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We report how cell rheology measurements can bdopaed by monitoring the deformation of a cell in a
microfluidic constriction, provided that frictionnd fluid leaks effects between the cell and thelsvalf the
microchannels are correctly taken into accountebd] the mismatch between the rounded shapes Isf amd the
angular cross-section of standard microfluidic ahela hampers efficient obstruction of the channehb incoming
cell. Moreover, friction forces between a cell atfthnnels walls have never been characterized. Bifditts impede
a quantitative determination of forces experienbgaells in a constriction. Our study is based arew microfluidic
device composed of two successive constrictionspbined with optical interference microscopy measwnt to
characterize the contact zone between the cellthadwvalls of the channel. A cell squeezed in at fasnstriction
obstructs most of the channel cross-section, wistcbngly limits leaks around cells. The rheologipabperties of
the cell are subsequently probed during its emrg isecond narrower constriction. The pressureefigaetermined
from the pressure drop across the device, thevedticity and the width of the gutters formed betweke cell and
the corners of the channel. The additional frictforce, which has never been analyzed for moving eonstrained
cells before, is found to involve both hydrodynantidbrication and surface forces. This friction risuin the
existence of a threshold for moving the cells agadl to a non-linear behavior at low velocity. Thietfon force can
nevertheless be assessed in the linear regimellfzim@ apparent viscosity of single cells can ls¢éireated from a
numerical prediction of the viscous dissipationtundd by a small step in the channel. A preliminapplication of
our method yields an apparent loss modulus on theroof 100 Pa.s for leukocytes THP-1 cells, ineggnent with
literature data.

Introduction

Cell mechanical properties play an important riolehe transit of circulating cells in blood micrasculature and
are involved in various cardiovascular and immugidal pathological disorders. Howeven, vivo investigation of
microscopic events occurring in the microvasculatig a difficult task, especially for deep orgahgn-invasive
imagery techniquese(g Magnetic resonance imaging, tomography, nuclead positron imagery, fibroscopy
imagery) lack the spatial resolution necessaryrtalyze microscopic events, whereas optical micrpgcequires
surgical windows to reach organs of intetesestricting applications to humans. In this @it microfluidics has
emerged in the last decade as a powerful tool tmimblood microcirculation and probe the behavibrcimculating
cells in microenvironmentg® Indeed microfluidic systems circumvent the ladkappropriate living models and
provide simplified testing procedures of pharmagidal therapeutic treatmerits"?* However, if devices for
qualitative probing of cells passage in a micrafiaiconstriction have fast developed, these apgresacemain to be
adapted into quantitative tests for circulatingl ceeological parameters.

Physicists have developed various tools to meadhe rheological properties of living cells. Mipipette
experiments vyielded the first quantitative data @ell rheology with erythrocyté§®® and leukocyte¥“® The
principle is to suck a single cell into a narrovagg capillary at a controlled pressure and to noorsimultaneously
the rate of deformation. More sophisticated techei allowing direct measurement of forces durindl ce
deformation have later been developed. These tgdesiare based on the mechanical micromanipulaticells and
involve different equipments, such as atomic fontieroscopes, microplates, or optical and magnetipd. They
correspond to microscopic versions of standard mieters and allow stress relaxation, creep recoweriyequency
sweep experiments. Different groups have used tlseseps to establish the existence of a universaloelastic
behavior of living cells, which is characterized dynamic moduli that follow a power law dependendg¢h the
excitation frequency. The main asset of these red¢eohniques is their accuracy. However, they havéow
throughput and are difficult to implement into acmfluidic device to analyze non-adherent circuigticells.
Conversely, the principle of micropipette experintgeis well adapted to microfluidics technologie$eTkinetics of
cell shape deformation during entry into a micradia constriction has for instance already beendut® infer



qualitative information on cell compliance propestiof leukocytes®2?%2% erythrocyte¥ 284243 or cancer celfs*.
However, performing a quantitative measurement efl cheology with a microfluidic constriction is ikt
challenging.

Microfluidic research is largely dominated by dems fabricatedvia soft lithography in Polydimethylsiloxane
(PDMS) due to fabrication simplicity, cost-efficieyy low cytotoxicity, and permeability to oxygen darcarbon
dioxide. Nevertheless, performing cell deformatinaasurements similar to the micropipette technigitk standard
PDMS microchannels of rectangular cross sectiosgrts some difficulties. Indeed, the rounded shafphe cells
cannot accommodate the sharp corners of the cheno@htrary to the case of pipettes of circularssrsection. The
driving liquid may then leak along the edges of thennel. Whereas in micropipette experiments theef acting on
the cell is simply given by the pressure drop asriie cell times the tube cross-section, the sfogae acting on the
cell is more difficult to estimate with a microflic constriction due to this additive flow. Altholud®DMS circular
microchannels have been fabricated with the airmifating actual blood vesséfs® the fabrication process is not
adapted for controlling precisely the shape of clampcircuitries. Moreover, developing systems ining
rectangular channels presents specific advantdgdsed, flat channel walls are well adapted to obseell-surface
interactions by optical microscopy during cell tsérin a capillary. Efforts in modeling have beemdertaken for the
entry of a cell in a simple constrictiif® but they omit leakage and friction effects. A noituidic micropipette
method was recently described to measure the oeical tension, but not the viscous propertiesloss modulus, of
cells”®. Spatzet al® have for instance proposed a system with a camtiteased polydimethylsiloxane (PDMS) force
sensor incorporated into a flow cell chip. This evhas the advantage to provide a direct measuremiethe
compression force that the cantilever exerts oncile Herein, we present a new solution to perfonicropipette-
like experiments with rectangular PDMS micro-chadsn&o circumvent the difficulty related to the keaye flow, we
consider a pair of successive constrictions ofeéasing confinement. Single cells are navigatecha microfluidic
circuitry without deformation and introduced iniast constriction channel designed to be geomeltsicslogged by
the deformed cell. The following constriction ofrmawer gauge is subsequently used to perform thentjiative
force vs. deformation experiment. Measurements of the stesdte velocity of cells flowing in a straight cheai
allowed us to show, for the first time to the be$tour knowledge, that cell friction with walls ison linear with
velocity and can have a significant effect in tmérg of cells in constrictions. Interferometry imag of the cell/wall
interface can be used to calculate the local presguop pushing the cell in presence of corner dede finally
show how our method permits in-line determinatidnttee apparent loss modulus of circulating cellc®rriction
and leakage flow effects have been taken into atcolhe method is suitable for cells with a widenga of
deformability, which makes it a versatile tool tovéstigate cells in the context of patholo§igs

