

of 0.93 and specificity of 0.88. This is comparable to the classification accuracy of a decision 

tree derived from flow cytometry data (surface markers for pluripotency): an AUC of 0.84, a 

sensitivity of 0.82, and a specificity of 0.86. 

 

Cytoskeletal and nuclear origins of deformability. It remains to be seen what molecular 

changes are responsible for differences in whole cell deformability upon differentiation; 

however, the nuclear architecture has been implicated and is easily probed with our large 

deformation amplitudes. Pajerowski et al. found nuclear lamins A and C (intermediate filaments 

absent from pluripotent cells) contributed to measured increases in nuclear stiffness that occurred 

as cells matured while the stiffer rheological character of the nucleus was dependent on tighter 

chromatin packing (5). In the process of differentiation, cells gain regions of condensed 
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heterochromatin with which nucleoproteins are more closely associated, while these proteins are 

dynamically associated with a loose chromatin structure in undifferentiated cells (41). 

 

Besides changes in chromatin density and nuclear architecture, cytosolic cytoskeletal 

components are expected to contribute to cell deformability measurements and response to 

mechanical stimuli (42). Using our high-throughput measurement system we studied the effect of 

cytoskeletal perturbations on whole-cell deformability. We treated human cervical 

adenocarcinoma cells (HeLa) and NIH 3T3 fibroblasts with pharmacological inhibitors of two 

cytoskeletal components with roles in regulation of cell shape and motility, a compound shown 

to reorganize keratin intermediate filament networks, as well as an inhibitor of myosin 

contractility (blebbistatin) and characterized their resistance to deformation (43, 44). As shown 

in Figure 4-4 and Figure 4-S-8 treatment with these compounds did not have the profound effects 

on cell deformability observed in the processes of disease (see Figure 4-2) and differentiation 

(see Figure 4-3). Depolymerization of actin with latrunculin A, disruption of the microtubule 

network with nocodazole, and reorganization of keratin networks with 

sphingosylphosphorylcholine (SPC (45)) resulted in small deviations in deformability from that 

of untreated cells (Figure 4-4). Treatment with blebbistatin, which prevents myosin II from 

generating contractile stresses in the actin network, resulted in more apparent changes, including 

an increase in the distribution of deformabilities as well as the presence of a larger more 

deformable population ( size > 20 µm and deformability > 2.2) for both HeLa and 3T3 cells. 
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Notably, the overall changes in median deformability for all of the cytoskeletal disruptors was 

small compared to deformability changes observed upon differentiation of stem cells or 

activation of leukocytes, suggesting that the relative nucleus size, nuclear cytoskeletal 

components and chromatin structure may be the dominant molecular changes that our large 

amplitude and strain rate deformations report on. Cell deformation is likely dominated by the 

viscous properties of cytoplasmic material and chromatin in the cell. This may be expected given 

that rigid actin networks are known to fluidize at high strains (46). Beyond the large strains 

resulting from our method, the large strain rate (~10
5
/s) likely affects the observed mechanical 

properties (28). Like for magnetic bead twisting cytometry and laser tracking microrheology (29) 

operating at high frequencies, the observed cell response may be similarly predominantly 

viscous, and therefore largely independent of cytoskeletal structure. As such, deformability 

cytometry may complement a low strain, low strain rate method like AFM, which is useful in 

probing this different regime. 

 

Conclusions 

Combined, our results highlight interesting correlations whereby lymphocyte activation and stem 

cell pluripotency are each associated with increased deformability. Both cell states have been 

characterized by the presence of loose, open chromatin structures. For a multitude of biophysical 

questions, the dramatic (>3 orders of magnitude) increase in throughput provided by 

deformability cytometry will provide statistically robust answers, enabling new discoveries 

across fields. Further, for pleural fluid diagnostics an automated assay would: (i) augment 

traditional cytology and diagnostic routines without requiring additional sample preparation, (ii) 
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limit operator bias, and (iii) provide a standardized and compact measurement (the deformability 

scatter plot) useful for quantitative communication of disease states between clinicians. The 

developed microfluidic instrument integrates label-free physical measurements of cells with the 

massive throughput and statistical significance of flow cytometry, providing a practical 

realization of a mechanical biomarker in clinical assays. 

 

Materials and Methods 

Device Fabrication. Microfluidic devices (Figure 4-1) were fabricated using standard 

photolithographic methods and polydimethylsiloxane (PDMS) replica molding techniques. 