Material and methods

Microfabrication. Microfluidic devices were fabricated using standaodt lithography routin€é A positive mould
was created with SU-8 2010 negative resin (MicrachBlewton, MA, USA) spin-coated on silicon wafe&il{ronix,

Archamps, France) and insulated/aligned with a glitbbgraphy device (Suss Microtec, Munich, GermjarReplicas
of the moulds were prepared in polydimethylsiloxaR®MS (Sylgard 184 Silicone Elastomer Kit, Dow €img,

Midland, USA). Ports to plug inlet and outlet ressrs were punched with a 1 mm outer diameter reedid the
devices were finalized by sealing the PDMS pieceaoi70 um thick glass coverslip via,-Plasma activation
(Harricks plasma) of both surfaces. All channelsavincubated with a 1% Pluronic F108 solution (BASfount

Olive NJ, USA) for 2 h to deter cell adhesion.

Cell preparation. We usedthe Human monocytic THP-1 cell line (TIB-202™, AT¥&maintained as previously
described”.

Microscopy setup. Force vs. deformation measurements were carried at 37°C witheiss axiovert 200 inverted
microscope (Carl Zeiss, Jena, Germany) equippetl wiZeiss Plan-Neofluar 100X/1.30 Oil Ph3 objectiaed a
camera BURLE (model TC65) for fluorescence and pheantrast video-microscopy at 24 frames/s. Folectibn
interference contrast microscopy (RICM), we useflstéble field and aperture stops, a crossed-m#Eesi Cube, an
Antiflex EC Plan-Neofluar 63X/1.25 Oil Ph3 objeativa high-speed camera Fastcam SA4 (Photron, CA,ad& an
X-cite 120Q lamp (Exfo, Mississauga, Canada) codipgle a narrow bandpass filtek € 546nm = 12nm). RICM
measurements were performed with an illuminatiomerical aperture 1.25. We used pManayas pilot the set-up,
and MATLAB to process imagés

Reflection interference contrast microscopy modelig. Details on the model can be found in previous watbior?’.
We consider two reflecting surfaces, the glasstsmiuand the solution/cell interfaces and calcultte reflected
intensity as a function of the thickness of thanfibf water separating the cell from the glass swibstusing
refractive indices ohy = 1.525 for the glass substrata, = 1.334 for watern = 1.45 for PDMS and an effective
value of 1.36 for the cell. Theoretical and expeaital reflected intensities are normalized by the



intensitied g,sswaer@Ndl gasspoms reflected at the glass/water and glass/PDMS iaters:
I'- IiglassPDMS

glass-water

Eg.1 I, =

where the subscript indeX stands for normalized, and the superscript inidé)e stands respectively for theoretical
or experimental. The theoretical cue= f(h) allows us to convert the experimental intensitigimto a local
thicknessh of the interstitial film between the cell and thkass substrate.

Experimental Device

Device rationale of the double constriction deviceSince a cell inserted in a narrow rectangularncieh cannot
perfectly match the angular shape of the corndre,surrounding fluid may leak along the edges upopressure
gradient (Figure 1-a-i). The force acting on thdél teus results from a combination of pressure ggatland shear
stress, which is difficult to model precisely. larodevice, the cell is pushed in a first narrowrohel, C1, designed
in such a way that the deformed cell plugs the dehrtFigure 1-a-ii). Considering that C1 has a Wwitl¥ smaller

than the cell diameter, its height; should be chosen so that the deformed cell toudtlesides of channel C1.
Considering volume conservation, a spherical célinitial diameterD; squeezed in a slit of widtiV is roughly

deformed into a “puck” of thickned#' and diameteDp,:

2D}
Eqg. 2 D,. = WI
C1 should therefore be designed with a heightsmaller tharD,, in order to limit leakage around the puck. The
force acting on a cell in C1 is thus dominated bgssure drop and can be determined as describ#te ifollowing
section. After the first constriction C1, a narrovebannel C2with the same widtW but a smaller heightl, is used
to perform the quantitative forces. deformation measurement during the displacemerthefcell from C1 to C2
(Figure 1-a-iii and iv). Other advantages of thaaulile constriction design are to provide a cellodefation that is 2
dimensional and localized (with a small differerfmweenH; andH,), which significantly simplifies the estimate of
the rheological properties of the cell.

Setup used for single cell experimentThe circuit to select, to isolate and to manipulsitegle cells (Figure 1-b),
has already been described by Gabrilal®® The microfluidic chip has two inputg; is connected to a reservoir of
pure cell culture mediurR,, E, is connected to a reservd® containing the suspension of cells to analyze oAtput
Eo is finally connected to a reservd®,. The fluids injected in entries; andE, converge at junctiodc into a single
channel up to junctiod;, where the flow is split between the analysis wit,cAC (red dashed box in Figure 1-b), and a
bypass (black dashed box in Figure 1-b). The jumcti; is an important element of the device. Indeedjsit
characterized by a highly anisotropic flow divisionfavor of the bypass route, which fulfils fowrrfctions: passive
filtering of submicron particles from the AC, sefien of single cells to introduce in the AC, fingrecision control in
the AC through a pressure division, maintenanca obnstant pressure draP,c across the AC with or without any
cell in AC.

The device is built by superposing two layersexins of thickness 8.5 um on the whole design, @xee C2 which
is only coated with one layer of 8.5 um. THP-1 salf mean diameter 14 um move freely with the fiawhe whole
device except in the constrictions, since the hiegjtlthe ceiling isHy = 17 um and the width of the channels is larger
than 20um. This design insures that cells are not damageqzkdurbed by interactions with channel walls efthey
enter the double constriction section. To manipuleglls, the macroscopic pressure drop across eliE@ APy, is
changed by a simple actuation of the height of mesies R, relatively toR, and R, on a centimeter range, which
allows us to reach a precision of a few PascalgHerlocal pressure driving the cells. Cell selattand isolation are
performed at junctiord;, and the force-deformation measurement is perfdroqgon cell passage from constrictions
Clto C2.

The double constriction. To avoid excessive stress on cells before theefal®formation measurement, it is
important to introduce the cells inside C1 as gea# possible. The geometry of the entrance is kntwinfluence
the entry time of the céfl, a larger radius of curvaturg,, facilitating the penetration of the cells. The rance
channel toward C1 is therefore designed with adargrvatureR., of 150 um (Figure 1-c). The typical diameter of
the cells isD; = 14 um, which leads to a puck diameigf, = 17.5 pm for channels of widW = 6 um. In practice,
the superposition of two resin layers on patterfissmall area results into a cumulated thickness llemahan
expected. The height of Cik thus of 11 um instead of twice 8.5 um (Figurd)1At the end of the process, C1 and
C2 have the same widt¥W = 6 um, and heights of respectivaty = 11 um andH, = 8.5 um. The small height



difference between Cland C2 is important in the following since it allewo assume small and localized
deformations in the modeling of the force-deforraatprocess.

Results and discussion

Cell entry in a rectangular constriction with reduced leakages around the cellFigure 2 presents a sequence of
micrographs of a THP-1 cell of diameter 17 um entgrsuccessively Cland C2 at a constant external applied
pressure ofdP.,, = 400 Pa, which corresponds to a pressure dropsadhe constriction of 160 Pa. Due to the large
radius of curvature of the connection, the penmtnadf cells in C1 is significantly facilitated @ampared to entries in
constrictions with sharp funnel-shaped connecfidhsin order to visualize possible leaks around d TelC1, we
added in the fluid fluorescent nanoparticles ofnuééer 200 nm. We compare in Figure 3 the flow ctinds in a
“single constriction” device with funneled entryhigh has been used in previous warks®! and in the new “double
constriction” device. A forcess. deformation experiment begins when the cell haced the constriction entrance
after the converging neck of the funnel in the caba “single constriction” device, and the entraraf C2 for the
double constriction device. At this point, the flasound the cell is still important in the “singtenstriction” device,
whereas it apparently vanishes in the “double aictgin” device. The path followed by fluorescerdarficles while
the image is captured is indeed much shorter irsdo®nd situation. This observation validates thebde constriction
design approach to limit leakage in channel corners

In terms of orders of magnitude, a typical presstirgp measured across the constrictiomizc =160 Pa 4Py,
=400 Pa), which leads to a force on the order o} Mofor a cell of 6x11 prhcross section that would perfectly clog
the channel. The fluid velocity leading to the same pressure in the case of acliaanel would be on the order of
500 pm/s. The corresponding Stokes forces actinthercell (37D;V) would thus be of order 1§ N. This estimate
explains why, with a single constriction deviceiffstells remain blocked for a long time at the ramce and then
suddenly enter with a large speed. This sharp itianscan be explained by the non-linear increakthe force acting
on the cell upon cell deformation. Indeed, the ihgvforce starts from an extremely low value whesaw deformation
of the cell leads to important leaks of the carflaid. However this force increases by two ordefsnagnitude when
the cell is deformed and plugs the channel. From experience, a single constriction device is npprapriate to
perform reproducible and quantitative measuremetiits stiff cells. Conversely, the double constrictidevice allows
an accurate comparison of cell properties in a wialege of stiffness, which has already allowed awsnvestigate
pathologies involving the plugging of lung microeatature by stiffened leukocyt®s In the present work, we
demonstrate how this device can also be used & nfantitative rheological analysis on single zell

Quantitative force vs. deformation experiment. The quantitative measurement of the force acting @ell entering
C2 requires the absolute control of the local pwessn the device. Flow and pressure through thécdecan be
deduced from a lumped element modeling of the nfigidic circuit applying Kirchhoff's and Ohm'’s lawsas
classically done with electrical circuits. Each ohal resistance is calculated using the solutiostokes’ law in a
rectangular channel which dimensions are measureslgh optical profilometry. The details of the idation for
our circuitry are reported by Gabrie& al®®, On Figure 4-a, we compare the predicted maximluid fvelocities
Vmax in two positions of the channels with experimerdata obtained from tracking the displacement obféascent
nanoparticles. The good agreement (within 8%) betwehese data (without fitting parameter) validatas
modeling of the local pressure drops in the circuit