Device Operation. Cell suspensions, limited in concentration to 200,00 to 500,00 cells/mL to 

prohibit coincident cells, were pumped through tubing and the microchannel by a syringe pump 

(volumetric flow rate ranging from 700 to 1075 μL/min. High-speed (142,857 frames/second) 

microscopic video was recorded, and an automated image analysis algorithm extracted cell size 

and shape metrics. Pleural Fluid Preparation and Measurement. The cellular content of 

pleural fluids was concentrated by centrifuge; then red blood cells were lysed with a hypotonic 

lysis buffer. Remaining nucleated cells were resuspended in phosphate buffered saline and 

measured with the device. Stem Cell Preparation and Measurement. All hESC experiments 

were conducted with prior approval from the UCLA Embryonic Stem Cell Research Oversight 

Committee. hESCs and mESCs were maintained in a pluripotent state or differentiated according 

to established techniques and harvested with trypsin at time points of several days. Harvested 

cells were resuspended in phosphate buffered saline and measured with the device at controlled 



103 

times after harvest. See supplemental materials for more detailed methods concerning 

fabrication, device operation, and sample preparation. 
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Figures 

 

Figure 4-1. Principles of deformability cytometry. a. A photograph of the microscope-mounted 

and fluid-coupled microfluidic deformability cytometry device. Only a single inlet is required. 

Scale bar is 25 mm. b. A schematic of the microfluidic device (channel height = 28 μm) that 

focuses cells to the channel centerline before delivering them to the stretching extensional flow is 

shown. Cells can enter the extensional flow from both directions. c. A schematic of the 

deformation of a cell delivered to the center of an extensional flow by being previously aligned 

at an inertial focusing position, Xeq is shown. d. High speed microscopic images showing a 

focused cell entering the extensional flow region. Delivery and stretching occurs in less than 30 

s. Scale bar is 40 μm. e. Definitions of the shape parameters extracted from images are shown. 

f. Density scatter plot of 9,740 size and deformability measurements of single human embryonic 

stem cells. 
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Figure 4-2. Mechanical measurements help distinguish populations of cells within blood and 

pleural fluids. a. Density scatter plots of the size and deformability of untreated PBMCs and 

PBMCs stimulated with 12F6 or PHA. b. Density scatter plots of the size and deformability of 

untreated granulocytes and granulocytes stimulated with fMLP. c. Locations of cell populations 

found in pleural fluids on a size-deformability map: (1) Non-Activated Leukocytes, (2) Non-

Activated Leukocytes, (3) Activated Mononuclear Cells, (4) Mesothelial Cells, (5) Suspicious 

Cells. d. Density scatter plot of the size and deformability of cells within pleural fluid of a patient 

diagnosed negative for carcinoma (left) and typical cell blocks and smears for this diagnosis. e. 

Density scatter plot of the size and deformability of cells within pleural fluid of a patient 

diagnosed negative for carcinoma but with chronic inflammation (left) and typical cell blocks 

and smears for this diagnosis. f. Density scatter plot of the size and deformability of cells within 

pleural fluid of a patient diagnosed negative for carcinoma but with acute inflammation (left) and 

typical cell blocks and smears for this diagnosis. g. Density scatter plot of the size and 

deformability of cells within pleural fluid of a patient diagnosed positive for carcinoma (left) and 

typical cell blocks and smears for this diagnosis. 
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Figure 4-3. Increased deformability is correlated with increased pluripotency. a. Density scatter 

plots of the size and deformability of undifferentiated mESCs, and mESCs differentiated by 

embryoid body (EB) and adherent methods. b. Cell extracts from undifferentiated day 0 and 

differentiated day 6 (EB) and day 7 (adherent) mESCs were analyzed for Oct4 protein 

expression. Decreased Oct4 protein in differentiated mESCs was confirmed by Western blot 

analysis with anti-actin antibodies as a loading control. c. Median and Semi Interquartile 

Deviation (SID) statistics of mESC measurements in part a; * Wilcoxon ranked sum, p<0.001. d. 

Density scatter plots of the size and deformability of undifferentiated hESCs, and hESCs 

differentiated adherently for 9 days and 14 days. e. Differentiation of hESCs is accompanied by 

reduced expression of SSEA4 and TRA1-60, although significant overlap is observed between 

populations. f. Decreased Oct4 protein in differentiated hESCs was confirmed by Western blot 

analysis with anti-actin antibodies as a loading control. g. Differentiation of hESCs was also 

confirmed by an absence of staining by alkaline phosphatase (AP). h. Median and Semi 

Interquartile Deviation (SID) statistics of hESC measurements in part a; * Wilcoxon ranked sum, 

p<0.001. 
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Figure 4-4. Effects of individual cytoskeletal components on whole cell deformability. a. 

Density scatter plots of the initial diameter and deformability of untreated NIH 3T3 cells 

(control), 3T3 cells treated with latrunculin A, nocodazole, sphingosylphosphorylcholine, and 

blebbistatin for 2 hours. b Median and Semi Interquartile Deviation (SID) statistics of untreated 

3T3 cells and 3T3 cells treated with different concentrations of one of four compounds for 2 

hours (error bars are SID). “Drug-induced substrate release” indicates that cells detached from 

the substrate into suspension before the 2 hour treatment period elapsed. 
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Supplemental Text 

Estimate of forces acting on objects in the extensional flow region. A compressive force due 

to the momentum of the fluid acting on a cell positioned at the center of the extensional flow 

may be estimated as a pressure drag, FD=0.5ρU
2
CDAP, where ρ is the density of the fluid, U is the 

fluid velocity, CD is the drag coefficient on a sphere, and AP is the cross-sectional area of a 

sphere. With a fluid density of 1000 kg/m
3
, a fluid velocity of up to 3.5 m/s, a lift coefficient for 

a sphere of 0.47, and a cross-sectional area of a cell with a diameter, a=20 μm, of π(a/2)
2
, the 

pressure drag acting on a cell (pressure drag acting on one half of the cell multiplied by two) is 

greater than 1 μN. Acting perpendicular to the pressure drag, there is a shear stress acting on the 

cell. The shear stress acting on a cell in the extensional flow may be estimated as τ= μ where is 

the shear rate and μ is the dynamic viscosity.  may be estimated as the difference between the 

mean fluid velocity (3.5 m/s) and the velocity of the stationary cell (0 m/s) divided by the 

diameter of the cell.  The dynamic viscosity of the fluid is 0.001 Pa·s. The shear stress multiplied 

by half the surface area of the sphere results in a much smaller force of approximately 1 nN, 

suggesting that stretching of an object in our conditions is due to fluid momentum and resulting 

normal stresses. 

 

Supplemental Methods 

MCF7 cell culture. The MCF7 cell line (ATCC Number: HTB-22) was propagated in DMEM-

F12 with 0.01 mg/mL bovine insulin and fetal bovine serum at a final concentration of 10% 

(v/v).  For biomechanical measurements MCF7 cells were released from substrates with 0.25% 
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porcine trypsin and resuspended in culture media at a density between 200,000 and 500,000 

cells/mL. 

 

Embryonic stem cell culture. Undifferentiated mESC lines were cultured in 5.0% CO2 at 37°C 

on mitomycin C-inactivated CF1 mouse embryonic fibroblast cells (MEFs).  Culture medium 

contained KnockOut Dulbecco’s modified Eagle’s medium (DMEM), 15% fetal calf serum, 1X 

non-essential amino acids (Invitrogen/GIBCO, 100X concentration), 1X Pen Strep Glutamine 

(Invitrogen/GIBCO, 100X concentration), 0.055mM 2-mercaptoethanol (Invitrogen/GIBCO, 

1000X concentration, 55mM), and 5×10
5
 units leukemia inhibitory factor (Millipore, 10

6
 

units/ml).  Information regarding HSF-1 (46XY) can be obtained at 

http://stemcells.nih.gov/stemcells.  Undifferentiated hESC colonies were maintained as 

previously described(47).  For all experiments, hESCs were used between passages 35 and 60. 

All hESC experiments were conducted with prior approval from the UCLA Embryonic Stem 

Cell Research Oversight Committee. 

 

Differentiation of embryonic stem cells. Mouse ESCs were differentiated through either 

embryoid bodies (EBs) within hanging drops or through adherent culture on gelatin.  

Differentiation medium contained KnockOut (DMEM), 15% fetal calf serum, 1X non-essential 

amino acids, 1X Pen Strep Glutamine, and 0.055mM 2-mercaptoethanol.  EBs were collected at 

day 6 for analysis.  For adherent culture, 15,000 cells were plated on gelatin-coated six-well 

plates in mESC differentiation medium. Media was changed at day 4, 5 and 6. At day 7, cells 

were collected for analysis.  Differentiation of hESCs was performed as previously described 
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except without RA treatment(48). At days 9 and 14, of differentiation, hESCs were collected for 

analysis. 