Concerning cell deformation, we first verified ththe volume of the cell is constant as the cellgimtes into
the constrictionFor instance, the cell in Figure 2 has initiallspherical shape of diametB = 14+0.5 um and is
transformed into a block of length = 18 um, heighH; = 11 um and widttW =6 um in C1, andl, = 22 um andH,
= 8.5 um in C2. The volume remains therefore with#®0+150 urh The characterization of the deformation of a cell
penetrating in C2 is based on the measurementeoéxkension of the cell in C2, as a function of time (Figure 4-b).
The curvesL(t) present three stages. In the transient first &mdl tstages, the fast increaselotorresponds to the
respective entry of the leading and receding eddélse cell in the section C2. The intermediateimegcorresponds to
the penetration of the main body of the cell. Irsthtage L(t) is linear, which allows us to define the corregfiog
steady velocityV,. The steadiness of_ for a given cell indicates that the dissipatioduned by the deformation of
the cell is constanv/, is therefore a qualitative indicator of a cell olagical dissipation modulus and appears roughly
proportional to the external applied pressure (Fégd-c). At a given pressure, the data obtainedafpopulation of
cells present a distribution that can be niceltefitby a log-normal function (Figure 4-d). A logsnmal distribution
is consistent with literature data for other livinglls, obtained with other rheometric technidiies
This distribution provides a qualitative characzation of the deformability of a cell population. dareful analysis
is nevertheless required to extract more quantiaisights. Indeed, the absolute force acting @elaentering into
C2 results not only from the pressure drop acrbsscell but also from the hydrodynamic friction kvivalls. Several
parameters should thus be considered before estignahis force: 1- the pressure drop changes uastreand



downstream of the cell as a function of the velpdit, 2- the pressure drop dependency with residual #idang the
corners of the channel, and 3- the thickness oflibeication films squeezed between the cell arel¢hannel walls.
All the above issues involve complex and intricatglrodynamic phenomena that will be presented ssicely in
the following paragraphs.

Cell-channel interface: lubrication film and “gutters” in channel corners. The thin glass wall on the microfluidic
chip allows Reflexion Interference Contrast Microgg (RICM) to be implemented to the experimentalpe RICM
observations of cells traveling in constriction €h be used to determine the topography of thensethbrane in the
“contact zone” corresponding to the lower chanfég@re 5-a). The darkest regions on the upper angi part of the
pictures correspond to the glass/PDMS interfacesreais the bright stripe in between correspondfieogtass/water
interface inside the channel. The “contact zonaWeen the cell and the glass surface appears askarélgion in the
channel. The grey levels correspond to differenstatices between the cell and the substrate, daz&ees
corresponding to thinner lubrication films.

Contact zones present different patterns from aikete the other. On Figure 5-a-i, the contact zésxeomogeneous,
indicating that the cell membrane is flat in theimity of the walls. The distance from the cellttee surface is on the
order of 20 nm in this particular example but tygig ranges from 20 to 80 nm for different cellsdifferent applied
pressures. The bright ring around the contact zndizates a larger distance, which correspond$iéocbncavity of
the edge of the cell. On Movie 2 in ESI, the comtofithe contact zone has a higher radius of cumeaat the front of
the cell than at the rear, which is reminiscenthsf shape of floppy vesicles forced into constoie. Interestingly,
the contact zone may occupy the whole apparentrdamidth, at least within the resolution of thefires (1 pixel
corresponds to 0.18 um), which confirms that ceds plug efficiently the cross—section of the chelanHowever,
efficient plugging is not systematic and Figure-B-presents an example with a gutter between ttie sf the contact
zone and the channel corner. Gutters have a maximigth G on the order of 1.5 um and are more frequent with
smaller cells. Finally, Figure 5-a-iii presents arample of a contact zone with an irregular toppbya This
phenomenon concerns about half of cells and iscnotelated with any obvious external aspect of ¢kbs. It may
arise from inner mechanical inhomogeneities leadmghhomogeneous pressures on walls. A deep utatetisg of
the shape of the gutters and of the contact zoopepties as a function of the cells characteristiosld deserve much
further investigations but is beyond the scopeha$ paper. In the following, we take advantage haf geometrical
characterization of gutters and contact zones taleh@and analyze the hydrodynamic behavior of celsering
constrictions.

Effect of cell size on the passage through the cdnstion. Since our method relies on the deformation of
polydisperse cells moving through a constrictiorfiséd geometry, it is important to investigate tnéluence of the
size of the cells in our measurements. We firstsoer the velocity of the cell in C2, after the quate entry of the
cell in C2. We report in Figure 5-b the cell veliycb00 um downstream of C2 entrantk,, normalized by the mean
fluid velocity in C2 at the same applied pressum im the absence of the ceWye. The ratioVel/Vye is found to
depend strongly on the size of the cell: it is &rghan 1 for the smallest cells, decreases with aéll size and
reaches a plateau order of 0.3 for cells of dianset@rger than 15 pm. The fact that small cellyetdaster than the
average fluid velocity in the absence of cells, t@nexplained by the position of cells in the centf the channel
where the flow is faster than in the vicinity ofethwalls. Conversely, large cells tend to clog meféciently the
constriction, like a “piston”. Since the rati.,/Vyr is significantly smaller than 1, we can deduce tipéston”-cells
are slowed down by friction against the wilsAdditional insights on friction can finally be &&cted from RICM
images, which shows that the mean cell-to-wallatiseh in the contact zone depends strongly on cell &zecells
traveling in C2 (Figure 5-c). The distanbas found smaller for larger cells, indicating ahér pressure against the
wall. These observations show the importance tecetells of comparable size to investigate theedelgnce of
friction with the cells velocity. Indeed, data witlells of diameters limited to the range 13-15 |Hig@re 5-d) show
thath is hardly dependent on velocity. This result igthier discussed in the friction force section.

Pressure force in presence of guttersin our setup, fluid flows are precisely controllddough the pressure drop
across the devicelP,,, imposed externally with columns of fluid. Howeyéhne relevant parameter to derive the cell
force vs. deformation data is the local pressure drop actbsscell, 4P.,. Indeed, the resulting pressure force,
Foressure @Cting on a cell moving along a constriction igeg by:

Eq 3 Fpressure: AR:eIISceII

where S is the cross section of the cell in the constoigtiLet us estimatelP.,, from AP, The pressure drop
across the analysis circuilP,., is not significantly affected by the presenceao€ell in the analysis circuit, as a
result of the large asymmetry of flow rate at thgunctiorr®. AP, is therefore stable and proportional 4B.,. We
now consider the pressure drop in the analysisuiiio presence of a cell. As sketched in Figure, &P,. can be
decomposed into the pressure across thedfgl;, and thegpressure drops upstream and downstream of the cell:



Eq 4 : APceII = Apac - (ij + Rdownb

whereR,, andRyou, are the hydrodynamic resistances of the analysisiit upstream and downstream of the cell and
can be directly derived from the geometry of tharmmels. The only unknown parameter in Eq. 4 isfibw rate Q,
which is not directly measured but can be inferfredn the velocity and the shape of the cell in tdoastriction. In
the absence of leaks through the gutters, theimgdied acts as a tight piston aQds equal to the cell velocitWce,
times cell cross-sectio®.. The local pressure acting on cells in absenggutters,4Pyson Can been expressed as:

Eq 5 Appislon = Apac ceI\WH (Rup + Rdown )

whereW andH are the width and height of the channel. Due tophssible leakage of the fluid along the gutt€ss
actually the resultant of two contributions, thevil rate due to the piston-ceV e Se, and the sum of the flow rates
in each gutterQgurer The cross-section of gutters in each corner Inited by the channel walls and by the surface
of the cell, which is approximately an arc of ceadFigure 6-b), with a radius of curvatue We solve numerically
Stokes equation in this geometry with no slip baanydconditions on the walls (due to the high cositraf viscosity
with the solution, the cell is considered as adigiall) within the limit where the velocity of theell is negligible in
comparison with the average velocity in the gutt¥e obtain the hydrodynamic resistance of guttBfser.

- l ,7L utter
=-0 Fowe = 0250 G+

where the length of the guttetg,w, and the radius of curvatur§, are experimentally determined from RICM
pictures,G being equal to the width of the non-contact zanedrners (Figure 6-b). The global flow r&@ecan thus be
expressed as (still within the limit of a slow ¢ell

AP,
Eq 7 Q ce\l cell 4qutter : cell (VVH - GZ (4 - ”))+ 4_08"

gutter

Combining Eq. 4 and Eq. 7 finally allows us to eegs the local pressure drop across a cell movirggdonstriction
with flow leakage in gutters, tdP., as:

Eq8 Apce” uner+4(Fu§J:r+Rdown[ Rdown)(VVH G 4 ﬂ cell]

where all parameters are experimentally available influence of gutters on the local pressure s cell, appears
clearly in Figure 6-d wherdP¢; and4P,;s;0n (NOrmalized bydP,c) are reported for cells of different diameters #&od
APc ranging from 100 to 1000 Pa. EQ.8 corrects edfitly the irrelevant negative pressure drops okthifor the
smallest cells with Eq. 5. However the correcticecdmes negligible for cells larger than 14 pm. Wtk present
device, gutter effects on the pressure fdfggssureCan therefore be neglected for cells of diamedegdr than 14 pm.
Note that the latter result is not trivial at thghtt of the literature on deformable objects (bwdshldrops) traveling in
channels of rectangular cross-sectidfi®5¢¢:5788%wong et aP’®® have for instance shown how changing a channel
cross section from circular to polygonal modifiemgtically the fluid flow in the presence of bubdldecause the
lubricating layer present in the gutters is ordefsmagnitude thicker than the thin layer observedaicylindrical
channef?. In a cylindrical channel, a bubble is indeed mdiféicult to move because of the large drag exéfitethe
homogeneous lubrication film. Conversely, in a aagular channel, the liquid can flow along the keakrners with a
speed of one order of magnitude larger than thedmpd the bubble. However, these conclusions fdrbbkes do not
apply straightforwardly to cells, which adopt diéat conformations than bubbles and drops in atc@tion. Indeed,
the shapes of both front and rear ends of a quasicsdrop or bubble in a square constriction adesiR are
hemispherical shapes with a radius clos®tdccording to Laplace law, the curvature of théblke/drop in channel
corners is therefor®/2 (with a minor correctiofl). Gutters for bubbles or drops are therefore mwitter than gutters
observed with cells (Figure 6-c). Indeed, interéh¢ension of bubbles/drops is in the range 10-M/mim whereas the
cell cortical tension is typically TOmN/m’™. This difference by three orders of magnitude eaplain why surface
tension play a much lesser role in dictating thapshof cells as compared to drops and bubbles.

Friction force and lubrication film. For a highly viscous object like a cell, the mdiasipation due to the cell motion
relative to the channel walls arises from sheathgglubricating film separating the moving objexairh the cell walls.
This assumption is valid as long as viscous diggipain the film is lower than it would be in withithe cell in the
absence of lubricatiorf?