 

NIH 3T3 and HeLa cell culture and pharmacological inhibition. NIH 3T3 and HeLa cell 

lines were maintained in DMEM-F12 with 1% (v/v) penicillin/streptomycin and 10% (v/v) fetal 

bovine serum. To explore the effects of cytoskeletal components on deformability, we inhibited 

microtubules with nocodazole, inhibited non-muscle myosin II with blebbistatin, and disrupted 

actin polymerization with Latrunculin A.  Keratin networks architecture was modified by 

sphingosylphosphorylcholine (SPC).  Cells were incubated in 0.001-10 µM Latrunculin A, 

0.001-10 μM nocodazole, 0.1-10 μM SPC, or 5 µM blebbistatin for 2 hours, prior to the 

deformability assay.  For biomechanical measurements cells were released from culture flasks 

with 0.25% porcine trypsin and resuspended in culture media at a density between 200,000 and 

500,000 cells/mL.  Cultured cells were measured immediately (t<10 minutes from harvest) with 

the deformability cytometer as mechanical properties were observed to change significantly over 

longer time periods (see ‘Device Operation’). 

 

Western blots. Protein was harvested from undifferentiated and differentiated ESCs using M-

PER cell lysis reagent (Thermo Scientific, Rockford, IL).  Protein concentration was measured 

using BCA Protein assay (Thermo Scientific). 3.5 (mouse) and 10 (human) μg of total protein 

were electrophoresed through 12% NuPAGE Novex Bis-Tris gels (Invitrogen) and transferred 

according to standard procedures.  For immunoblotting, primary antibodies were goat anti-Oct4 

(Santa Cruz Biotechnology) used at a 1:250 dilution and rabbit anti-β-actin (Abcam) used at a 
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1:5,000 dilution.  Secondary donkey polyclonal to goat HRP-conjugate was used at a 1:5,000 

dilution and secondary donkey polyclonal to rabbit HRP-conjugate was used at a 1:7,500 

dilution. Blots were developed using Amersham ECL Western Blotting Analysis System (GE 

Healthcare). 

 

Alkaline phosphatase assay. Detection of alkaline phosphatase was performed using Fast Red 

Salt (Sigma F2768) and Napthol AS-MX phosphate (Sigma 85-5) dissolved in water. 

 

Preparation and activation of PBMCs and granulocytes. Peripheral blood mononuclear cells 

(PBMCs) were obtained from normal healthy donors and processed at the UCLA Virology Core 

Facility. The PBMCs were separated via Ficoll-Paque density gradient (Sigma 1077 Histopaque) 

and resuspended in RPMI 1640 medium (Sigma) with penicillin-streptomycin and L-glutamine 

and 50 units/ml of recombinant human Interleukin-2 (NIH AIDS Reagent Repository). The 

PBMCs were then seeded in a 6 well plate at 10
6
 cells per well with or without the addition of an 

anti-CD3 antibody (12F6) at 0.5 μg/ml or phytohaemagglutinin (PHA; Sigma L9132) at 5 μg/ml 

to stimulate the PBMCs for three days.  For deformability cytometry, the suspended cells from 

each well were harvested and assayed at a density between 200,000 and 500,000 cells/mL.  BD 

Vacutainer® CPT™ cell preparation tubes were used as prescribed.  However, granulocytes 

were also extracted from below the cell barrier and red blood cells were hypotonically lysed with 

Red Blood Cell Lysis Buffer as prescribed (Roche Applied Science, Indianapolis, Indiana, USA) 

in preparation for our assay.  Granulocytes were stimulated with 10 μM fMLP for 45 minutes. 
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Pleural Fluid preparation and analysis. Pleural fluids were obtained from Ronald Reagan 

UCLA Medical Center and Santa Monica UCLA Medical Center.  Cell blocks and cell smears 

were prepared by traditional cytological methods.  In parallel, a fraction of each sample was 

concentrated and red blood cells and debris were removed by hypotonic lysis with Red Blood 

Cell Lysis Buffer as prescribed.  The remaining cells were resuspended in culture media at a 

density between 200,000 and 500,000 cells/mL for the assay. 

 

Microfluidic device fabrication and device dimensions. The devices were designed in 

AutoCAD (Autodesk, San Rafael, California, USA).  Transparency photomasks for these designs 

were printed at 20,000 dots per inch (CAD/Art Services, Inc., Bandon, Oregon, USA).  Molds 

for replica molding were prepared using these masks in the UCLA Nanoelectronics Research 

Facility.  Negative photoresist, SU-8 50 (MicroChem, Newton, Massachusetts, USA) was spun 

on a 4 inch Silicon wafer at 4000 rotations per minute.  The coated wafer was soft baked at 65°C 

for 5 minutes then 95°C for 15 minutes.  The wafer was then exposed under near UV at 8.0 

mW/cm
2
 for 30 seconds.  A post exposure bake of the wafer was carried out at 65°C for 2 

minutes then at 95°C for 3.5 minutes.  The unexposed photoresist was developed in SU-8 