Eq 9 ,7cel\ / Hcell >> l
,7film / H film



With heen = 5 um, hgim = 10 nM, 7sim = 10° Pa.s andj. = 100 Pa.§, the ratio of Eq. 9 is equal to 200. In our case,
the friction force Fyiciion, €an thus be written as:

Eq lo Ffriclion :\/C—;”SC{]'-F%j

whereh is the average thicknesS; the area of the contact zone on the lower chamwadl measured from RICM
pictures, and2(1+ Hy/W) is a multiplicative factor which accounts for thentact zone corresponding to the three
other interfaces. From a theoretical point of viglae thickness of the lubricating layer is expedi®dely on a balance
between viscous dissipation and interfacial foraed to follow Bretherton’s la{#2

Eq. 11 hOH,Ca®?

which should be valid while surface forces remaggligible (typically forh > 100 nm). However, our experimental
results in Figure 5-c indicate a thickness on tldeoof 70 nm practically independent from the e@llocity. Eq. 11is
therefore not valid in our case. The thickness h&f tubricating layer may however be inferred frone tbalance
betweenFicion @aNdFpressurein @ steady regime, using Eqg. 3 and Eq. 10 withdhta for the cell velocity in C2. This
approach yields a thickness for the lubricatiomfih a range 5-30 nm (Figure 6-e), which is sigrafitly smaller than
the data measured by RICM. Nevertheless, the gapdea the glass and the cell membrane is not oot¢ypied by a
free flowing film layer but also by the polymer aghycocalyx layers coating the glass and cell ste€4. Our optical
measurements may therefore overestimate the attticthess of the lubricating film. However, bothpapaches agree
that the lubrication film is too thin to excludeetteffect of surface forces and consider only a bggnamical
approach. A deeper characterization of the compkdiwall friction mechanics is a difficult task dris beyond the
scope of this paper. For our present purpose aoatysis of the balance &%icion With Fpressure@llows us to get the
magnitude of the friction force on a cell in a ctittion versusits velocity, which can be used to interpret force
deformation experiments.

Small deformation and steady state regimeWe now focus to the phase where a cell enteroastant velocity in
the second constriction C2 (Figure 4, stage Il). Wrild expect that the dissipation induced by ttep s dominant
(Figure 7-b,c). Since the step is relatively snfallum for a height on the order of 10 um and &leelgth around 20
pum), most of the dissipation should be localized awvariant during the whole transfer of the bodytloe cell from
constrictions 1 to 2. However, we find that theogly of the cell during this stag¥,, is not negligible as compared
to the velocity of the cell travelling freely ind@tconstriction 2V¢,. In other words, the friction forc&cion cannot be
neglected when compared to the force exerted bystbeFg., To the best of our knowledge, this additionattion
force has never been taken into account in prewoarks.

Note finally that the friction force should in pdiple be different in C2 and C1. Nevertheless sitlve cross-
sections of both constrictions are very close wglew this slight difference in force. The lineagime observed in
stage Il confirms this approximation.

Apparent cell loss modulus We have shown that the cell deformation in douwdastrictions can be monitored with
a quantitative control of friction and fluid leaksetween cell and channel walls. We describe howestract
rheological properties of single cells. The onlgological data accessible in the literature havenbgerformed with
the micropipette technique. Interestingly, thisheicue is very similar to the present double cdnostm method. In
most of these works, cells are considered as vistiguid droplets surrounded by an elastic membfankhe elastic
behavior influences mostly the threshold pressardeform single cells through the constrictionsewdas for small
deformations, pressure dissipation within the celitex was deemed negligife We thus propose to model the cell
as a mostly viscous blob and to extract an apparescbsity. This approach has the advantage toigeodata that
are directly comparable to previous micropipettéad&owever, recent experiments suggest that a mppeopriate
model should include visco-elasticily Nevertheless, the loss modulus (viscous disopatis found to be dominant
for frequency solicitations larger than 100 Hz.dur data, withV_ > 200 um/s and step height of 2 um, the typical
frequency rate is larger than 100 Hz and cell ¢erdfore reasonably be considered as mostly viscous

To determine the viscous dissipation imposed by dtep during the quasi-static transfer of cellsnfr€1 to C2
(Figure 4, stage Il), we have simulated with thaté element software FreeFem++ the flow of a viscfuid filling
entirely the double constriction with boundary cdiwhs of total slip at the channel walls. The stien of this
condition was motivated by the presence of a lwdion layer between the cell and the walls of thammel. The
contribution of the step in the global pressurepdnas been finally fitted by the third order polymal function:

2 3
Eqg. 12 APs[ep:nqu—i 066 A +41 A +150 A
Hl Hl Hl Hl

whereus, is the velocity of the viscous fluid in C2 duriitg passage of the step azlH =H-H, is the step in height.




This expression provides an estimate of the presstith an accuracy of 2%. If friction is neglecteah apparent
viscosity of the cell/Japparens Can be derived directly from Eq. 12 usidB in place ofdPge,andV, in place of u.
However, since friction during the cell entry in @2not negligible, the applied pressuB. is dissipated both in
the deformation induced by the step and in frictidfe assume, as discussed further below, thatriboh force is
proportional to the cell velocity. The contributiaf the step on the pressure drop is then givemBye=AP¢.(1-

V\/ Vco), whereVc, is the cell velocity after completed entry in G2gure 8-a reports the estimation of the apparent
viscosity for different cells at different appligatessures wherdPg,, has been corrected. We observe a plateau
around/7.pparent =100 Pa.s at large pressures, which is remarkedgistent with data from the literature for THP-1
cells”® and other leukocyté$*® " The apparent Viscosityapparent @ISO tends to slightly increase with the applied
pressure (or the solicitation rate), which is cetesit with recent characterization of cell rheotagibehavioError!
Bookmark not defined.”’. These results validate our microfluidic methodd avur analysis to extract quantitative
information from the passage of a cell in a mianadic constriction at high-applied pressures.