Developer (MicroChem) until an isopropyl alcohol rinse produced no white film.  The height of 

the resulting features was characterized by a surface profiler.  The width of microchannels 

immediately before and after the extensional flow region was 67 μm.  The height of the features 

in the device was 28 μm. 
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The mold was taped to the lower plate of a petri dish with features facing up and an 

approximately 6 mm layer of Sylgard 184 Silicone Elastomer (Dow Corning, Midland, 

Michigan, USA), polydimethylsiloxane (PDMS), mixed 10 parts base to 1 part curing agent, was 

poured on top.  The cast mold was placed in a vacuum chamber and the chamber was evacuated 

for 30 minutes to remove air from the curing polymer.  It was then moved to an oven set to 65°C 

for 3 hours.  The devices were cut from the mold and inlet and outlets were punched into the 

cured polymer.  They were then placed in a plasma cleaner along with slide glasses to be 

activated.  After a 30 second exposure to air plasma the activated surfaces of PDMS and glass 

were placed in contact to form permanent covalent bonds between the two materials.   

 

Production of droplet models. Saturated, surfactant-stabilized viscous oil-in-water emulsions 

were created using PDMS oils (ρ = 960 kg/m
3
) of known viscosity by rigorously vortexing 

PDMS oil at 3% (w/w) with Tween 80 at 3% (w/w) in water.  Size was not controlled but 

droplets were typically sheared to approximately the size of cells by microscale, size-exclusion 

filters on the microfluidic device.  The kinematic viscosity of the PDMS oils ranged from 500 to 

10,000 cSt.  The Capillary Number (Ca=μU/σ where μ is the dynamic viscosity of the fluid, U is 

the droplet velocity, and σ is the surface tension) is used to represent the ratio of viscous stress to 

interfacial tension (27).  The interfacial tension of a saturated, surfactant-stabilized emulsion (49) 

is <5 mJ/m
2
.  Here µo and Capillary number are kept constant for all experiments (27), but we 

vary λ = µi/µo, the ratio of inner to outer viscosity to determine the effect on deformability. 
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Device operation. Cell suspensions were prepared as described above.  The optimal cell density 

for the devices is between 200,000 and 500,000 cells/mL.  In this range there is minimal 

interaction between cells.  Cells were loaded into 5 mL plastic syringes.  A 25 gauge luer stub 

(Instech Laboratories, Inc., Plymouth Meeting, Pennsylvania, USA) was connected to the syringe 

and a short length of PEEK tubing (Upchurch Scientific, Oak Harbor, Washington, USA) with 

an inner diameter of 0.02 inches and an outer diameter of 0.0313 inches was connected to the 

luer stub.  The free end of the tubing was fitted into the open inlet.  Equal tubing lengths were 

inserted into the outlets with free ends directed into a waste receptacle.  The syringe was loaded 

onto a PHD 2000 syringe pump (Harvard Apparatus, Holliston, Massachusetts, USA) and set to 

inject at a flow rate optimized for the device.  A volumetric flow rate of 1,075 μL/min was 

selected for the MCF7 and HeLa cell lines and 800 μL/min for hESCs and mESCs (Figure 4-3) 

unless otherwise stated.  900 μL/min was optimal for prepared blood and pleural fluid samples as 

well as NIH 3T3 cells.  After initiating the injection, imaging was delayed a further 20 seconds 

to account for fluidic capacitance.  Cells migrated across fluid streamlines to the center of the 

channel due to inertial lift forces.  At the junction, an extensional flow was generated.  When a 

cell reached the center of the extensional flow it could be stretched. 

 

After being released from substrates with trypsin, as described above, cell morphology shifted 

with time.  With increasing time, for example topographic features became smoothed most likely 

as cytoskeletal structures from the adherent state reorganized.   These changes were accompanied 

by a measured shift in deformability.  For example HeLa cell deformability increased over a 

period of several hours.  Over shorter time periods of minutes only small changes in 

deformability were observed (Supplemental Figure 3).  We accounted for the time dependence 
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by maintaining a uniform measurement time after bringing cells in suspension, such that 

measurements of the same cell line (e.g. MCF7) harvested on different days were not statistically 

different (Figure 4-S-3).   

 

Microscopy. Cells in flow were magnified with a 10x objective (Nikon Japan 10x/0.30) on a 

Nikon Eclipse Ti inverted microscope.  A digital high-speed video camera, Phantom v7.3 

(Vision Research, Inc. ,Wayne, New Jersey, USA), was connected to the microscope via a c-

mount for image capture.  Camera settings were controlled with Phantom Camera Control 

(Vision Research, Inc.).  The frame rate of the camera is limited by the chosen pixel resolution.  

256x32 pixels was use.  The resulting frame rate was 142,857 per second.  The minimum 

allowable exposure time, 1 μs, was used for both devices.  The device was aligned at the center 

of the field of view.  The aperture was half-closed to focus light and reduce scatter. Light 

intensity was adjusted to maximize the contrast between the cell walls and the exterior fluid.   

 

Data processing. A custom built script in Matlab v2009a (MathWorks, Natick, Massachusetts, 

USA), was used to automate image analysis, data collection, and post-processing analysis 

(Figure 4-S-2).  When required, images were processed with Cine Viewer (Vision Research, 

Wayne, New Jersey, USA) and ImageJ (NIH) to increase contrast and assist the automated image 

analysis.  Image analysis is similar to previously published techniques (2). Briefly, the image of a 

cell is mapped from polar to Cartesian coordinates and cell walls are determined by a custom 

algorithm.  This analysis provides a dataset of cell diameters at intervals of 2 degrees.  Analysis 

of each cell begins 4 frames prior to the extensional flow junction.  Upon entering the 
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extensional flow junction, the lower cell velocity allows for 360˚ measurements of the cell 

diameter where deformability and circularity parameters are determined.  In post-processing the 

deformability, circularity, and size biomarkers are collected.  The cell diameter measurement is 

determined as the minimum cell diameter at 90° ± 30° measured prior to the flow junction (the 

walls at 0° ± 30° cannot be visualized due to motion blur at the higher velocity experienced in 

this part of the channel).  The deformability parameter is determined by the ratio of the 

maximum diameter in the vertical direction at 90° ± 30° to the minimum diameter in the 

horizontal direction at 0° ± 30°.  Finally, the circularity parameter = (4A/P
2
) is calculated where 

A is the area of the observed cell, and P is the perimeter of the cell (Figure 4-1).  These 

parameters are extracted for all frames where the whole cell is visible in the field-of-view, but 

we chose the maximum value as the representative value for plots and statistics.  Our code also 

collected a variety of statistics concerning cell speed as well as the number of frames cells 

resided in the extensional flow.  We used this data for quality control of device operation and 

rejected data in which the speed or time within the stretching flow were outside of our accepted 

normal range.  Measurements of cells that had initial diameters greater than or equal to 28 μm 

are discarded as these cells are bigger than the smallest channel dimension and are deforming to 

fit through the channel.  Measurements of cells that had initial diameters that measured less than 

or equal to 5 m are also discarded as our confidence in these measurements is diminished by the 

limited number of pixels per cell at this size.  Lastly, measurements of cells are omitted when 

their initial diameters are greater than the third quartile plus 1.5 times the interquartile range or 

less than the first quartile minus 1.5 times the interquartile range, except for results in Figure 3. 

Scatter plots were constructed using the dscatter function available from the MATLAB File 

Exchange (50).  
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Statistical analysis. All sample comparisons and determinations of statistical significance were 

performed using the Wilcoxon rank sum test in Matlab (equivalent to the Mann-Whitney U-test).  

The deformability measure has a lower bound of one, and the circularity measure has an upper 

bound of one, thus measured populations are asymmetric, non-normally distributed, and using 

the Wilcoxon rank sum test is appropriate.  We also used R to train classification trees to 

recognize the differences between populations of cells based on various metrics: size, 

deformability, and circularity or intensity of fluorescently labeled molecular markers measured 

by flow cytometry (51, 52).  Classification was performed after an initial gating: flow cytometry 

data was gated by cell optical properties and relevant concentrations of molecular markers of cell 

death or pluripotency; deformability cytometry data was gated by the probability that a cell was 

part of the pure population (Figure 4-S-7).  We then evaluated these trees with the data and 

created sensitivity/specificity, receiver operating characteristic (ROC) curves, extracting the area 

under the curve.  All trees were constructed weighting the cost of false negatives four times 

greater than false positives. 