Non-linear friction vs. velocity. At low applied pressures, our analysis/Rfparentin Figure 8-b yields a diverging
cell viscosity, while the loss modulus of livinglcés expected to decrease for lower rates of daftion. To
understand this non-physical behavior, we conduptetise measurements of the cell velodity versus pressure
for individual cells (Figure 8-b). In the regime liigh pressure, we observe thé&, increases linearly with pressure,
as assumed in our analysis @f,parent in Figure 8-b However, in the regime of low pressure the evolutdf the
friction force is strongly non-lineai/, decreases more rapidly than the linear behaviseoked at high pressures,
and we find a threshold in pressure before initigth movement of the cell (betwedR.,; - 100 and 300 Pa from one
cell to another). Since our analysis is based oedi friction, our estimate GfapparencCan only be valid in the regime
of high pressuresdP,,;> 800 Pa (Grey area in Figure 8). Altogether, oumuhssconfirm that friction can play a
significant role during the passage of the cel€amstrictions, although this effect has been largaierlooked in the
literature. However, we have shown that frictiofieefs in the linear regime of high cell velocitiean be efficiently
taken into account to assess quantitatively theasgmqt loss modulus of individual cells from theiefdrmation
during their passage in a constriction.

Final protocol to measure cell loss modulus with @ouble constriction. In this paper, the precise investigation of
friction and gutter effects has necessitated aesesf measurements with multiple techniques inecigdnterference
microscopy. Finally, rheological measurements with double constriction can however by assessed fiaather
simple protocol. Only two parameters shall be rdedrby video-microscopy: the kinetics of the proj@c length in
C2, L(t), and the cell velocity in C2 after completed entvA,. The velocity of the extension of the cé&l] is
extracted from the linear regime bft). The effective pressure drop across the celR,., is determined from a
standard pressure drop calculation in a circuitredistive channels, considering that cells behavenan-leaky
pistons. This latter assumption is valid for ceallsfficiently deformed in Cli.e. in our case for cells of diameter
larger than 14 um. Finally, Eq. 11 with=V and APF4P.q.(1-V/ V¢,) yields the apparent cell viscosity in the
plateau region at high pressure. This protocol Iesn optimized for THP-1 cells. To extend the mdtho other
cellular systems, appropriate adjustments may havee developed. The geometry of the double coetétri should
be adapted to the average size of the cells ofréste Moreover the experimental conditions wherétega are
negligible and friction is linear should be detemenil.

Conclusion

We have designed a novel double constriction deticeneasuren line the loss modulus of circulating cells in a
microfluidic chip, by monitoring the deformationniétics of a cell when passing a small step. Thessgimg of a cell
in a first constriction limits flow leaks along tlagular edges of the channels and the deformagiomeasured in a
second constriction. Optical interferometry of thell/wall interface and steady-state cell velodtim straight
channels have been used to estimate the effectesspre and friction forces acting on the cell dgrihe passage of
the step by taking into account residual flow ledkhsough the corners of the channels. Since thekttd@ss of
lubrication films is on the order of tens of nanders, friction is not purely hydrodynamic but aliswolves surface
forces effects. Moreover, friction is not negligghhs compared to pressure force and has to be mtexbdor in
rheological measurements. The dependence of friatith velocity is not linear for low velocities drwe measure a
threshold in pressure to initiate the motion of tedl. In the linear friction regime at high velbtgithe measurement
of the velocity of the cell exiting the step can led to estimate friction during step passage. [6be modulus of
individual cells can finally been determined quéatiively. One advantage of this novel cell micr@ometer relies
on the possible integration of multiple analysivides for single-cells. For instance the surfacehef flat channels
permits a precise investigation of cell-surfacesrattions in micro-channels using optical microgctgchniques for
surfaces investigations (SEEC, RICM, TIRF). The moeltis adapted to probe cells of high rigidity araah be useful
for the study of pathologies such as ARDS, cansepsis, or pneumonia. We hope it will inspire fetdools for
medical analysis.
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Figures

(a)
i

(d)

Constriction C1 § Constriction C2 Constriction C1 Constriction C2

Figure 1. Device rationale and fabrication.(a) Sketch representing the passage of a cell in hldaonstriction device. i.
Spherical cell blocked at the entrance of a reatmgconstriction. Red arrows illustrate flow leak®und the cell in the
channel corners. ii. The cell is squeezed in caigtn C1. The deformed cell fills the cross-sectidrthe channel and plugs
the passage of the fluid around the cell. iii. Cetformation during the penetration into constritctio2, L is the projection
length of the cell in C2 iv. End of the stage of cell entrance in conswittiC2.(b) Design of the microfluidic device
showing the input&; andE, for medium and cell suspensions and the oufgufThe junctionJ; divides the flow between
the analysis circuit (red dashed box), and a byflalssk dashed box)}, is used to select and isolate cells of interese T
dark circle localizes the portion of the device med in (c). The scale bar corresponds to 500 (gjrDesign of the double
constriction device, showing the entrance and axites (grey), the first constriction C1 of crossisecWxH; = 6x11 um
(green) and the second constriction C2 of crossese¥xH, = 6x8.5 um (red). The entrance channel leadinGXdcas a
radius of curvatur®.,of 150 um. All channels except C2 have a targetéghbef 17 um. The black disk has a diameter of
14 um like the cells used in the experiments. Tdadesbar corresponds to 100 pa) SEM micrograph of the resin mould
of double constriction zone (the scale bar corredpdo 20 um).
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Figure 2: Cell force vs. deformation experiment in a double constriction.Series of micrographs showing THP-1 cells of
diameteD; = 17 um(a) flowing freely with the flow in the entrance zoakC1, (b) squeezed during entry in Qt) stopped