 

Cytoskeletal Staining. All samples were fixed with 4% formaldehyde for 7 minutes, followed 

by a permeabilization with 0.25% Triton X-100 (Sigma), and 1% bovine serum albumin (Sigma) 

for 10 minutes.  The first staining solution contained rat-anti-α-tubulin primary (Novus 

Biologicals, CO, USA) with 3 mM magnesium chloride (Sigma), and 10mM EGTA for 3 hours 

at room temperature.  The second staining solution contained goat-anti-rat Alexa Fluor 568 
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secondary (Molecular Probes), 800 nM DAPI, and 1.6U FITC-phalloidin in PBS for 3 hours at 

room temperature.  
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Supplemental Figures and Tables 

 

Figure 4-S-1.  Tuning of deformability measurements with flow rate.  a.  The deformability of 

undifferentiated and differentiated hESCs increases with flow rate, but analysis at too low or 

high flow rates result in inconsistent measurements (i.e. higher SIDs).  b.  The cells exhibit non-

uniform trajectories at low flow rates resulting in non-uniform mechanical stretching (left – 

notice the larger scatter over the deformability axis).  At high flow rates the cells can be stretched 

beyond the imaging window resulting in saturation of the measurement (right).  In an optimal 

range of flow rates the cells reach the center of the extensional flow where they deform a non-

saturating amount. 
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Figure 4-S-2.  Schematic of the automated image processing conducted to obtain and analyze 

cell deformability biomarkers.  A custom MATLAB image analysis script performs image 

processing and data collection on each 1.8 second experiment totaling 260,000 frames, with 

expected individual measures for 1,000 to 5,000 cells.  Preprocessing image filters are used to 

enhance cell identification by adjusting contrast, gamma, brightness, and using Fourier space 

filtering techniques.  To collect data, a fixed field-of-view is positioned in the pre-junction area.  

When a cell enters this field-of-view, a centering algorithm identifies the cell center based on the 

cell position, shape, and local intensities.  Once the cell center has been identified, the field-of-

view is cropped and resized 10X to increase the accuracy of measurements to sub-pixel 

resolution.  The image is then mapped from a polar to Cartesian coordinate system.  The cell 

walls are found by examining changes in the intensity derivatives, and diameters are extracted 

every 4°.  The tracking algorithm then proceeds to the next frame to continue measurements until 

the cell leaves the deformation inducing extensional-flow region. 

After data collection the analysis of the parameters: initial diameter, deformability, and 

circularity is performed.  By taking the initial diameter measurement from the vertical axis, noise 

due to blur attributed to high velocities in the horizontal direction is prevented.  As the cell enters 

the extensional-flow region and changes trajectory the deformability and circularity parameters 

are measured.  The dataset is then plotted as a 2D scatter for visual interpretation and/or tested in 

classification and regression tree analysis to determine cell type or establish cell type-specific 

deformability biomarker characteristics for future classification. 
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Figure 4-S-3.  Time dependence of the deformability measurement for adherent cell lines.  Over 

short time scales (minutes), hESCs generally have little change in deformability but tend to be 

slightly less deformable (left).  Over longer time scales (hours), HeLa cells become more 

deformable over time (center).  MCF7 cells from different cultures were harvested and measured 

resulting in no statistical difference in median deformability when measured at a similar time 

after being brought into solution (right; p=0.22). 
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Figure 4-S-4. Deformation measurements for model systems. a.  The deformability of 

surfactant-stabilized, oil-in-water emulsions depends on the viscosity of the silicone oil 

component and the initial diameter of emulsions before deformation (i.e. less viscous droplets 

deform more).  Two parameters, Capillary number, the ratio of viscous vs. interfacial stresses, 

and the viscosity ratio, λ, can affect deformability.  Here µo and Capillary number are kept 

constant for all experiments (27), but we vary λ = µi/µo, the ratio of inner to outer viscosity to 

determine the effect on deformability.  Below λ = 0.8 the device fails to distinguish between 

viscosities.  Larger droplets are also more deformable.  b.  Deformability of polystyrene 

microspheres.  The median deformability is 1.09.  This systematic shift above 1 can be attributed 

to a 1 s exposure blur in the direction of particle motion and does not affect our relative 

measurements with cells.  c.  Chemical cross-linking of proteins increased the stiffness of HeLa 

cells.  Note, the flow rate here is lower (900 µL/min) than used to deform HeLa treated with 

cytoskeleton-acting drugs. 
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Figure 4-S-5. Pleural fluid diagnostic classification protocol. a. An initial gating by diameter and 

deformability is performed. The composite scatter profiles are depicted and gated cell 

percentages displayed. b. When greater than 1% of a patient’s cells lie within the initial gate the 

patient’s profile is compared to a standard (composite) inflammation profile within the initial 

diameter range where deformability is especially dynamic. A root-mean-square error (RMSE) is 

calculated. If the RMSE is greater than 0.2, the profile is regarded as substantially different from 

the inflammation cases which we have observed and is classified as malignant.
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Figure 4-S-6.  Composition of hESC cultures. Mouse embryonic fibroblasts (MEFs) make up a 

small less deformable subpopulation in hESC cultures. 
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Figure 4-S-7.  Decision trees for classifying single hESC cells by their degree of differentiation 