in C1 at the entrance of C@l-e) transferring from C1 to C2, arff) after complete entry in C2. The green and red ibafes)
indicate the position along the axis of the traositbetween constrictions C1 and C2, the black arroa) shows the
direction of the fluid flow in the whole experimemind the yellow arrows point to the back and fresiges of the cell. The
scale bar corresponds to 20 um. [Enhanced Online]

Figure 3: Reduction of flow leaks around a deformedell in a double constriction.Micrographs showing the fluid flow,
materialized by fluorescent nanoparticles, wherela ltas just arrived at the entrance(aj the constriction of a simple
constriction deviceof size 4x16 pm, an¢b) the constriction C2 of a double constriction devibiee flow is stopped by the
cell in (b) but not (a). White dashed lines underlthe edges of the cell. The green and red b4ty imdicate the position
along the axis of the transition between constittiC1 and C2. The scale bar corresponds to 10 pm.
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Figure 4: Measurement with a double construction deice. (a) Comparison of experimental (dots) and computedidsol
line) of the maximum fluid velocitie¥,,,x at two positions in the device, before the bifurcatli (red data) and in
the analysis circuit (black data) at positions oaded by respectively red and black arrows in RigXb) Cell
projection length in C2.,, versustime,t, of a THP-1 cell of diameter 14 um at an appliesspuredP,,, = 400 Pa. Stages |,
11, 1l correspond respectively to the entry of ttell front in C2, the transfer of the cell bodgrn constriction C1 to C2, and
the final entry of the rear of the cell. The slapestage 1l yields the velocity of the projecti@ngth,V,. (c) Velocity of the
projection length in stage IV, against the external applied pressdie,. (d) Cumulative fraction of cellss.V_ at
APq: = 400 Pa of normal THP-1 cells (dots) and fit @aline) with a log-normal distribution in semi-log

representation.
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Figure 5: Effect of the size of the cell and of theontact zone on the cell flow[Enhanced online{a) RICM Imagingof
the cell-wall interface of different THP-1 cellstae end of constriction C2 moving at a steady-stetecity showing: (i.) a
flat homogeneous contact zone without measuraliterguialong the corners, (ii.) a contact zone wittters of width 1.5 um
along the corner, (iii.) an inhomogeneous contactez The scale bar corresponds to 10 (bhCell velocity in C2,Vcs,
measured 500 um away from the entrance of C2, ndaby the mean fluid velocity in C2 in the abseateells,Vyr at
the same applied presswersusthe initial diameter of the celD;, for different cells and applied pressur@3.Cell-to-wall
distance in the contact zone, estimated from RICM images of cells traveling in @2rsusthe cell diameterD;, for
different cells and applied pressuréd). Distanceh versus cell velocity in C2/c,, for cells of diameters limited to a range
13-15 um. Plots (b-d) correspond to pooled dathfferent4P,,, in the range 300-2000 Pa.
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Figure 6: Pressure and friction force.(a) Sketch showing the distribution of pressurepdin the analysis circuit with

a single cell in the channdb) Sketch of the contact zone around a cell squegrzadchannel. Insert is a zoom on the
cross-section in the plangyj of the gutter. The width of the guttés, which is also the radius of curvature of the cell
along the corner, can be directly measured in Ri@itdures on the interval between the edges of tteel and the
contact zone of the cellc) Comparison of the section of a bubble or a ligdiidplet (yellow) obstructing a channel of
side R with the case of a living cell (grey). Section mdais (2) in i- and (xy) ii- and iii-. The tip of dropletrdoubble
has a spherical cap shape with a radius close keaRing to rounded sections with radii R/2 in camé-rom our
observations, corners of cells are much shar@jrdP.* (red circles) and4Ppson* (black circles) correspond to
AP¢e andAP,is0n calculated with Eq.8 and Eq. 5 and normalizedIBy,. Data are reported against the diameter of the
cells, D;, and correspond to a range 4®,. betweenl00 and 1000 Pa(e) Thickness of lubrication filmh, estimated
from ratio ofFyiciion @andFpessure@S calculated using equations Eq. 3 and Eq. 16.réH dots correspond to data where
APpistor<0 and4Pce >0, which supports further the validity of Eq 8.
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(c)

(d)

D

Figure 7: Constant viscous dissipation in the viciity of the step.Sketch representing the different stages of thieeodty
from constriction C1 to C2, (a) stage I, (b, c) stigand (d) stage Ill. During stage I, the viscadissipation due to cell
deformation is constant and localized in the viginf step (red shadow).
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Figure 8: Measurement of the cell loss modulus witla double constriction setup. (a)Apparent cell viscositynNapparent
measured for different cellsersusapplied pressure. The grey zone corresponds tordhge of pressure where
friction is abnormally high.(b) Velocity of a cell in C2\Vc,, versusapplied pressurelP.,; for 3 different cells of
diameterD; = 15.5 um @) and 13.5 um 4,0). The solid line is a guide to the eye for theehn behavior at high
pressure. The black arrows indicate the threshélpgressure required for moving the cell. The gregaaunderlines
the range of pressures whéafgis abnormally lower than the linear dependence.
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