(day 0 versus day 9 (deformability cytometry) or day 14 (flow cytometry).  a.  Initial 

probabilistic gating of deformability cytometry data to define populations.  b.  Algorithmically 

generated decision tree to classify unknown cells by their deformability, size and circularity, 

pruned to limit false negatives (especially dangerous in the application of stem cell quality 

control).  c.  Density scatter plot of true positives (TP) and true negatives (TN) classified by the 

deformability cytometry-derived decision tree.  d.  Density scatter plot of false positives (FP) and 

false negatives (FN) classified by the deformability cytometry-derived decision tree.  e.  Initial 

gating of flow cytometry data by optical properties (FSC-A) and viability (Comp-7AAD-A).  f.  

Algorithmically generated decision tree to classify unknown cells by the concentration of surface 

pluripotency markers, pruned to limit false negatives.  g.  Density scatter plot of true positives 

(TP) and true negatives (TN) classified by the flow cytometry-derived decision tree.  h.  Density 

scatter plot of false positives (FP) and false negatives (FN) classified by the flow cytometry-

derived decision tree.  i.  Classification accuracy statistics. 
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Figure 4-S-8.  Effects of individual cytoskeletal components on whole cell deformability.  a.  

Density scatter plots of the size and deformability of untreated HeLa cells (control), HeLa cells 

treated with latrunculin A, and HeLa cells treated with nocodazole.  b.  Fluorescently stained 

DNA (DAPI), tubulin (TRITC) and F-actin (FITC) in adhered, untreated HeLa cells (control), 

HeLa cells treated with latrunculin A, and HeLa cells treated with nocodazole.  The 

depolymerization of actin stress fibers (left arrow) resulting in the loss of filaments (indicated by 

arrow at the center) results in a slighly increased median deformability, while actin 

reorganization (indicated by arrow at right) in cells with depolymerized microtubules did not 

statistically alter median deformability, but leads to a smaller population with lower 

deformability.  Scale bar is 50 m.  c.  Median and Semi Interquartile Deviation (SID) statistics 

of untreated and treated HeLa measurements in part a; * Wilcoxon ranked sum, p<0.001. 
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Figure 4-S-9.  Inactivation of myosin II with blebbistatin in HeLa cells.  Density scatter plots of 

the size and deformability of untreated HeLa cells (control) and HeLa cells treated with 5 M of 

blebbistatin.  * Wilcoxon ranked sum, p<0.001. 
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Patient # Cytology Results 
Deformability 

cytometry 

  Inflammation Malignancy Origin 
Predicted 

Diagnosis 

1 Acute N N 

2 Acute N N 

3 Acute N N 

4 Acute N N 

5 Acute N N 

6 Acute N N 

7 Acute N N 

8 Chronic N N 

9 Chronic N N 

10 Chronic N N 

11 Chronic N N 

12 Chronic N N 

13 Chronic N N 

14 Chronic N N 

15 Chronic N N 

16 Chronic N N 

17 Chronic N M* 

18 Chronic N M* 

19 Mixed N N 

20 - N N 

21 - N N 

22 - N N 

23 - N N 

24 - N N 

25 - N N 

26 - N N 

27 - N N 

28 - N N 

29 - N N 

30 - N N 

31 - N N 

32 - N N 

33 - N N 

34 - N M* 

35 - N M* 

36 - N M* 

37 Chronic M-Gastrointestinal M 

38 - M-Breast M 
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39 - M-Ovary M 

40 - M-Ovary, Lung N* 

41 - M-Lung  M 

42 - M-Lung, Gastrointestinal M 

43 - M-Lung  M 

44 - M-Ovary M 

45 - M-Lung M 

46 - M-Pancreatic M 

47 - M-Mesothelioma M 

Table 4-S-1. Summary of clinical outcomes and deformability cytometry predicted outcomes for 

pleural effusion samples (N=47).  Analysis by the cytology lab yields inflammation state (acute, 

chronic, and mixed) and the presence of malignancy (N-Negative, M-Malignancy)—the 

originating source listed.  Based on initial diameter and size gating and RMSE analysis pleural 

fluids are predicted to be negative or positive for malignancy.  A 91% sensitivity and 86% 

specificity was achieved. The * indicator marks incorrectly diagnosed samples. 
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